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ABSTRACT 
 
 

This dissertation develops technology for microfluidic point-of-care immunoassay 

devices.  This research (2004–2007) improved microfluidic immunoassay performance 

by reducing reagent consumption, decreasing analysis time, increasing sensitivity, and 

integrating processes using a lab-on-a-chip.  Estimates show that typical hospital 

laboratories can save $1.0 million per year by using microfluidic chips. 

Our first objective was to enhance mixing in a microfluidic channel, which had 

been one of the main barriers to using these devices.  Another goal of our studies was to 

simplify immunoassays by eliminating surfactants. Manufacturers of latex immunoassays 

add surfactants to prevent non-specific aggregation of microspheres. However, these 

same surfactants can cause false positives (and negatives) during diagnostic testing.  This 

work, published in Appendix A (© 2006 Elsevier) shows that highly carboxylated 

polystyrene (HCPS) microspheres can replace surfactants and induce rapid mixing via 

diffusion in microfluidic devices. 

Our second objective was to develop a microfluidic device using fiber optics to 

detect static light scattering (SLS) of microspheres in Appendix B (© 2007 Elsevier).  

Fiber optics were used to deliver light emitting diode (LED) or laser light. A miniature 

spectrometer was used to measure 45º forward light scattering collected by optical fiber.  

Latex microspheres coated with PR3 proteins were used to test for the vasculitis marker, 

anti-PR3. No false negatives or positives were observed. A limit of detection (LOD) of 

50 ng mL–1 was demonstrated. This optical detection system works without fluorescence 
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or chemiluminescence markers. It is cost effective, small, and re-usable with simple 

rinsing. 

The final objective in this dissertation, published in Appendix C (© 2007 

Elsevier), developed a multiplex immunoassay.  A lab-on-a-chip was used to detect 

multiple antibodies using microsphere light scattering and quantum dot (QD) emission.  

We conjugated QDs onto microspheres and named this configuration “nano-on-micro” or 

“NOM”.  Upon radiation with UV light, strong light scattering is observed.  Since QDs 

also provide fluorescent emission, we are able to use increased light scattering for 

detecting antigen-antibody reactions, and decreased QD emission to identify which 

antibody is present.  
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INTRODUCTION 

 

1. Overview of dissertation 

Lab-on-a-chip microfluidic devices have not yet evolved to the point where they 

can be used for commercial immunoassays. However, microfluidics will improve 

immunoassay performance by reducing the consumption of reagents, decreasing analysis 

time, increasing reliability and sensitivity through automation, and integrating multiple 

processes in a single device.  However, the main barrier to using these devices has been 

the difficulty of mixing solutions in a microfluidic environment.  

This dissertation is a compilation of three studies conducted between 2004 and 

2007.  The first published paper of this study (Appendix A) describes a relatively simple 

method for achieving mixing between microspheres and analyte in a lab-on-a-chip 

microfluidic device.  Flows of common liquids in microfluidic channels are characterized 

by a very low Reynolds number (Re < 100). Therefore, mixing is dependent on molecular 

diffusion perpendicular to the flow direction.  In a microchannel many typical liquids 

must travel an impractical distance (~10 m) before complete homogeneous mixing is 

achieved through diffusion.  

The first goal of our study was to simplify the traditional immunoassay by 

eliminating the use of surfactants. Our second objective was to determine if this strategy 

would also enhance diffusional mixing in a microfluidic channel. To optimize 

performance, we first introduced two different surfactants to see what effect they would 

have on an immunoassay in a conventional spectrophotometric cuvette. We then 
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evaluated cuvette assay performance while varying the microsphere surface chemistry 

and pH. Finally, we used a microchannel to determine the best microsphere and 

surfactant combinations for mixing via diffusion. In our experiments, latex microspheres 

coated with antibodies were mixed with antigen. When antibody–antigen binding 

occurred, particles agglutinated. This agglutination was detected in cuvettes using optical 

turbidimetry with a spectrophotometer. Detection of mixing and agglutination in a 

microfluidic ‘Y-channel’ was performed with an inverted light microscope. 

We ran assays using plain latex microspheres coated with surfactants SDS and 

Tween 80. We then repeated the assys with highly carboxylated polystyrene (HCPS) 

microspheres. The highly carboxylated beads performed well in all three aspects: (1) 

good agglutination shown for the positive control; (2) no agglutination with the negative 

control; and (3) rapid diffusion and fast mixing of beads within the microchannel.   

The second published paper of this study (Appendix B) describes a latex 

immunoagglutination assay for a vasculitis marker in a microfluidic device using static 

light scattering detection.  We developed a microfluidic immunoassay device using fiber 

optics to detect static light scattering (SLS) of latex microsphere agglutination.  A 400-

µm silica fiber was used to deliver blue light emitting diode (LED) or red laser light. A 

miniature, portable spectrometer was used to measure forward light scattering intensity 

collected by the same type of multi-mode fiber. To show feasibility, anti-mouse IgG were 

used as target biomolecules and HCPS latex microspheres (510 nm) coated with mouse 

IgG were used as probes. Next, we tested for the vasculitis marker, anti-PR3, using the 

same type of microspheres coated with PR3 proteins. No false negatives or positives were 
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observed. A limit of detection (LOD) of 50 ng mL−1 was demonstrated for the vasculitis 

marker, anti-PR3. (Plasma samples from patients with vasculitis exhibited anti-PR3 at a 

median level of 380 ng mL−1.) Our optical detection system works without any 

fluorescence or chemiluminescence markers. The entire system proposed here is cost 

effective, small in size, and re-usable with simple rinsing. This work helps pave the way 

for portable, low-cost, re-useable, microfluidic, point of care immunoassay devices. 

The third and final paper of this study (Appendix C) describes a series of 

experiments in which we conjugated quantum dots (QDs) onto microspheres to enable 

multiplex assays, as well as to enhance the limit of detection (LOD). We named this 

configuration “nano-on-micro” or “NOM.” Upon radiation with UV light (380 nm), a 

stronger light scattering signal is observed with NOMs than QDs or microspheres alone. 

Additionally, NOMs are easier to handle than QDs. Since QDs also provide fluorescent 

emission, we are able to utilize an increase in light scattering for detecting antigen-

antibody reaction and a decrease in QD emission to identify which antibody (or antigen) 

is present. 

Two types of NOM combinations were used. One batch of microspheres was 

coated with QDs emitting at 655 nm and mouse IgG (mIgG); the other with QDs emitting 

at 605 nm and bovine serum albumin (BSA). A mixture of these two NOMs was used to 

identify either anti-mIgG or anti-BSA. NOM particles and target solutions were mixed in 

a microfluidic device and on-chip detection was performed using proximity optical fibers. 

Forward light scattering at 380 nm was collected. With the positive target, the scattering 

signal was increased. The LOD was 25 ng ml-1 (165 pM) with p<0.05. Fluorescent 
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emission (655 or 605 nm) was simultaneously collected. With the positive target, the 

emission signal was attenuated. Therefore, we were able to detect two different 

antibodies simultaneously with two different detection protocols. This NOM bioassay can 

screen for and detect multiple antibodies with minimal sample processing and handling. 

 

2. Description of on-chip optical fibers 

Using optical fibers to perform detection “on-chip” is an excellent example of two 

completely different technologies merging to produce a synergistic result.  In this 

dissertation, “on-chip” refers to a lab-on-a-chip (LOC) or micro total analysis system 

(µTAS).  The optical fiber or fibre is a thin, transparent strand, usually made of glass or 

plastic, for transmitting light.  Optical fibers integrated with an LOC, may be used to 

detect particles, chemicals, biomaterials, or other analytes, typically in an aqueous 

medium.  The fibers are used to deliver source light to the chip and to collect emitted 

light from the sample located in the detection zone of the chip. 

The phenomenon of total internal reflection confines light in one material 

surrounded by another material of lower refractive index.  In the 1840s, physicists 

showed that light could be guided along jets of water for fountain displays.  Later, 

inventors realized that bent quartz rods could carry light, and patented them as dental 

illuminators and lighted tongue depressors.  During the 1920s, Baird and Hansell 

patented arrays of glass rods for transmitting television images.  These early fibers were 

"bare," with total internal reflection at a glass-air interface. Later, fibers were coated with 

“cladding” of lower refractive index to protect the surface and reduce light leakage [1]. 
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By 1960, fibers had reached signal attenuation of about one decibel per meter, 

much too high for communication distances.  In 1970, Corning Inc. produced fibers with 

attenuation below 20 dB/km and Bell Laboratories produced the first semiconductor 

diode laser.  In the 1980s, carriers built telephone systems of single-mode fiber with 

1300-nm sources. Those technologies spread to other communication platforms and 

remain the standard for most fiber optic systems today [2]. 

The lab-on-a-chip traces its roots back to the semiconductor industry.  

Microelectronic chips were being produced in the 1970s using lithography technologies.  

Micron-sized structures in silicon wafers known as micro electro mechanical systems 

(MEMS) were developed in the 1980’s.  Near the end of the 1980’s, the LOC field began 

as researchers developed micropumps, flow sensors and integrated fluid analysis systems.  

By the mid 1990’s, LOC technologies were used for genomics applications such as 

capillary electrophoresis and DNA microarrays. Additional LOC research support came 

from DARPA (Defense Advanced Research Projects Agency) for portable biochemical 

warfare agent detection systems [3].   

Initially, fiber ends were conjugated with biomolecule sensing layers and dipped 

into test tubes while reactions occurred and were monitored with photomultiplier tubes 

(PMTs).  These types of devices are called fiber optic biosensors (FOB) and are not 

performed “on-chip”.  Many experiments and devices were developed throughout the 

1990’s using FOB techniques [4]. 
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In the early 2000’s, researchers began to incorporate fiber optics with the LOC for 

doing “on-chip” detection.  The number of publications involving on-chip detection using 

optical fibers has been growing exponentially each year [5]. 

This entry reviews the basic fabrication methods for various LOCs using optical 

fibers.  A description of fiber optics technology used with LOC applications is discussed.  

Light sources, detectors, filters and lenses are also discussed. 

 

2.1 Basic Optical Fiber Methodology 

The approaches for integrating fiber optics with lab-on-a-chip devices can be 

grouped according to fiber location and are classified as: (1) embedded fibers, (2) 

proximity fibers, or (3) wetted fibers.  Table 1 provides a summary of the characteristics 

of embedded fiber sensors.  Tables 2 and 3 lists the key parameters for proximity and 

wetted fiber sensors.  Each of these three unique ‘on-chip’ fiber optic sensor 

configurations will be described in the following. 

 Embedded fibers  

The most common configuration for performing on-chip detection has been the 

embedded fiber type of device as listed in Table 1.  A typical setup, shown in Figure 1, 

includes a light source and fiber for delivery, exit fiber connected to a detection system, 

microfluidic channel, and liquid delivery components.  The fibers are usually embedded 

in chip materials consisting of polydimethylsiloxane (PDMS), SU-8 epoxy, polymethyl 

methacrylate (PMMA) or glass [3]. 
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An “insertion guide” is used to accurately locate an etched optical fiber.  Fiber 

distal ends are chemically etched to reduce the diameter by removing fiber cladding for 

easier insertion into the LOC.  One of the keys to fabrication involves accurately setting 

the distance from the fiber channel to the microfluidic channel shown in Figure 1. 

Proximity fibers  

The next most popular configuration for performing on-chip detection uses optical 

fibers in close proximity to the detection zone as summarized in Table 2 and shown in 

Figure 2.  The input fiber and the receiving fiber tips are usually within 1 mm of the chip 

surface.  In some cases, lenses and filters are used to focus and/or collect the light.  Other 

system components such as light sources, detectors, and computers are the same as those 

used with the embedded fiber devices. 

There are many commercial fiber types, jacketing options, and connectors which 

can be used such as the example shown in Figure 2.  Fiber accessories and fixtures allow 

one to easily connect fibers, and integrate them into experimental set-ups. Bulk fibers and 

fiber assembly-making kits and components are also readily available. 

The main advantage of the proximity fiber detection system is that fabrication is 

much easier due to the fact that the fibers are not connected directly into the chip.  This 

greatly simplifies the chip fabrication process.  One disadvantage is that it is more 

difficult to achieve the maximum intensity of light entering and exiting the detection zone 

because the fiber tips are further away from the chip.  Lenses and filters are sometimes 

used to compensate for this light traveling distance issue. 
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Wetted fibers  

Table 3 lists another type of on-chip detection that is performed using ‘wetted’ 

optical fibers.  In this case, the ends of the fibers are inserted directly into the analyte 

flow stream as shown in Figures 3.  Prior to insertion, an indicating layer of biomolecules 

must be immobilized as sensing elements on the fiber tips as shown in Figure 4.  The 

ends of the fibers are first decladded and polished, followed by incubation in a labeled 

antibody–protein solution. This produces a sensing region on the surface of the fiber.  

This fluorescent indicating layer responds to the presence of analyte by changing its 

optical properties. The change in the indicator's properties affects the light which is 

transmitted back through the fiber to a detector. The change in intensity or spectral 

properties of the returning light correlates with analyte concentration. 

Wetted fiber optic sensors are created using either a single fiber or a fiber array 

bundle. A fiber array bundle may contain thousands of individually clad fibers, each 3-10 

µm in diameter. An imaging fiber bundle is able to transmit light signals and images 

concurrently, while a single-core fiber can carry light, but not images. 

 

Fiber Optics Technology  

An optical fiber is simply a very thin piece of glass or plastic which acts as a pipe, 

through which light can pass. The light that is passed down the fiber can be turned on and 

off to transmit digital information, or changed in amplitude, frequency, or phase to 

transmit analog information.  This is an important distinction, since telecommunication 

fibers are based in digital applications while sensor fibers are based in analog 
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applications.  On-chip bioreactions emit analog signals, not digital.  This is one reason 

why signal attenuation is a lesser issue for sensor applications than with 

telecommunications. 

Digital signals are sent as square waves, with high frequency components.  The 

bandwidth of a fiber is set by the maximum frequencies it can handle.  In sensor 

applications (analog), high frequencies are not an issue and thus, signal attenuation due to 

bandwidth is not an issue.  Also, signal attenuation over hundreds of kilometers (dB/km), 

which is a key parameter for telecommunications, is not a factor for LOC fiber optic 

sensors which usually travel only a few meters.  Therefore the signal-to-noise ratio (S/N) 

experienced during on-chip detection is usually very low. 

Signal flow direction in fiber optics consists of simplex or duplex methods as 

illustrated in Figure 5.  The simplex method allows data to flow in one direction only.  

This is the common case where one fiber is used to transmit the light source while 

another fiber is used to receive and send the emitted signal to a detector.  The duplex 

method allows simultaneous flow of information in both directions.  When detection is 

performed using wetted optical fibers, it is usually done using the duplex method, where 

light delivery and detection both occur simultaneously in opposite directions.  There is no 

problem using the same fiber for sending and receiving light waves.  The larger core 

diameters of multimode fibers are capable of handling thousands of light modes without 

interference.  

 The optical region of the spectrum where fiber optic devices operate is from 300 

nm to 2-µm wavelengths. The wavelengths used in fiber optic systems are matched to the 
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particular characteristics of the system. Plastic fibers operate best at visible wavelengths, 

non-silica glass fibers are designed to operate at infrared wavelengths, and special grades 

of doped silica are used in the near-ultraviolet region.  Most optical fibers use silica glass, 

which is most transparent to light in the near-infrared region from 700 - 1600 nm. 

Most LOC devices require detection in the UV-VIS spectrum for biomaterial 

applications.  These wavelengths require quartz or doped silica core fibers, since glass 

and plastic will not transmit very efficiently below 400 nm.  Doped silica fibers with high 

OH (high hydroxyl content for UV-VIS), or low OH (low hydroxyl content for VIS-NIR) 

are often used in biosensor fibers.  When working in the UV wavelengths, the cladding of 

the fiber must be chosen such that it will not fluoresce and create noise. The cladding 

material also affects the light-acceptance angle of the fiber. 

Construction of an optical fiber begins with a tube of glass consisting of a number 

of layers of concentric rings as shown in Figure 6.  Each ring of glass has a different 

refractive index.  Total internal reflection (TIR) is required to send light down the center 

of these concentric glass tubes.  To achieve TIR, the outer glass rings must have a lower 

refractive index than the inner glass core in which the light is traveling.  The core (50 

µm) and cladding (125 µm) diameters shown are typical of the fibers used in some LOC 

devices. 

Numerical aperture refers to the maximum angle of light allowed into the fiber tip.  

For light to travel down a fiber, it must enter and reflect off the cladding at greater than 

the critical angle. Due to refractive changes in the direction of light as it enters the fiber 

core, there is a limit to the angle at which light can enter the core and propagate down the 
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optic fiber. Any light striking the cladding at less than the critical angle will penetrate the 

cladding and leak out as illustrated in Figure 7 (top).   

For light entering within the cone in Figure 7 (bottom), all the rays will strike the 

cladding at greater than the critical angle and transmit down the fiber. This is referred to 

as the acceptance cone and the half angle (θ) of this cone is referred to as the acceptance 

angle. The value of the acceptance angle depends on the refractive indices of the core, 

cladding, and air. A light ray entering the core at an angle greater than (θ) will disperse 

into the cladding. The term used to specify the light collecting ability of a fiber is the 

numerical aperture (NA).  NA is the sine of the acceptance angle θ, that is:  NA= sin 

11.5º = 0.20 for the example shown. 

Optical fibers with high NAs will accept more light than fibers with low NAs.  

High NA fibers must be used when weaker light sources such as LEDs are used.  Low 

NA fibers generally require more expensive light sources, such as lasers, to achieve 

sufficient intensity for high quality transmission. 

Modal dispersion is a phenomenon which affects the clarity of light transmission. 

A fiber with a large diameter and high NA will have a large number of modes (rays of 

light) operating along its length. Optical fibers are classified according to the number of 

rays of light that can be carried down the fiber simultaneously. This is referred to as the 

'mode of operation' of the fiber. A mode of light is simply a single light ray. The higher 

the mode of an optical fiber, the more rays of light that can travel down the core. It is 

possible for a fiber to carry as many as several thousand modes or as few as only one.   
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An omnidirectional light source (i.e. one that radiates light rays equally in all 

directions) such as an LED, emits several thousand rays of light in a single pulse. 

Because an LED injects a broad beam angle into the core, each mode of light travels at a 

different angle as it propagates down the fiber, and will travel different total distances 

over the length of the fiber. Therefore, it takes different lengths of time for each light ray 

to travel from one end of the fiber to the other. The light source will launch all modes 

into the fiber at exactly the same time, and the signal will appear at the beginning of the 

fiber as a short sharp pulse. By the time the light reaches the end of the fiber, it will 

spread out and appear as an elongated pulse. This is referred to as 'modal dispersion'.  

Modal dispersion increases with higher NA, while the bandwidth of a fiber decreases 

with higher NA.  

A specific number of modes are allowed to propagate down the length of a fiber.  

When the core and cladding each have a constant refractive index across their cross 

sections, but the core refractive index is different than the cladding refraction index, then 

they behave like an optical waveguide. This is referred to as 'step index' and in this fiber 

type, only a specific number of modes can propagate.   

As the diameter and the NA decrease, so do the number of modes that can 

propagate down the fiber. The decrease in modes is affected more by reduction in 

diameter than by reduction in NA.  As the diameter decreases to the wavelength of light, 

then only one mode will travel down the fiber. This state is referred to as 'single mode' 

propagation or a 'single mode' fiber. 
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Multimode fibers generally refer to fibers with a core diameter of 50 µm or more. 

Because of their large diameter, multiple modes of light are able to travel down the core.  

The wider diameter of the multimode fibers makes them suitable for use with LED light 

sources. This normally produces a lower cost system than single mode fibers, which have 

a small diameter and require the use of lasers. However, allowing multiple modes of light 

to travel down a fiber may cause modal dispersion.  The good news is that the short 

optical fiber lengths in most LOC systems make problems with modal dispersion unlikely. 

Step and graded index differ in the gradients of their refractive indices.  A step 

index fiber has a glass core of constant cross-sectional refractive index, surrounded by a 

cladding of a different but constant cross-sectional refractive index. Because of this 

sudden change in the refractive index, light will reflect off the core/cladding interface and 

transverse its way down the core.  The refractive index of the core (N1) is typically 1.48 

while the cladding is 1.46 (N2). The acceptance angle (θa) is typically near 14°.  Step 

index fibers used in telecommunications exhibit modal dispersion which limits their 

transmission bandwidth and speed.  However, step index fibers are often used in chip 

sensor applications, where fiber lengths and data rates are much lower than in 

communication applications. 

Graded index multimode fiber has a core with a gradually changing cross-

sectional refractive index. The highest refractive index is in the core center and then 

gradually reduces, as it moves to the outer edge of the core.  Because of this gradually 

changing refractive index, the light rays refract (rather than reflect as in step index fibers) 

as they move through the core, and produce sinusoidal light wave patterns in the fiber.  
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The practical effect of this curved refractive index profile is that light rays that are 

traveling further from the center axis of the core will have further to travel, but are 

traveling through the lowest refractive index and will therefore be traveling the fastest 

(Snell's law).  Light rays that are traveling near the center of the core are moving the 

shortest distance but going through the highest refractive index and therefore traveling 

the slowest.  The result is that all the rays tend to arrive at the end of the core at the same 

time, which means that modal dispersion is greatly reduced in graded index fibers. 

Singlemode fibers are used to reduce the number of modes traveling down a fiber 

and therefore reduce modal dispersion. A singlemode fiber is basically a step index fiber 

with a very small core diameter, generally 8 - 9 µm.  To reduce the number of modes, the 

fiber is constructed with very little difference between the refractive indices of the core 

and the cladding. As the difference between the refractive indices of the core and 

cladding decrease, the critical angle increases. Therefore, only light approaching at a very 

large angle of incidence is internally reflected and all other rays will dissipate into the 

cladding. Because of this, only a single mode of light is able to traverse down the fiber 

(i.e. the fundamental mode). 

When using a singlemode fiber, light must be precisely aimed down the center of 

the core, or light will be lost to the cladding. With only the fundamental mode traveling 

down the fiber, there can theoretically be no modal dispersion in singlemode fiber.  The 

signals input at one end of the fiber appear at the output of the fiber with exactly the same 

shape.  As optical biosensors move toward single molecule detection, singlemode fibers 

may be required. 
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Alignment of fibers is a major concern with all on-chip detection using optical 

fibers.  There are many issues involved in aligning fibers and connecting fibers.  The 

main concern when connecting two optical devices together is ‘attenuation’, the fraction 

of optical power lost in the connection process. Attenuation is the sum of the losses from 

a number of factors including: (1) misalignment of fibers, (2) differing core diameters, 

(3) numerical aperture differences, (4) reflection from fiber ends, (5) spacing between the 

ends of the fibers, and (6) fiber tip end finish and cleanliness.  Theoretical analysis of the 

losses caused by these factors is complicated by the fact that the distribution of power 

across the face of a fiber is usually unknown and varies according to the type and length 

of fiber, method of excitation, etc.   

Plastic fibers such as PMMA have also been used successfully with both 

communications and sensor applications. Plastic fibers are, however, limited to step index, 

multimode construction. Because of the nature of plastics, the fabrication process 

produces a core and cladding with significantly different refractive indices. Most plastic 

fibers have a core refractive index of 1.50 and a 1.40 cladding refractive index. A typical 

NA is 0.50, which represents an acceptance angle of 30 degrees (an acceptance cone of 

60 degrees) for plastic fibers, which allows them to collect a great deal of light. 

There are several other advantages associated with using plastic fibers. First, they 

are more robust than glass fibers. They can sustain significantly more shock, pressure and 

stress than glass fibers. Second, they are far more flexible, easier to handle and to 

terminate than glass fibers. Finally, they are generally cheaper than glass. 
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However, plastic also some disadvantages. Plastic fibers have a much higher 

attenuation than glass and can only be used over very short distances.  Plastic has an 

optimum operating wavelength of 650 nm, which may not match the sensor application. 

Plastic fibers also have very limited operating bandwidth.  Another issue for some sensor 

applications is that plastics are limited to much lower temperatures than glass fibers. 

 

Light Sources  

The light-emitting diode (LED) is a semiconductor device that emits incoherent, 

narrow-spectrum light. The color of the emitted light depends on the semiconducting 

material used, and can be near-ultraviolet, visible or infrared.  LED development began 

with infrared and red devices made with gallium arsenide. Advances in materials have 

made possible the production of devices with ever-shorter wavelengths, producing light 

in a variety of colors.  Ultraviolet, blue, green, white, pink and purple LEDs are relatively 

expensive compared to the more common reds and infrared, and are less commonly used 

in commercial applications. 

The laser emits photons in a coherent beam.  Laser light is monochromatic, i.e., 

consisting of a single wavelength or color, and emitted in a narrow beam. This is in 

contrast to common light sources, such as the incandescent light bulb, which emit 

incoherent photons in all directions, over a wide spectrum of wavelengths.  The light 

generated by stimulated emission gives laser light its characteristic coherence, and allows 

it to maintain its uniform polarization and monochromaticity. 
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A laser diode is a laser where the active medium is a semiconductor similar to that 

found in a light-emitting diode.  In applications where a small focused beam is needed, 

the waveguide must be made narrow, on the order of the optical wavelength. Laser diodes 

are used in devices for optical storage, laser pointers, and fiber optics.  

The quartz halogen lamp contains a tungsten filament surrounded by a halogen 

gas such as iodine or bromine. Halogen lamps can be run at higher temperatures which 

would cause short lamp lifetimes in ordinary incandescent lamps, allowing for higher 

luminous efficacy, apparent brightness, and whiter color temperature. Because the lamp 

must be very hot to create this reaction, the halogen lamp's envelope must be made of 

quartz.  

The deuterium halogen lamp is a low pressure gas discharge light source often 

used in spectroscopy when a full spectrum source of illumination in the ultraviolet region 

is needed. The origin of the continuum ultraviolet radiation extends from around 160 

nanometers to 400 nanometers. 

A mercury-vapor lamp is a gas discharge lamp which uses mercury in an excited 

state to produce light. Mercury vapor lamps are often used because they are relatively 

efficient while still offering better color rendition than sodium vapor lamps. They also 

offer a very long lifetime, as well as intense lighting.  Like fluorescent lamps, mercury 

vapor lamps usually require a starter which is usually contained within the mercury vapor 

lamp itself. 

Xenon arc lamps use ionized xenon gas to produce a bright white light that 

closely mimics natural daylight.  The lamps consist of a glass or fused quartz arc tube 
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with tungsten metal electrodes at each end. The white, continuous light generated with 

this arc is of daylight quality and all movie projectors in theaters employ these lamps. 

The incandescent tungsten lamp is a source of light that works by passing an 

electric current through a thin filament, heating it and causing it to emit light. The 

enclosing glass bulb prevents oxygen in the air from reaching the hot filament, which 

would be otherwise rapidly destroyed by oxidation.  This is the typical light bulb for 

home use. 

 

Light Detectors 

Photomultiplier tubes (PMTs) are extremely sensitive detectors of light in the 

ultraviolet, visible and near infrared. These detectors multiply the signal produced by 

incident light by as much as 108, from which single photons can be resolved. The PMT 

benefits from a combination of high gain, low noise, high frequency response and large 

area of collection.   

The photodiode is a semiconductor diode that functions as a photodetector. 

Detectors may be based on Si, InGaAs, and Ge photodiodes operated in photovoltaic 

mode.  Photodiodes are packaged with either a window or optical fiber connection, in 

order to let in the light to the sensitive part of the device. They may also be used without 

a window to detect vacuum UV or X-rays.   

Avalanche photodiodes (APDs) are photodetectors that can be regarded as the 

semiconductor analog to photomultipliers. By applying a high reverse bias voltage 

(typically 100-200 V in silicon), APDs show an internal current gain effect (around 100) 
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due to impact ionization (avalanche effect). However, some silicon APDs employ 

alternative doping and beveling techniques compared to traditional APDs that allow 

greater voltage to be applied before breakdown is reached and hence a greater operating 

gain (> 1000).  

Si PIN photodiodes feature low capacitance, which enables them to deliver a wide 

bandwidth with only a low bias voltage, making them ideal for high-speed photometry as 

well as optical communications. Some PIN diodes have a mini-lens, which increases fiber 

coupling efficiency and enhanced sensitivity for violet laser detection. 

The spectrometer measures light over a specific portion of the electromagnetic 

spectrum. The variable measured is most often the light's intensity but could also, for 

instance, be the polarization state. Spectrometers are used for producing spectral lines and 

measuring wavelengths and intensities. Spectrometer is a term applied to instruments that 

operate over a very wide range of wavelengths, from gamma rays and X-rays into the far 

infrared. 

The charge-coupled device (CCD) is an image sensor, consisting of an integrated 

circuit containing an array of linked or coupled capacitors sensitive to light. Under the 

control of an external circuit, each capacitor can transfer its electric charge to one or other 

of its neighbors. CCDs are used in digital photography, astronomy, photometry, optical 

and UV spectroscopy and other high speed techniques. 
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Optical Filters 

An optical filter is a device which selectively transmits light having certain 

properties (often, a range of wavelengths), while blocking the remainder. Filters are 

commonly used in many optical instruments including LOC sensors. 

A longpass (LP) filter is a colored glass filter that attenuates shorter wavelengths 

and transmits longer wavelengths over the active range of the target spectrum.  In 

fluorescence, longpass filters are frequently utilized in dichroic mirrors and barrier 

(emission) filters.  

A shortpass (SP) filter is a colored glass filter that attenuates longer wavelengths 

and transmits shorter wavelengths over the active range of the target spectrum. In 

fluorescence, shortpass filters are often employed in dichromatic mirrors and excitation 

filters.  

A band-pass filter is a device that passes frequencies within a certain range and 

rejects (attenuates) frequencies outside that range.  The filter does not attenuate all 

frequencies outside the desired frequency range completely.  This is known as filter roll-

off, and is usually expressed in dB of attenuation per octave of frequency. 

A dichroic filter is a very-accurate color filter used to selectively pass light of a 

small range of colors while reflecting other colors. By comparison, dichroic mirrors and 

dichroic reflectors are characterized by the colors of light that they reflect rather than the 

colors they pass.  Because unwanted wavelengths are reflected rather than absorbed, 

dichroic filters don't absorb much energy during operation and so don't become nearly as 

hot as the equivalent conventional filter. 
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Filter wheels and filter cubes usually contain four or more individual filters which 

can be rotated into position.  Since all filters are the same thickness, no refocusing is 

required when changing filters.  Filter wheels and cubes are designed to closely and 

rigidly couple to CCD cameras or other optical equipment. 

 

2.2 Applications of on-chip detection using optical fibers 

Nearly all of the published studies in on-chip detection using optical fibers were 

conducted after the year 2000.  Most of the work to date has been performed at 

universities in North America (Canada and United States), Europe (Denmark, Germany, 

Poland, and United Kingdom), and East Asia (Japan, Singapore, and Taiwan).   

Fiber Types 

There have been three main types of optical fibers used for on-chip detection as 

listed in Tables 1-3 (pg. 54-55).  The vast majority of researchers have chosen multimode 

fibers made from fused silica (glass).   

Most of the embedded fiber devices (Table 1) contain small diameter (50-100 µm) 

multimode fibers.  Many researchers further reduce the size of the fiber by acid etching to 

remove much of the cladding.  For example, when starting with a 63-µm core and 125-

µm cladding, the fiber may be acid etched to reduce the cladding size to perhaps 70 µm.  

This facilitates assembly of the fibers into the micro dimensions of the device.  Several 

embedded fiber devices have been made from the singlemode type (9 µm core), but it has 

been challenging to deliver or gather sufficient amounts of light while being limited to a 
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single mode and low NA.  Lee et al were able to obtain an order of magnitude lower 

LOD by using multimode fibers compared to singlemode [10]. 

One advantage of using a proximity type fiber arrangement (Table 2) is that a 

much larger diameter multimode fibers can be used.  Most of these chips are based on 

fiber cores from 400 µm to 1,000 µm.  The silica fibers usually have NA’s of 0.22, while 

plastic fiber NA’s of 0.50 are common.  The proximity fibers can gather more light, but 

there is a greater distance between the analyte and the fiber which reduces the signal 

strength. 

The wetted fiber types listed in Table 3 have been based on multimode fibers or 

fiber array bundles.  In Figure 4, the large diameter (1,000 µm) multimode cores are acid 

etched or stretched to create a sharp probe tip.  In either case, the fiber surface is treated 

for binding proteins or other molecular probes.  Walt et al [6] developed a chip using a 

wetted fiber optical array of thousands of individual fibers in a coherent bundle. By 

etching the core at the fiber bundle’s tip, an array of microwells was created and loaded 

with microspheres. The microspheres are coated with various sensing materials such as 

antibodies.  Resulting changes in fluorescence intensity correspond to analyte 

concentration. 

 

Lighting and Detection 

The most common light source for all applications has been the blue LED (470 

nm) and red LED (635 nm), generally used with multimode fibers.  Lasers are used with 

singlemode fibers because the small core requires more intense power.  For 
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spectrophotometry, devices utilize full spectral light sources such as mercury vapor, 

halogen, or tungsten lamps.  This allows detection of light absorbance or transmission 

over the spectrum. 

Lenses are sometimes used to focus both source and detected light.  Concave, 

convex, bi-convex and other converging lenses have been used.  Loock et al formed a 

convex lens directly onto the ends of the fibers [13].  Fujii et al fabricated lenses into the 

chip PDMS structure [19].  In some cases, filters are also used to sharpen the signal.  The 

most popular filters are the band-pass and dichroic variety. 

 

Chip Fabrication 

The chips themselves are most commonly made from SU-8 molds and 

polydimethylsiloxane (PDMS) which is a silicon-based organic polymer.  It is optically 

clear, inert, and non-toxic, which makes it well suited for lab-on-a-chip applications.  

Other glasses, silicon wafers, and acrylics have also been used.  Recently, Golonka et al 

have used low-temperature cofired ceramic (LTCC) technology to produce electrical, 

optical, and fluidics within an LOC structure [15,16].   

The microfluidic channels in these LOC systems are typically 100 µm depth and 

width.  The liquids are moved with syringe pumps, peristaltic pumps, or some type of 

electrokinetic method.  The syringe pump generally provides a low cost, yet accurate 

solution. 
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Analyte Detection 

Much of the early work in this area was done for flow cytometry applications 

using embedded or proximity fiber systems.  These devices typically measured the counts 

and velocities of microspheres in liquids.  These systems are able to detect 10 µm spheres 

at a rate of 65 particles per second [7].    

Another application involves capillary electrophoresis (CE) used to separate ionic 

species based on their size-to-charge ratio in microchannels filled with electrolytes.  

Various dyes have been used such as Rhodamine B, Cy3, and Topro-5 to detect 

biomolecules and DNA.  LOD’s of 100 – 200 nM have been reported [10, 13, 18]. 

The most popular applications have been in the areas of spectrophotometry and/or 

spectrofluorometry involving the measurement of light intensity as a function of 

wavelength.  These devices have been used to measure chemical concentrations, amino 

acids, and fluorescent species down to an LOD of 25 nM [9]. 

Most recently, researchers have begun using these chips to conduct 

immunoassays.  An immunoassay is a test that measures the level of a substance in a bio-

sample, typically serum or urine, using the specific binding reaction of an antibody or 

antibodies to its antigen.  LOC’s have been used to detect protein markers for vasculitis 

and cancer [21, 27] at LOD’s in the 100 nM range.  They have also been used to detect E-

coli and BTK- a biowarfare agent simulant [33]. 
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3. Immunoassay fundamentals 

Diagnosis is a decision point. The decision is the intention to treat. It is the point 

at which sufficient evidence has been accumulated to state, beyond reasonable doubt, that 

the patient is or is not suffering from a particular disease. Laboratory tests remain one of 

the mainstays on which clinicians rely for diagnosis and management of the patient. 

Laboratory tests are indicated for: 

1. Detection- the presence or absence of a particular substance e.g. testing for 

 infectious diseases. 

2. Quantification- accurately determining the concentration of a particular 

 substance as an aid to diagnosis or differential diagnosis and for establishing the 

 extent of the Clinical condition. 

3. Monitoring- the course of clinical condition or response to therapy. 

4. Prognosis- for predicting the probability of occurrence of a disease/disorder 

 

Microscopy, biochemical assays, microbiology procedures, and immunoassays 

are various techniques that fulfill the requirements of routine laboratory tests to meet the 

needs of clinicians. Certain clinical analytes can be measured by specific techniques only, 

whereas for the measurement of certain analytes options exist for selecting the techniques 

of measurement. immunochemical methods (immunoassays) which are more sensitive 

and specific have a distinct advantage and hence are preferred. 

Immunoassays are assays that detect the presence of an antigen in the human 

body with the help of an antibody or detect the presence of an antibody with the help of 
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an antigen. The first reported immunoassays were homogeneous. They are attributed to 

Kraus in 1897 [34], who coined the term ‘precipitin’ for the precipitate formed upon 

mixing an antigen and an antibody. Meyer in 1922 employed sheep erythrocytes to serve 

as a label and conjugated human immunoglobulin to them. Anti-immunoglobulin 

antibodies appearing in rheumatoid arthritis patients were shown to cause visible 

clumping of these erythrocytes. This method was known as haemagglutination. Singer 

and Plotz replaced the erythrocytes with latex particles, which were easier to standardize, 

and these assays are popularly known as latex agglutination tests (LAT). 

A high degree of sensitivity for wide variety of antigens/antibodies, which can be 

detected by these latex agglutination assays, has promoted their usage worldwide for 

screening since 1956 in clinical laboratories. The simplicity of performance has made 

these assays extremely popular. The need for quantitative estimation, and higher 

sensitivity led to the development of radioimmunoassays (RIA) first in 1959 by Berson 

and Rosalyn Yalow. The first RIA developed was used to detect and quantify insulin. 

Since then immunoassays have been used to detect and quantify variety of molecules 

native to humans such as proteins, hormones as well as foreign molecules such as 

bacteria, viruses and parasites. 

The latex agglutination assays, though simple to use, are subject to variations in 

results as the interpretation pattern between negative and weakly reactive samples may 

vary between laboratory to laboratory and person to person.  The lower sensitivity of 

many analytes and the need for correct quantification of analytes has created a need for 

more sensitive and precise quantitative immunoassays. 
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 Quantitative results of immunoassays are extremely useful in: 

 Establishing the extent of severity of a disease 

 Assessing the course and stage of clinical condition 

 Differential diagnosis of many diseases 

 Monitoring response to therapy 

 Accurate prognosis of disease. 

Various techniques have been used to develop quantitative methods that include 

radial immunodiffusion and electroimmunoassays, turbidimetric and nephelometric 

assays, and labeled immunochemical assays. Radial immunodiffusion (RID) and 

electroimmunoassay (rocket electrophoresis) though reliable, are slow, labor intensive, 

and expensive. This limits their usage in many laboratories. The gel-based techniques are 

restricted to qualitative studies or are used as reference methods. During the last decade 

the gel techniques are increasingly being replaced by optical detection methods. 

The various techniques by which quantitative immunoassays are performed can 

be broadly grouped as Heterogeneous and Homogeneous Immunoassays. 

Heterogeneous Immunoassays employ an antibody immobilized on a solid phase, 

which captures the corresponding antigen from the sample. A second labeled antibody 

specific to a different epitope of the antigen is used as a basis for signal generation. After 

the immunochemical reaction has taken place, the bound and unbound labeled antibodies 

are separated. The concentration of antigen is then estimated by measuring bound or 

unbound-labeled antibodies through an appropriate signal generation and measurement 

system. 
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Heterogeneous immunoassays can be performed by various techniques such as: 

 Radio immunoassays (RIA) 

 Enzyme Immunoassays (EIA) 

 Fluorescent Enzyme Immunoassay 

 Chemiluminescent Enzyme Immunoassay 

The difficulties associated with separation of bound and unbound-labeled 

antibodies, the need for dedicated instrumentation and labor intensive procedures has 

prompted the usage of heterogeneous assays in specialty laboratories mainly through use 

of expensive automation. 

The need for simpler, affordable, user friendly assay techniques for detection of 

routinely encountered clinical analytes still remained to be explored. With the 

tremendous progress made in instrumentation technology, optics, and software, the face 

of quantitative estimation for routine parameters has changed dramatically in recent years. 

Simultaneous development in purification techniques for polyclonal antibodies, 

emergence of monoclonal antibodies with high specificity and avidity have been 

instrumental in the development of homogeneous assay techniques which are simple to 

perform and easily adaptable for routine laboratory analysis. 

Homogeneous Immunoassays require only the mixing of a sample (antigen) and 

the immunochemical reagents (antibody) followed by detection of signal. These assays 

do not require separation of free or bound labeled materials in the test system for the 

detection or measurement of the antigen. The immunochemical binding produces a 

detectable signal (agglutination, absorbance, fluorescence etc.). The simplicity & 
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flexibility associated with the performance of homogeneous assays has made their usage 

popular with laboratories worldwide. 

The homogeneous assays can be performed using techniques such as: 

 Turbidimetry 

 Nephelometry 

 Homogeneous Enzyme Immunoassays 

 Enzyme–Multiplied Immunoassay Technique (EMIT) 

 Enzyme Inhibitor Immunoassay 

 Enzyme Complementation Immunoassay 

 Substrate Linked Fluorescence Immunoassay (SLFIA) 

 Scintillation Proximity Assay (SPA) 

 Elecrtro-chemi-luminiscence (ECL), 

 Luminescent Oxygen Channeling Immunoassay (LOCI)  

 

The Clinical chemistry analyzers (photometers) were originally developed for 

colorimetric estimation of chemical or enzymatic reactions. Subsequently, it was shown 

that the visible scattered light in Kraus’s precipitin reaction could be measured by 

turbidimetry & nephelometry on photometers, to quantitate the immunecomplex 

formation. These systems utilize the fast reaction between an antigen with their 

corresponding antibodies in a liquid phase. 
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3.1. Measurement of immunocomplexes by spectrophotometry 

Unlike in classical biochemistry where the reactants are clear and endpoints are 

expressed as absorbances the behavior of light differs for solutions containing 

suspensions or particulates. Such insoluble immunecomplexes are formed as a reaction 

between antigens and antibodies takes place. As shown in Figure 8, when light of a 

suitable wavelength is allowed to pass through a reaction solution containing antigens 

(analytes) and the initial absorbance is measured, the absorbance is minimum at this point. 

Subsequently the reagent containing antibody solution is then added to the antigen 

and allowed to react. Figure 9 shows that an agglutination reaction takes place when a 

single molecule of antibody binds to at least two corresponding binding sites on different 

antigen particles. As the reaction proceeds the agglutinating particles aggregate and form 

immune complexes. Immune complexes increase in size, become larger, resulting in an 

increase in turbidity and the scattering of incident light. Thus a decreasing part of the 

incident light is transmitted as the reaction proceeds. Spectrophotometers read this 

decrease in the intensity of the transmitted light as absorbance. 

This measurement of reduction in the intensity of the transmitted light at 180° is 

defined as turbidimetry. The turbidity is proportional to the analyte concentration, which 

in-turn is proportional to the amount of agglutination. Based on this proportional 

relationship the amount of analyte in the sample causing the turbidity can be easily 

determined. It should be noted that the nature of immunochemical reaction is exactly the 

same in turbidimetry and nephelometry. However it is the detection principle used for 

measurement, which differentiates turbidimetry from nephelometry. 
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As shown in Figure 3, nephelometry measures light scattered or reflected towards 

the detector, which is away from direct path of the transmitted light. Routine 

spectrophotometers cannot be used for nephelometry and hence nephelometers are 

required. Most nephelometers measure light scattering at a 90° angle. However in order 

to measure the forward scatter intensity caused by light scattering from large particles, 

some nephelometers are designed to measure scattered light at angles other than 90°. 

 

3.2 Selection of wavelength 

The optimum wavelength for optical measurement of immune complexes 

increases with the size of immune complex to be measured. In general, if the size of the 

immune complex formed is less than 1/10th the size of the wavelength of incident light, 

then the light scattering is relatively symmetrical (Fig.4) . This uniform scattering of light 

is known as Rayleigh scattering. 

On the other hand when the size of the immunocomplex to be measured is more 

than 1/10th the wavelength of the incident light, there is a concentration of scattered light 

in the forward direction at an angle of 45° or less, away from the axis of the incident light 

beam (Fig. 5). This type of scattering is referred as Rayleigh-Debye or Mie scattering. 

The upper limit on size of immune complexes exhibiting Rayleigh scattering is 

about 40 nm when a visible light at 400 nm is used. Many of the plasma proteins such as 

immunoglobulins, albumin etc. fall below this limit. As the immune complexes becomes 

larger in size from 40-400 nm, the angular dependence of scattered light at 400 nm loses 

the symmetry around the 90°axis, and shows an increase in forward scattering. Some 
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plasma proteins of the IgM class, aggregating immunoglobulin/antigen complexes fall 

into this size category. For measuring such complexes a longer wavelength of light 

depending on the size of the immune complexes formed, should be used. For latex based 

assays using a latex particle of 300 nm, light of wavelength between 400- 600 nm is ideal 

for measuring the immune complexes formed. 

 

3.3 Measuring turbidimetric immunoassays 

As far back as 1929, Heidelberger and Kendall quantitatively described the 

formation of a precipitate when reacting an antigen with an antibody. They demonstrated 

that when an increasing amount of an antigen is added to a constant amount of 

corresponding antibody, the resulting degree of precipitate formed follows a bell shaped 

curve as shown in Figure 6. To obtain the Heidelberger curve the antigen concentration is 

plotted against the absorbances obtained from measuring the Ag-Ab reaction. 

The Heidelberger-Kendall curve may be divided into three zones: 

1. The antibody excess zone 

In the first stage of the reaction there is a large excess of binding sites in the 

reaction mixture available for the antigen to bind. First the antigen binding sites are 

quickly saturated by antibody before cross-linking begins to occur. This results in 

formation of small antigen-antibody complexes. Here the absorbance increases 

proportionally to the analyte concentration. 

2. Zone of equivalence 
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In the second stage of reaction binding sites available for the antigen are 

proportionate to the antigen concentration. Here the probability of cross-linking is more 

likely resulting in formation of large immune complexes. As the saturation point is 

reached there is neither free antigen nor free antibody in the reaction mixture. Here also 

the absorbance increases with the analyte concentration, but does not increase 

proportionally. 

3. The antigen excess zone 

In the third stage of the reaction, the concentration of the antigen is so high that 

most of the binding sites are overcrowded, hindering the formation of real precipitate and 

favoring the formation of small immune complexes. This is called as the prozone effect 

or the hook effect. Prozone is inappropriately used to describe “postzone” or “antigen 

excess” in day to day parlance. The existence of prozone effect will cause very high 

concentrations of antigen to produce signals, which are similar to the signals generated, 

by moderate concentrations of antigen. It is imperative to know, what concentration of 

analyte will cause a prozone effect in a turbidimetric immunoassay for a given antibody 

reagent system. 

This quantitative immunoprecipitin curve forms the fundamental basis for all 

homogeneous antigen-antibody assays including turbidimetry and is usually referred to as 

the dose response curve. For many analytes of diagnostic importance, the antigen-

antibody reactions neither follow the Beer-Lambert’s law nor provide a linear 

relationship between concentration and turbidity. Estimating the concentrations of 

analytes using a single standard, as in biochemical analysis therefore results in inaccurate 

 
 



   
 
   
  46 

results near the zone of equivalence. As the ∆A is directly proportional to the 

concentration of analyte only in the initial region of the antibody excess zone use of 

single standard for calculating concentration of analyte may be acceptable only for lower 

analyte concentration. As the analyte concentration increases the error in measurement 

will start to magnify. Therefore for having a larger measuring range, the turbidimetric 

assays use that part of the dose response curve, which covers the maximum portion of the 

antibody excess region and demonstrates a linear reaction as the standard curve. 

The standard curve is plotted using a number of different concentrations of 

standards (usually 5-6). The highest concentration of the standard is chosen in such a way 

that the analyte absorbance at that concentration will lie on the linear extreme of the 

standard curve. The lowest concentration of the analyte is usually selected below the 

reference values of the analyte of interest. The linear range between the highest and 

lowest standards used for the preparation of standard curve is referred to as the measuring 

range of the assay. 

For some analytes the signal amplification and assay sensitivity requires the usage 

of conjugation chemistry to attach antibodies to inert and uniform latex particles. Such 

reagents are referred to as Particle Enhanced Turbidimetry (PET). 

 

3.4 Antibody affinity constants 

 

The specific association of antigens and antibodies is dependent on hydrogen 

bonds, hydrophobic interactions, electrostatic forces, and van der Waals forces. These are 
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all bonds of a non-covalent nature, yet some of the associations between antigen and 

antibody can be quite strong. Like antibodies, antigens can be multivalent, either through 

multiple copies of the same epitope, or through the presence of multiple epitopes that are 

recognized by multiple antibodies. Interactions involving multivalency can produce more 

stabilized complexes, however multivalency can also result in steric difficulties, thus 

reducing the possibility for binding. All antigen-antibody binding is reversible, however, 

and follows the basic thermodynamic principles of any reversible bimolecular interaction:  

 

  
]][[
][

AgAb
AgAbK A

−
=   (Eqn. 1) 

        
where KA is the  affinity constant, Ab and Ag are the molar concentrations of 

unoccupied binding sites on the antibody or antigen respectively, and [Ab-Ag] is the 

molar concentration of the antibody-antigen complex. 

The time taken to reach equilibrium is dependent on the rate of diffusion and the 

affinity of the antibody for the antigen, and can vary widely. The affinity constant for 

antibody-antigen binding can span a wide range, extending from below 105 mol-1 to 

above 1012 mol-1. Affinity constants can be affected by temperature, pH and solvent. 

Affinity constants can be determined for monoclonal antibodies, but not for polyclonal 

antibodies, as multiple bondings take place between polyclonal antibodies and their 

antigens. Polyclonal antibodies differ by as much as 10,000-fold in their affinities.  

Immunoassays are not used to determine affinity constants. Quantitative measurements of 

antibody affinity for antigen can be made by equilibrium dialysis. Equilibrium dialyses 

with constant antibody concentration and varying ligand concentrations are used to 
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generate Scatchard plots, which give information about affinity valence and possible 

cross-reactivity. 

The affinity constant KA is the ratio between the rate constants for binding and 

dissociation of antibody and antigen. Typical affinities for IgG antibodies are 105-109 L 

mole-1. Antibody affinity is usually measured by equilibrium dialysis. The relationship 

between bound and free antigen, and antibody affinity is expressed by the Scatchard 

equation, r/c = Kn - Kr, where r = the ratio of [bound antigen] to [total antibody], c = [free 

antigen], K = affinity, and n = number of binding sites per antibody molecule (valence). 

If all the antibodies have the same affinity for antigen (monoclonal antibody), a plot of r/c 

versus r will yield a straight line with a slope of -K and an r intercept approaching n. If 

the antibody is heterogeneous (polyclonal), the plot of r/c versus r will yield a curved 

line; the average affinity can be determined by the slope of the curve when half the 

binding sites are full (r=1). 

 A convenient form of the Scatchard equation is: 

    
))(( crn

rK
−

=   (Eqn. 2) 

                 
           where, 
 

r = the ratio of the concentration of bound ligand to the concentration of   
 antibody molecules placed in the system 

 
n = the number of ligand binding sites on the antibody molecule  
 
c = the concentration of unbound ("free") ligand. 
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A useful way of presenting the resulting data is to plot the ratio r/c as a function 

of r. If K is a constant, such a plot called a ‘Scatchard’ plot should produce a straight line, 

the slope of which is -K. The Scatchard plot in Figure 14 shows antibodies with an 

affinity for ligand of 1.4 x 106 liters/mole (M−1).  Another useful piece of information 

revealed by the plot is that the maximum value for r (the x intercept) is 2. At infinitely 

high concentrations of ligand, each antibody molecule can bind a maximum of 2 ligand 

molecules; that is, the valence is two (2) for IgG antibodies. 

IgG, IgD, IgE, and monomeric IgA have two identical antigen-binding sites 

(valence = 2). Dimeric IgA has four. Serum IgM has ten, although the observed valence 

of IgM is five because all the binding sites cannot make contact with antigen 

simultaneously due to steric hindrance.  

Affinity describes the strength of interaction between antibody and antigen at 

single antigenic sites. Within each antigenic site, the variable region of the antibody 

“arm” interacts through weak non-covalent forces with antigen at numerous sites; the 

more interactions, the stronger the affinity. Avidity is perhaps a more informative measure 

of the overall stability or strength of the antibody-antigen complex. It is controlled by 

three major factors: antibody epitope affinity; the valence of both the antigen and 

antibody; and the structural arrangement of the interacting parts.  

Ultimately these factors define the specificity of the antibody, that is, the 

likelihood that the particular antibody is binding to a precise antigen epitope. Cross-

reactivity refers to an antibody or population of antibodies binding to epitopes on other 

antigens. This can be caused either by low avidity or specificity of the antibody or by 
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multiple distinct antigens having identical or very similar epitopes. Cross-reactivity is 

sometimes desirable when one wants general binding to a related group of antigens or 

when attempting cross-species labeling when the antigen epitope sequence is not highly 

conserved in evolution. 
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Table 1.  Embedded fiber devices 
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Table 2.  Proximity-type fiber arrangement 

  

 

Table 3. Wetted-type fiber arrangement 
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Figure 1.  Embedded fiber device with source and detection fibers adjacent to 

microchannel (top).  Etched fiber placed into an insertion guide (bottom left).  Embedded 

fibers located within 5 µm of the fluid channel (bottom right). 
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Figure 2.    Proximity fiber device with source and detection fibers above and below 

the detection zone on the chip (top).  Example of a commercial fiber with jacketing, color 

coding and connectors (bottom). 
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Figure 3.  Wetted optical fiber device with the end of a fiber inserted directly into the 

analyte flow stream.   
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Figure 4.  An indicating layer of biomolecules are immobilized as sensing elements on 

the fiber tips.  Here an antibody-antigen immunoassay is shown. 
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Figure 5. The simplex fiber arrangement is normally used for embedded and 

proximity fibers (top).  The duplex setup is used with wetted fiber optic devices (bottom). 

 

 

 

 

 

 

 

 

 

 

 
 



   
 
   
  58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Cross section of a typical multimode, step index fiber.  Some LOC 

detection devices employ fibers with cores up to 1 mm in diameter. 
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Figure 7.  Light rays striking the core at less than the critical angle will penetrate the 

cladding and leak out (top).  Light entering within the acceptance cone will strike the 

cladding at greater than the critical angle and transmit down the fiber (bottom). 
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Figure 8.  Behaviour of light in solution containing antigens, where Io is the intensity of 

incident light, It is the intensity of transmitted light, and “c” is a cuvette containing 

antigens in the reaction solution. 
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Figure 9.  Behaviour of light in solution containing immunocomplexes (Ag-Ab) where Io 

is the intensity of incident light, It is the intensity of transmitted light, Is is the intensity of 

scattered light and “c” is the cuvette containing immunocomplexes in the reaction 

solution. 
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Figure 10.  Detection principles in turbidimetry and nephelometry, where Io is the 

intensity of incident light, “c” is the reaction cuvette, It is the intensity of transmitted light 

measured as absorbance by detecter at 0º, and Is is the intensity of scattered light 

measured by detector at 90º. 
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Figure 11.  Rayleigh Scattering of light for particle size < λ/10 the wavelength of 

incident light. 
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Figure 12.  Debye scattering of light for an immunocomplex with particle size >λ/10  the 

wavelength of incident light.  
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Figure 13.  The quantitative immunoprecipitin curve (Hiedelberger-Kendall), shows the 

general relationship between antigen concentration and antibody precipitation. 
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Figure 14.  This Scatchard Plot shows results for antibodies which have an affinity for 

this particular ligand of K= 1.4 x 106 liters mole-1 (M−1). 
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PRESENT STUDY 

 

 Lab-on-a-chip detection using optical fibers will be guided by four major driving 

forces: (1) molecular analysis, (2) biodefense, (3) molecular biology, and (4) 

microelectronics.  Most lab-on-a-chip technologies to date have focused primarily on 

molecular analysis by miniaturizing capillary electrophoresis (CE), chromatography, flow 

cytometry, and sensing conditions such as pH, ionic strength, and concentrations of 

analytes.  Currently, biodefense funding from DOD and DARPA are driving much of the 

LOC academic research in our universities.  These defense programs tend to focus on 

detection and immunoassays for bioterror prevention.  The recent emphasis on high-

throughput sequencing for genomics and proteomics has also begun to use microfluidics 

devices.  While the manufacturing technologies being developed in microelectronics will 

continue to pace the fabrication of microelectromechanical systems (MEMS) in the future. 

Fiber optics technology has always been dominated by the telecommunications 

markets and this will certainly continue.  Fibers will continue to increase in speed and 

bandwidth by using new methods such as dense wavelength-division multiplexing 

(DWDM).  Future fibers will be even more pure, and conduct light and images with more 

clarity.  Recent growth in the sensors industry has spawned several new companies which 

focus strictly on fibers for optical detection.  While the communications industry has 

focused on longer IR wavelengths, the sensor fiber optics companies will work on 

improving light transmission down into the UV range for biodetection. 
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Embedded fiber optics will continue to be successful only as microfabrication 

methods are simplified and commercialized.  The original hope of microfluidics was that 

photolithography and associated technologies that had been so successful in silicon 

microelectronics, and in microelectromechanical systems (MEMS), would be directly 

applicable to microfluidics. Some of the earliest work in fluidic microsystems did, in fact, 

use silicon and glass, but these materials have largely been displaced by plastics. For 

analyses of biological samples in water, devices fabricated in glass and silicon are usually 

inappropriate. Silicon, in particular, is expensive, and opaque to visible and ultraviolet 

light, and cannot be used with optical methods of detection. It is easier to fabricate the 

components required for microanalytical systems in elastomers than in rigid materials but 

these methods have not been commercialized.  Exciting future research areas will involve 

embedding light sources and micro-detectors directly into the chip. 

Proximity fiber optics should continue to grow in popularity as light sources and 

detectors become smaller and portable.  Companies are now producing low cost LEDs, 

lasers, and spectrometers that make it relatively easy to set-up on-chip detection devices.  

These systems will require better and lower cost lenses, filters, light sources and detectors 

especially in the near-UV wavelengths.  Again, this is because almost all research to date 

has focused on the IR wavelengths used for telecommunications and the internet.  Future 

work in proximity fiber optics will focus on lowering signal-to-noise ratios and 

increasing the sensitivity of distinguishing different wavelengths. 

Wetted fibers on-chip have only recently been attempted and shows great promise.  

Like embedded fibers, the wetted fibers require very sophisticated microfabrication 
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techniques.  Microfluidics has seen the rapid development of new methods of fabrication, 

and of components such as microchannels that serve as pipes, and other structures that 

form valves, mixers, and pumps that are essential elements of microchemical ‘factories’ 

on a chip.  Wetted fibers will require easier ways of inserting and removing the fibers 

from the chip as well as simpler methods of preparing the fiber tips with biomolecules for 

detection. 

An LOC system must have a number of generic components: a method of 

introducing reagents and samples; methods for moving these fluids around on the chip, 

and for combining and mixing them; and various other items such as detectors for most 

microanalytical work, as well as components for purification of products for systems 

used in synthesis. The field has, so far, centered on demonstrating concepts for these 

components.  In the future there will be sufficient methods of fabrication, and a range of 

components which will make it possible to apply microfluidic systems to the resolution 

of problems rather than simply to the demonstration of principles. 

 
 



   
 
   
  70 

REFERENCES 

 

1.  Bailey, D. and Wright, E., Practical Fiber Optics. 2003: Elsevier. 267 pgs. 

2.  Shotwell, R.A., An Introduction to Fiber Optics. 1st ed. 1997: Prentice Hall. 173 pgs. 

3.  Whitesides, G.M., The origins and the future of microfluidics. Nature, 2006. 442(27): 

p. 368-373. 

4. Grattan, K.T.V. and Sun, T., Fiber Optic Sensor Technology: Introduction, in Optical 

Fiber Sensor Technology, K.T.V. Grattan and B.T. Meggitt, Editors. 2000, Kluwer 

Academic Publishers. 

5. Zhang, Z.Y. and Grattan, K.T.V., Commercial activity in optical fiber sensors, in 

Optical Fiber Sensor Technology, K.T.V. Grattan and B.T. Meggitt, Editors. 1998, 

Kluwer Academic Publishers. p. 257-306. 

6. Llobera, A., Wilke, R., and Bu¨ttgenbach, S., Optimization of poly(dimethylsiloxane) 

hollow prisms for optical sensing. Lab Chip, 2005. 5: p. 506–511. 

7. Wang, Z., El-Ali, J., Engelund, M., Gotsæd, T., Perch-Nielsen, I.R., Mogensen, K.B., 

Snakenborg, D., Kutter, J.P., and Wolff, A., Measurements of scattered light on a 

microchip flow cytometer with integrated polymer based optical elements. Lab Chip, 

2004. 4: p. 372–377. 

8. Xiang, Q., Xuan, X., Xu, B., and Li, D., Multi-Functional Particle Detection with 

Embedded Optical Fibers in a Poly(dimethylsiloxane) Chip. Instrumentation Science 

and Technology, 2005. 33: p. 597–607. 

9. Chabinyc, M.L., Chiu, D.T., McDonald, J.C., Stroock, A.D., Christian, J.F., Karger, 

A.M., and Whitesides, G.M., An Integrated Fluorescence Detection System in 

Poly(dimethylsiloxane) for Microfluidic Applications. Anal. Chem., 2001. 73(18): p. 

4491-4498. 

10. Lin, C.-H., Lee, G.-B., Chen, S.-H., and Chang, G.-L., Micro capillary 

electrophoresis chips integrated with buried SU-8/SOG optical waveguides for bio-

analytical applications. Sensors and Actuators A 2003. 107: p. 125–131. 

 
 



   
 
   
  71 

11. Fu, L.-M., Yang, R.-J., Lin, C.-H., Pan, Y.-J., and Lee, G.-B., Electrokinetically 

driven micro flow cytometers with integrated fiber optics for on-line cell/particle 

detection. Analytica Chimica Acta 2004 507 p. 163–169. 

12. Lin, C.-H., Lee, G.-B., Fu, L.-M., and Chen, S.-H., Integrated optical-fiber capillary 

electrophoresis microchips with novel spin-on-glass surface modification. Biosensors 

and Bioelectronics  2004. 20: p. 83–90. 

13. Trefiak, N.R., Barnes, J., Rask, F., Courtney, D.G., Walford, R., Li, R., Oleschuk, 

R.D., and Loock, H.-P., Absorption Measurements in Microfluidic Devices using 

Ring-down Spectroscopy. Proc. of SPIE, 2005. 5969: p. 1-9. 

14. Hubner, J., Mogensen, K.B., Jorgensen, A.M., Friis, P., Telleman, P., and Kutter, J.P., 

Integrated optical measurement system for fluorescence spectroscopy in microfluidic 

channels. Review of Scientific Instruments, 2001. 72 (1): p. 229-233. 

15. Golonka, L.J., Zawada, T., Radojewski, J., Roguszczak, H., and Stefanow, M., LTCC 

Microfluidic System. International Journal of Applied Ceramic Technolgy   2006. 3(2): 

p. 150–156. 

16. Golonka, L.J., Roguszczak, H., Zawadaa, T., Radojewski, J., I. Grabowskab, Chudyb, 

M., Dybko, A., Brzozka, Z., and Stadnik, D., LTCC based microfluidic system with 

optical detection. Sensors and Actuators B   2005. 111–112: p. 396–402. 

17. Bargiel, S., Górecka-Drzazga, A., Dziuban, J.A., Prokaryn, P., Chudyb, M., Dybko, 

A., and Brzózka, Z., Nanoliter detectors for flow systems. Sensors and Actuators A  () 

2004. 115: p. 245–251. 

18. Qi, S., Liu, X., Ford, S., Barrows, J., Thomas, G., Kelly, K., McCandless, A., Lian, K., 

Goettertc, J., and Soper, S.A., Microfluidic devices fabricated in poly(methyl 

methacrylate) using hot-embossing with integrated sampling capillary and fiber optics 

for fluorescence detection. Lab Chip, 2002. 2: p. 88–95. 

19. Camou, S., Fujita, H., and Fujii, T., PDMS 2D optical lens integrated with 

microfluidic channels: principle and characterization. Lab Chip, 2003. 3: p. 40–45. 

 
 



   
 
   
  72 

20. Wu, M.-H., Cai, H., Xu, X., P.G.Urban, J., Cui, Z.-F., and Cui, Z., A SU-8/PDMS 

Hybrid Microfluidic Device with Integrated Optical Fibers for Online Monitoring of 

Lactate. Biomedical Microdevices, 2005. 7(4): p. 323–329. 

21. Lucas, L.J., Han, J.-H., Chesler, J., and Yoon, J.-Y., Latex Immunoagglutination 

Assay for a Vasculitis Marker in a Microfluidic Device Using Static Light Scattering 

Detection. Biosensors and Bioelectronics, 2006(Biosensors 2006 Special Issue Papers). 

22. Fujii, S.-I., Tokuyama, T., Abo, M., and Okubo, A., Fluorometric Determination of 

Sulfite and Nitrite in Aqueous Samples Using a Novel Detection Unit of a microfluidic 

device. Analytical Sciences, 2004. 20: p. 209-212. 

23. Xiang, Q., Hu, G., Gao, Y., and Li, D., Miniaturized immunoassay microfluidic 

systemwith electrokinetic control. Biosensors and Bioelectronics () 2006–2009, 2006. 

21 p. 2006-2009. 

24. Watanabe, S., Usui, K., Tomizaki, K.-y., Kajikawab, K., and Mihara, H., Anomalous 

reflection of gold applicable for a practical protein-detecting chip platform. Molecular 

BioSystems, 2005. 1: p. 363–365. 

25. McMullin, J.N., Qiao, H., Goel, S., McColman, S.A., and Grundmann, A., Lab-on-a-

Chip Optical Detection System using Plastic Fiber Optics. Applications of Photonic 

Technology 2003. 6: p. 114-118. 

26. McMullin, J.N., Qiao, H., Goel, S., and Grundmann, A., Optical detection system for 

biochips using plastic fiber optics. REVIEW OF SCIENTIFIC INSTRUMENTS, 

2003. 74(9): p. 4145-4149. 

27. Hsieh, H.B., Marrinucci, D., Bethel, K., Curry, D.N., Humphrey, M., Krivacic, R.T., 

Kroener, J., Kroener, L., Ladanyi, A., Lazarus, N., Kuhn, P., Bruce, R.H., and Nieva, 

J., High speed detection of circulating tumor cells. Biosensors and Bioelectronics, 

2006. 21: p. 1893–1899. 

28. Jindal, R. and Cramer, S.M., On-chip electrochromatography using sol–gel 

immobilized stationary phase with UV absorbance detection. Journal of 

Chromatography A, 2004. 1044: p. 277–285. 

 
 



   
 
   
  73 

29. Irawan, R., Tay, C.M., Tjinb, S.C., and Fua, C.Y., Compact fluorescence detection 

using in-fiber microchannels—its potential for lab-on-a-chip applications. The Royal 

Society of Chemistry, 2006. 6  p. 1095-1098. 

30. Stadnik, D. and Dybko, A., Fibre optic coupler as a detector for microfluidic 

applications. The Analyst, 2003. 128 p. 523–526. 

31. Stadnik, D., Brzózka, Z., and Dybko, A., Application of optical fibres in microfluidic 

structures. Lightguides and their Applications II, 2003: p. 314-318. 

32. Stadnik, D. and Dybko, A., An intrinsic fibre optic chemical sensor based on light 

coupling phenomenon. Sensors and Actuators B 2005. 107  p. 184–187. 

33. Bowden, M., Song, L., and Walt, D.R., Development of a Microfluidic Platform with 

an Optical Imaging Microarray Capable of Attomolar Target DNA Detection. 

Analytical Chemistry 2005. 77(17): p. 5583-5588. 

34. Kraus, R. Wien. klin. Wochenschr. 10, 736−738 (1897). 

 

 

 

 

 

 

 

 

 

 
 



   
 
   
  74 

APPENDICES 

 

 

APPENDIX A: 

Using Highly Carboxylated Microspheres to Simplify Immunoassays and Enhance 

Diffusional Mixing in a Microfluidic Device 

 

 

APPENDIX B: 

Latex Immunoagglutination Assay for a Vasculitis Marker in a Microfluidic Device 

Using Static Light Scattering Detection 

 

 

APPENDIX C: 

Lab-On-A-Chip Immunoassay for Multiple Antibodies Using Microsphere Light 

Scattering and Quantum Dot Emission  

 
 



   
 
   
  75 

APPENDIX A 

 

 

USING HIGHLY CARBOXYLATED MICROSPHERES TO SIMPLIFY 

IMMUNOASSAYS AND ENHANCE DIFFUSIONAL MIXING IN A 

MICROFLUIDIC DEVICE 

 

 

 

Lonnie J. Lucas, Jin-Hee Han, Jeong-Yeol Yoon 

Department of Agricultural and Biosystems Engineering 

The University of Arizona, Tucson, Arizona, 85721-0038, U.S.A. 

 

Published in Colloids and Surfaces B: Biointerfaces 49 (2006) 106–111. 

 

Received 17 November 2005; received in revised form 16 February 2006; accepted 4 

March 2006; available online 18 April 2006 doi:10.1016/j.colsurfb.2006.03.008 

 

© 2006 Elsevier B.V. All rights reserved. 

Reprinted with permission from Elsevier B.V. 

 

Presented at the 79th American Chemical Society, Colloid and Surface Science 

Symposium, Clarkson University, Potsdam, N.Y.  June 12-15, 2005. 

 
 



   
 
   
  76 

 Abstract 

 

Manufacturers of latex immunoassays have typically added surfactants to improve 

detection sensitivity and prevent non-specific aggregation of microspheres, which may 

cause both false positives and negatives during diagnostic testing. There is also growing 

interest in conducting immunoassays in smaller volumes using microfluidic devices with 

minimum human effort. The first goal of our study was to simplify immunoassays by 

eliminating the use of surfactants. Our second objective was to determine if this strategy 

would also enhance diffusional mixing in a microfluidic channel, which has been one of 

the biggest barriers to using these devices. We first ran a series of cuvette experiments to 

document the performance of sodium dodecyl sulfate (SDS) and polysorbate 80 (Tween 

80) surfactants in a mouse immunoglobulin G (IgG) immunoassay using plain 

polystyrene microspheres. Next, we tested highly carboxylated microspheres with no 

surfactants, to determine if the same levels of accuracy and specificity could be achieved. 

Finally, we evaluated the surfactants and highly carboxylated microspheres in a 

microfluidic device. Our results show that highly carboxylated microspheres can indeed 

be used to replace surfactants and to induce rapid mixing via diffusion in a microfluidic 

device. 

 

Keywords: Immunoassay; Surfactant; Microspheres; Microfluidic device; Diffusion 
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1. Introduction 

Many diagnostic tests and assays use microspheres as supports for 

immunologically based reactions. These range from the original latex agglutination tests 

to the more recent particle-capture assays, and dyed-particle sandwich tests. Researchers 

and companies working in the field of immunology are focused on continuously 

improving: (1) the quality of immunoassays while also reducing (2) assay time and (3) 

cost. For assays involving microspheres, the main quality issues are non-specific binding 

and unwanted aggregation of the particles. In either case, these events cause false 

positives and false negatives. In terms of the time involved for an assay, it is a function of 

the number of constituents and their reaction rates, as well as overall complexity and 

manual labor required. The cost of the assay is influenced by the number and types of 

reagents as well as the skill level and experience of the personnel required to conduct 

these tests [1]. 

 

1.1. Particle enhanced immunoassays 

Most uniform polystyrene microspheres are made by emulsion polymerization 

using surfactants (usually negatively charged alkyl sulfonates, sulfates, or carboxylates). 

The surfactants become adsorbed on the particle surface where they typically provide a 

negative charge, which increases colloidal stability. However, before particles are coated 

with protein, these surfactants must be removed. After cleaning, known surfactants such 

as sodium dodecyl sulfate (SDS) or polysorbate (Tween) are added to prevent 

aggregation of particles and to enhance single microsphere coupling [2]. We have done 
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significant research over the past decade concerning protein adsorption on polymer 

particles [3-8]. These findings can be applied toward improving the stability and 

sensitivity of antibody (or antigen) coated latex particles. We know that antibodies can be 

passively bound to particles through hydrophobic interactions (dominant on hydrophobic 

surfaces) or by hydrogen bonding or electrostatic interactions (dominant on hydrophilic 

surfaces) [6,8]. Hydrophobic latex such as plain polystyrene (PS) offers satisfactory 

stability after coating the antibodies, but they generally cause non-specific agglutination 

originating from their exposed hydrophobic domains [6]. Surfactants are typically added 

to plain PS in order to reduce nonspecific agglutination and to help improve detection 

sensitivity. 

Previously, we had studied ways to eliminate non-specific agglutination without 

using surfactants. When we compared carboxylated polystyrene/polymethacrylic acid 

(PS/PMAA), and sulfonated polystyrene/polystyrene sulfonate (PS/PSS) microspheres 

we found the suppression of non-specific agglutination by sulfonate groups to be inferior 

to that obtained with carboxyl groups. We also found that protein surface coverage was 

not fully utilized for antigen-antibody reactions, due to the prozone effect [6]. 

Based on these previous findings, we began to postulate that highly carboxylated 

PS/PMAA could replace plain PS and its required surfactants for an immunoassay. The 

strong electronegative polarity of highly carboxylated PS/PMAA provides polar 

repulsion between particles. This produces an effect similar to using surfactants to reduce 

aggregation. We also thought that PS/PMAA would perform well for passive binding of 

antibodies to microspheres. 
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Since our ultimate goal was to improve immunoassay quality while reducing time 

and cost, we also wanted to test highly carboxylated PS/PMAA performance in a 

microfluidic environment. 

 

1.2. Microfluidic immunoassays 

Microfluidic devices are not currently used for commercial immunoassays. 

However, microfluidics could improve immunoassay performance by reducing the 

consumption of reagents, decreasing analysis time, increasing reliability and sensitivity 

through automation, and integrating multiple processes in a single device [9]. Particle-

enhanced immunoassays dramatically increase the surface area in the small fluid volume 

and speed up incubation times by reducing diffusional distances. Rapid turnover times 

can be obtained if the microspheres are preloaded with antibody, and then replaced in the 

channel with fresh microspheres between assays. This strategy also provides precise, 

reproducible control of the antibody and antigen quantities being delivered to the channel 

[10-15]. Methods for detecting immunoreactions include fluorescence, waveguide, 

polarization, chemiluminescence, light scattering, absorbance, nephelometry and 

turbidimetry. There are two ways in which microspheres may be used as solid support for 

immunoassays in microfluidic devices; immobile and mobile. For the immobile method, 

microspheres may be attached to the channels using self assembly [16] or magnetic fields 

[17]. 

However, microsphere self assembly on surfaces using hydrophobic/hydrophilic 

interactions or using oligionucleotides adds expense and complexity. Attachment using 
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magnetic fields obviously requires special magnetic microspheres. Conversely, the 

mobile technique allows microspheres to flow through the channels, simplifying 

microfabrication, fluid handling, and accelerating analysis [18, 19]. More importantly, 

unlike the immobile method, mobile microspheres allow the same device to be re-used 

many times; thus greatly reducing cost. However, the main barrier to using mobile 

microspheres has always been the difficulty of mixing solutions in a microfluidic 

environment. This study offers a low-cost alternative method for achieving mixing 

between microspheres and analyte. 

 

1.3. Microfluidic mixing problems 

The goal of microfluidic lab-on-a-chip devices is to automate traditional manual 

processes. However, rapid mixing and control of material dispersion in the direction of 

flow is difficult in microfluidics [20]. Proper mixing becomes a challenge when the 

mixing time is on the same order of magnitude as the biochemical reaction or molecular 

event time scale [21, 22]. 

Turbulent flows are required to produce the stretching and folding needed for fast 

mixing. What makes mixing so difficult in microfluidic channels is the fact that fluid 

flows are completely laminar. The transition between laminar and turbulent flow regimes 

is determined by the Reynolds number (2100 < Re < 4000). Flows of common liquids in 

microfluidic channels are characterized by very low values of the Reynolds number (Re < 

100) [21]. Therefore, mixing is totally dependent on molecular diffusion perpendicular to 

the flow direction. In a microchannel many typical liquids (depending on molecular size 
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and weight) must travel an impractical distance (~10 m) before complete homogeneous 

mixing is achieved through diffusion [23]. Compounding the problem is the fact that 

biological applications often involve the use of reagents having small diffusion 

coefficients [24]. Because of these issues, the most obvious strategies for rapid mixing 

involve methods of boosting diffusional transport [23]. 

Microfluidic features that enhance diffusion are categorized as either active or 

passive. Active micromixers stir the flow streams using mechanical, hydrodynamic, or 

acoustic techniques to stretch and fold the materials, promoting the mixing effect [24]. 

Passive micromixers reduce the diffusion path between the fluid streams by using 3-D 

chaotic serpentine channels, patterned grooves, spiral circulations, 3-D vortexes, and 

other shapes [25]. Other passive mixing methods include application of surface layers 

creating hydrophobic or hydrophilic surface patterns to direct fluids [26]. While these 

techniques enhance fluid mixing, additional micromachining or coatings are required. 

In our study, the microfluidic parameters (d = 200 µm, u = 0.01 m·s-1, ν = 8.96 x 

10-7 m2·s-1) equate to a Reynolds number (Re = du/ν) of ~2 which is strictly in the laminar 

flow regime. Rather than using fabrication techniques to modify the channel, we 

investigated another form of passive mixing by modifying the chemistry of the solutions 

involved. This was accomplished by adding surfactants to the plain PS microsphere 

suspensions or by modifying the surface chemistry of the microspheres and eliminating 

surfactants altogether. 
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1.4. Objectives of this study 

The first goal of our study was to simplify a traditional immunoassay by 

eliminating the use of surfactants. Our second objective was to determine if this strategy 

would also enhance diffusional mixing in a microfluidic channel. We defined an 

optimized immunoassay as: (1) positively identifying and binding the target antigen; and 

(2) not signaling any false positives or negatives. To optimize performance, we first 

introduced two different surfactants to see what effect they would have on an 

immunoassay in a conventional spectrophotometric cuvette. We then evaluated cuvette 

assay performance while varying the microsphere surface chemistry and pH. Finally, we 

used a microchannel to determine the best microsphere and surfactant combinations for 

mixing via diffusion. 

In our experiments, plain latex microspheres coated with antibodies were mixed 

with antigen. When antibody–antigen binding occurred, particles agglutinated. This 

agglutination was detected in cuvettes using optical turbidimetry with a 

spectrophotometer. Detection of mixing and agglutination in a microfluidic ‘Y-channel’ 

was performed with an inverted light microscope. 

 

2. Experimental Details 

 

2.1. Antibody-coated latex microspheres 

Two types of submicron latex microspheres were used in this study: (1) plain PS 

precoated via passive adsorption with polyclonal goat anti-mouse IgG-whole molecule 
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(Spherotech Inc., Libertyville, IN); and (2) highly carboxylated PS/PMAA (Bangs 

Laboratories Inc., Fishers, IN) which we subsequently coated with polyclonal goat anti-

mouse IgG-whole molecule (M8642, Sigma). Microspheres were cleaned prior to 

experimentation using ion-exchange mixed bed resins (AG 501-X8, Bio-Rad). Table 1 

summarizes the properties of both types of microspheres. 

The anti-mouse IgG were attached to the PS/PMAA microspheres using passive 

adsorption. Three different concentrations of microspheres were prepared: (1) 62.5 x 10-

4 % (w/v); (2) 100 x 10-4 % (w/v); and (3) 200 x 10-4 % (w/v). The corresponding 

concentrations of anti-mouse IgG were calculated based on surface monolayer coverage 

using the method described in Bangs Laboratories Tech Note [27]. The solutions of anti-

mouse IgG and microsphere conjugates were gently mixed for two hours at room 

temperature using an orbital shaker followed by storage at 4 ºC. 

 

2.2. Immunoassay preparation 

The immunoassays for both the plain PS and highly carboxylated 

PS/PMAAmicrospheres were carried out in the same manner. Mouse IgG (I5381, Sigma) 

was used as a positive control antigen. Rabbit IgG raised against bovine serum albumin 

(BSA) (A4338, Sigma) was used as a negative control. Dilutions were made using 10 

mM phosphate buffered saline (PBS) at pH 7.4 and ionic strength 0.154. However, for 

one series of tests we used 100 mM carbonate buffer at pH 10.2 and ionic strength 0.154. 

For surfactant-based experiments we chose non-ionic Tween 80 (P8074, Sigma) and 

ionic SDS (L6026, Sigma). The surfactants were added to the microspheres at a 
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concentration of 0.1% (w/v). The antibody-coated microspheres were then gently mixed 

with mouse (or rabbit) IgG for two hours at room temperature, using an orbital shaker. 

Passive agglutination was observed by absorbance measured at 530 nm wavelength using 

a spectrophotometer (DU Series 600, Beckman-Coulter). 

 

2.3. Microfluidic device 

Master molds for the ‘Y-channels’ were fabricated using standard 

photolithographic methods with SU-8 epoxy based negative resists (MicroChem Corp., 

Newton, MA). Polydimethylsiloxane (PDMS) Sylgard 184 (Dow Corning, Midland, MI) 

was poured onto the SU-8 master mold. After curing, the PDMS layer was peeled off, 

exposing the channel. Plain or PDMS-coated glass slides were then used to seal the top or 

roof of the channel. Antibody and antigen solutions were introduced to the microfluidic 

device using a double syringe pump (KD Scientific Inc., Holliston, MA). Reactions were 

observed and photographed with an inverted microscope (Eclipse TS100, Nikon) and 

image capture system (Coolsnap K4, Photometrics Inc., Tucson, AZ) using MetaVue 

software. 

 

3. Results and Discussion 

 

3.1. Effect of surfactants on immunoassay 

Figure 1 shows the absorbance change plotted against antigen (mouse IgG) 

concentration for anti-mouse IgG coated plain PS with no added surfactant. The positive 
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control immunoassay (mouse IgG) shows the classic Heidelberger-Kendall behavior [1] 

for an immuno-precipitation reaction. Based upon the binding capacity predetermined by 

the manufacturer (5.12 µg mouse IgG per mg latex) for these microspheres, saturation 

should have occurred earlier at a mouse IgG concentration of 0.32 µg·mL-1. In our 

experiment, saturation did not occur until the mouse IgG concentration was increased to 

0.50 µg·mL-1. This indicates a lower than ideal sensitivity for this immunoassay. Another 

problem with this assay was the significant number of false positives with large deviation 

which occurred during the negative control (rabbit IgG) testing. 

In Figure 2 we repeated the previous tests but mixed the microspheres with 0.1% 

SDS ionic surfactant prior to performing the immunoassays. In this case, the positive 

control immunoassay (mouse IgG) did not show the classic Heidelberger-Kendall 

behavior. In fact, these results did not conform to any predictable pattern with huge error 

bars, and even with some false negative data points. During the negative control (rabbit 

IgG) testing, some false positive Heidelberger-Kendall behavior, although smaller than 

the positive control, was observed which would again be unacceptable for an 

immunoassay. 

Figure 3 shows results of mixing the microspheres with 0.1% Tween 80 non-ionic 

surfactant prior to performing the immunoassays. In this case, the positive control 

immunoassay (mouse IgG) again showed the classic pattern. In comparing this test to 

Figure 1, antigen saturation occurs very near the ideal mouse IgG concentration of 0.32 

µg·mL-1. Another benefit of Tween 80 was that any occurrence of false positives or 

negatives was totally eliminated. 
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 3.2. Highly carboxylated microsphere surface 

In order to simplify the immunoassay, we postulated that highly carboxylated 

PS/PMAA would allow us to eliminate the use of surfactants. This reduces the number of 

materials and mixing steps required, which in turn simplifies material preparation. Our 

postulate was confirmed based on the results shown in Figures 4-6. The concentration of 

microspheres was increased for each series of tests [62.5, 100, 200 x 10-4 % (w/v)]. To 

test the robustness of this assay system, we also conducted each test series at two 

different values of pH, 7.4 and 10.2. In each case, the assays at pH 10.2 resulted in the 

same or slightly higher absorbance change than assays run at pH 7.4. There were no false 

positive or negative results for any of the three test series. Based upon these results and 

assuming a 2:1 binding ratio, surface coverage by anti-mouse IgG was calculated to be 

~17%. 

For three different microsphere concentrations and two pH levels, the highly 

carboxylated PS/PMAA provided excellent results in the cuvette-type immunoassay. 

Thus showing that even without surfactants, accurate results were achieved. 

 

3.3. Microfluidic immunoassays 

The objective of this study was to use the cuvette-type latex agglutination tests to 

establish baseline performance characteristics, which could then be translated to a 

microfluidictype immunoassay environment. Our PDMS-fabricated microfluidic device 

contained a ‘Ychannel’ with two inlets. One inlet was injected with microspheres while 

 
 



   
 
   
  87 

the other was injected with mouse or rabbit IgG (positive and negative control). The 

channel height was 200 microns wide by 50 microns deep. 

Two microfluidic immunoassays (Figure 7) against mouse IgG demonstrated 

good agglutination using both plain PS with Tween 80 and highly carboxylated 

PS/PMAA microspheres. In both cases, a microsphere concentration of 125 x 10-3 % 

(w/v) was used. The microsphere suspension and mouse IgG solution were introduced at 

a velocity of 0.01 m·s-1. The flow rate of the suspension in the microchannel was 0.1 

µL·s-1. Agglutination occurred via forming of doublets, triplets, and higher colonies of 

microspheres. Zooming out, Figure 8 shows the same two microfluidic immunoassays for 

mouse IgG. However, this view of the ‘Y-channel’ shows the poor diffusion of plain PS 

with Tween 80 and good diffusion of highly carboxylated PS/PMAA. One explanation 

for this may be that the carboxyl groups of PS/PMAA are permanently attached to the 

microsphere surface, enhancing diffusion for almost all particles. Although Tween 80 

molecules form micelles around the plain PS microspheres, they are not permanently 

attached. Thus allowing Tween 80 to associate and dissociate from the microsphere 

surface, reducing the apparent diffusion coefficient. 

 

4. Conclusion 

The highly carboxylated beads performed well in all three aspects: (1) good 

agglutination shown for the positive control; (2) no agglutination with the negative 

control; and (3) rapid diffusion and fast mixing of beads within the microchannel. One 

explanation for the improved mixing may be that the carboxyl groups of PS/PMAA are 
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permanently attached to the microsphere surface, constantly enhancing diffusion. 

Whereas, since Tween 80 molecules are not permanently attached, they can associate and 

dissociate from the microsphere surface, reducing the apparent diffusion coefficient. 
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Fig. 1. Results of anti-mouse IgG coated PS immunoassay for mouse IgG (positive 

control) and rabbit IgG (negative control) with no added surfactant. Microsphere 

concentration of 62.5×10−4 % (w/v). Average of three different experiments and the error 

bars represent the standard deviations. 
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Fig. 2. Results of anti-mouse IgG coated PS immunoassay for mouse IgG (positive 

control) and rabbit IgG (negative control) with SDS surfactant. Microsphere  

concentration of 62.5×10−4 % (w/v). Average of three different experiments and the error 

bars represent the standard deviations. 

 
 



   
 
   
  92 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 3. Results of anti-mouse IgG coated PS immunoassay for mouse IgG (positive 

control) and rabbit IgG (negative control) with Tween 80 surfactant. Microsphere 

concentration of 62.5×10−4 % (w/v). Average of three different experiments and the error 

bars represent the standard deviations. 
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Fig. 4. Results of highly carboxylated PS/PMAA immunoassay for mouse IgG (positive 

control) and rabbit IgG (negative control) with no surfactant. Microsphere concentration 

of 62.5×10−4 % (w/v). Average of three different experiments and the error bars represent 

the standard deviations. 
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Fig. 5. Results for highly carboxylated PS/PMAA immunoassay for mouse IgG (positive 

control) and rabbit IgG (negative control) with no surfactant. Microsphere concentration 

increased to 100×10−4 %(w/v).Average of three different experiments and the error bars 

represent the standard deviations. 
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Fig. 6. Results for highly carboxylated PS/PMAA immunoassay for mouse IgG (positive 

control) and rabbit IgG (negative control) with no surfactant. Microsphere concentration 

increased to 200×10−4 %(w/v).Average of three different experiments and the error bars 

represent the standard deviations. 

 
 



   
 
   
  96 

 

a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

b) 

 

 

 
 
 
 
 
 
 
 
 

 

Fig. 7. Microfluidic immunoassays for mouse IgG showing good agglutination for (a) PS 

+ Tween 80 (12% singlet and 88% doublet or more) and (b) highly carboxylated 

PS/PMAA (24% singlet and 76% doublet or more). Selected from more than three 

different experiments. 
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Fig. 8. Microfluidic immunoassays for mouse IgG showing (a) poor diffusion of PS + 

Tween 80 and (b) good diffusion of highly carboxylated PS/PMAA. Selected from more 

than three different experiments. 

 
 



   
 
   
  98 

 References 

 

[1] C.P. Price, Clin. Chem. Lab. Med. 36 (1998) 341-347. 

[2] L.B. Bangs, in Handling-Specific Technotes, Working with Microspheres, No. 201, 

 Bangs Laboratories Inc., Fishers, IN, 1999. 

[3] J.Y. Yoon, H.Y. Park, J.H. Kim, and W.S. Kim, J. Colloid Interface Sci. 177 (1996) 

613–620. 

[4] J.Y. Yoon, J.H. Kim, W.S. Kim, Colloids Surf. B 12 (1998) 15-22. 

[5] J.Y. Yoon, J.H. Kim, W.S. Kim, Colloids Surf. A 153 (1999) 413-419. 

[6] J.Y. Yoon, J.H. Kim, S.W. Choi, J.H. Kim, W.S. Kim, Colloids Surf. B 27 (2003) 3-9. 

[7] J.Y. Yoon, R.L. Garrell, S.W. Choi, J.H. Kim, and W.S. Kim, AIChE J. 51 (2005) 

1048-1052. 

[8] J.Y. Yoon, J.H. Kim, in Encyclopedia of Surface and Colloid Science, Marcel Dekker, 

 New York, 2002, pp. 4373-4381. 

[9] S.K. Sia, G.M. Whitesides, Electrophoresis 24 (2003) 3563–3576. 

[10] S.J. Lee, S.Y. Lee, Appl. Microbiol. Biotechnol. 64 (2004) 289–299. 

[11] S. Farrell, N.J. Ronkainen-Matsuno, H.B. Halsall, W.R. Heineman, Anal. Bioanal. 

Chem. 379 (2004) 358–367. 

[12] T.E. Yoshihiro Murakami, S. Yamamura, N. Nagatani, E.T. Yuzuru Takamura, Anal. 

 Biochem. 334 (2004) 111-116. 

[13] P. Roos, C.D. Skinner, Analyst 128 (2003) 527–531. 

[14] J.W. Choi, K.W. Oh, J.H. Thomas, W.R. Heineman, H. Brian, J.H. Halsall, A.J. 

 Helmicki, H.T. Henderson, C.H. Ahn, Lab Chip 2 (2002) 27-30. 

[15] C.A.Wijayawardhana, H.B. Halsall, W.R. Heineman, Anal. Chim. Acta 399 (1999) 

3-11. 

[16] D.S. Peterson, Lab Chip 5 (2005) 132-139. 

[17] A. Bange, H.B. Halsall, W.R. Heineman, Biosens. Bioelectron. 20 (2005) 2488–

2503. 

 
 



   
 
   
  99 

[18] G.L. Lettieri, A. Dodge, G. Boer,N.F. de Rooij, E. Verpoorte, Lab Chip 3 (2003) 34-

39. 

[19] N. Malmstadt, A.S. Hoffman, P.S. Stayton, Lab Chip 4 (2004) 412 – 415. 

[20] H. M. Xia, S. Y. Wan, C. Shu, Y. T. Chew, Lab Chip 5 (2005) 748–755. 

[21] A.D. Stroock, S.K. Dertinger, A. Ajdari, I. Mezic, H.A. Stone, G.M. Whitesides, 

Science 

 295 (2002) 647-651. 

[22] H. Becker, L.E. Locascio, Talanta 56 (2002) 267-287. 

[23] P. Garstecki, M.A. Fischbach, G.M. Whitesides, App. Phys. Lett. 86 (2005). 

[24] L.M. Fu, R.J. Yang, C.H. Lin, Y.S. Chien, Electrophoresis 5 (2005) 1814–1824. 

[25] C.H. Lin, C.H. Tsai, L.M. Fu, J. Micromech. Microeng. 15 (2005) 935–943. 

[26] T. Mautner, Biosens. Bioelectron. 19 (2004) 1409–1419. 

[27] L.B. Bangs, in Handling-Specific Technotes, Adsorption to Microspheres, No. 204, 

 Bangs Laboratories Inc., Fishers, IN, 1999. 

 

 

 

 

 

 

 

 

 

 

 

  

 
 



   
 
   
  100 

APPENDIX B 

 

 

 

LATEX IMMUNOAGGLUTINATION ASSAY FOR A VASCULITIS MARKER IN A 

MICROFLUIDIC DEVICE USING STATIC LIGHT SCATTERING DETECTION 

 

Lonnie J. Lucas, Jin-Hee Han, Jennine Chesler, Jeong-Yeol Yoon 

Department of Agricultural and Biosystems Engineering 

The University of Arizona, Tucson, Arizona, 85721-0038, U.S.A. 

 

Published in Biosensors and Bioelectronics 22 (2007) 2216 - 2222. 

 

Received 25 April 2006; received in revised form 9 September 2006; accepted 23 

October 2006; available online 23 October 2006  doi:10.1016/j.bios.2006.10.029 

 

Presented at the Ninth World Congress on Biosensors, Sheraton Centre, Toronto, Canada, 

May 10–12, 2006. 

 

© 2006 Elsevier B.V. All rights reserved. 

Reprinted with permission from Elsevier B.V. 

 
 



   
 
   
  101 

Abstract 

 

We have developed a microfluidic immunoassay device using fiber optics to 

detect static light scattering (SLS) of latex microsphere agglutination. A 400-µm silica 

fiber was used to deliver blue light emitting diode (LED) or red laser light sources. A 

miniature, portable spectrometer was used to measure forward light scattering intensity 

collected by the same type of multi-mode fiber. To first show feasibility, anti-mouse IgG 

were used as target biomolecules and highly carboxylated polystyrene latex microspheres 

(510 nm) coated with mouse IgG were used as probes. Next, we tested for the vasculitis 

marker, anti-PR3, using the same type of microspheres coated with PR3 proteins. No 

false negatives or positives were observed. A limit of detection (LOD) of 50 ngmL−1 

was demonstrated for the vasculitis marker, anti-PR3. (Plasma samples from patients 

with vasculitis exhibited anti-PR3 at a median level of 380 ngmL−1.) The optical 

detection system works without any fluorescence or chemiluminescence markers. The 

entire system proposed here is cost effective, small in size, and re-usable with simple 

rinsing. This may eventually lead to a portable, low-cost, re-useable, microfluidic, point 

of care immunoassay device. 

 

 

 

Keywords: Immunoassay; Lab-on-a-chip; Microsphere; Fiber optics; Vasculitis; Light 

scattering 
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1. Introduction 

 

1.1. Microfluidic point of care test (POCT) devices 

 

In this decade, biosensor researchers have begun to integrate fiber optics with lab-

on-a-chip (LOC) microfluidic devices. Typically, optical fibers are used to deliver the 

light source and another set of fibers is used for detecting bio-reactions. These chips 

generally fall into three categories of fiber orientation: (1) wetted fibers, (2) embedded 

fibers, and (3) proximity fibers. Proximity fibers are located in close proximity to (but not 

touching) the chip. In this work, we focus on using proximity fibers for both lighting and 

detection.  

Although microfluidic devices are seldom used in commercial immunoassays, this 

is now one of the most studied applications for microfluidic chips. Compared with the 

microtiter plate format, microfluidic chips reduce sample consumption by a factor of 

1000 (Hosokawa et al., 2006). A typical hospital laboratory could save $1 million per 

year by decreasing the use of these reagents (Haugh, 2006). Assay time using a 

microfluidic chip is reduced from hours to minutes by shortening the distance that 

molecules must travel by diffusion. Precise control and the ability to scale down to small 

volumes of blood are among the more attractive capabilities of microfluidic approaches 

(Hosokawa et al., 2006). 

 

 

 
 



   
 
   
  103 

1.2. Lab-on-a-chip mixing issues 

One challenge in using microfluidic chips for immunoassays has been the mixing 

problem. Turbulent flows are required to produce the stretching and folding needed for 

fast mixing. In microchannels, mixing is difficult because low Reynolds numbers (due to 

small dimensions) result in completely laminar flows. Mixing depends solely on diffusion 

perpendicular to the flow direction (Sia and Whitesides, 2003; Stroock et al., 2002). In a 

typical microchannel, most liquids need to travel an impractical distance (�10 m) before 

complete mixing is achieved via diffusion (Garstecki et al., 2005). Micromixers and other 

complicated fabrications are usually required to enhance mixing in microfluidic chips. 

Immunoassays such as enzyme linked immunosorbent assay (ELISA) use a flat 

strip as immobile solid support for the antibody or antigen. Microspheres are 

immobilized and analytes flow over them. One drawback of these methods is that they 

are not reusable. This restricts their value in the automated laboratories of the future. 

In our design, microspheres are allowed to move freely (mobile) within the 

flowstream. We found that different surface treatments greatly enhance microsphere 

diffusion throughout the channel. Recently, we showed that highly carboxylated 

microspheres can be used as solid support to promote rapid diffusion and fast mixing 

within microchannels. The carboxyl groups of polystyrene/polyacrylic acid (PS/PAA) on 

the microsphere surface greatly enhanced diffusion and achieved mixing within several 

centimeters of liquid travel in a microfluidic chip (Lucas et al., 2006).  

Using microspheres as mobile solid support dramatically increases surface area 

and speeds up reactions by reducing diffusional distances. This provides precise control 
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of the antibody/ antigen quantities being delivered (Farrell et al., 2004; Lee and Lee, 

2004). Unlike an immobile solid support, mobile microspheres allow the same device to 

be re-used many times. This reduces supply costs and is more adaptable to an automated 

lab environment (Han and Yoon, 2006). 

 

1.3. Light scattering detection 

There have been a number of optical approaches used with microfluidics 

including surface-enhanced Raman scattering (SERS), interferometry, and particle beam 

emission spectroscopy (Domachuk et al., 2005; Jin et al., 2004; Liu and Lee, 2005). 

However, there has been little research using light scattering detection with microfluidic 

devices. Light scattering offers advantages such as small size, low cost, and ease of 

integration. 

Light scattering is classified as static light scattering (SLS) or dynamic light 

scattering (DLS). In static light scattering (SLS), the time-averaged-intensity of scattered 

light is measured as a function of angle. Dynamic light scattering (DLS), measures real-

time fluctuations in the intensity of scattered light. Light scattering is also classified 

according to the size of the particles. For particles smaller than about λ/10, it is known as 

Rayleigh scattering. When the particle size increases to about 10λ, the phenomena is 

called Mie scattering (Meyer-Arendt, 1989). In Rayleigh scattering, the natural frequency 

of a typical molecule is comparable to the frequency of ultra-violet radiation, so more 

light is scattered at shorter wavelengths. This intensity is inversely proportional to the 

fourth power of the wavelength (Kerker, 1969). In Mie scattering, light scattered from 
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two different points on the same particle may interfere due to phase differences. As 

particle size increases beyond λ/10, the relationship between intensity and wavelength 

gradually diminishes. 

 

1.4. Point of care testing (POCT) 

Point of care testing generates results quickly so that treatment during acute care 

can be implemented, leading to improved clinical and economic outcomes. Using an 

outside laboratory requires more time from sampling to receiving results, which limits the 

use of these results for clinical decision-making.POCT decreases turnaround time of 

analysis down to a few minutes. Tests that were sent to an outside lab are now migrating 

to point of care. Some current POCT includes: blood glucose, blood gases, electrolytes, 

specific gravity, cardiac markers, pregnancy, cholesterol, clotting time, HIV, influenza, 

and streptococcus (Haugh, 2006). 

The basic reagent strip immunoassay has achieved considerable success in the 

POCT marketplace because the method is rapid, and fairly sensitive. However, 

procedures for blood analysis involve handling steps prone to introducing artifacts, and 

analysis methods require skilled personnel. In addition, quantitative immunoassays must 

still be carried out on micro-titer plates in outside laboratories (Toner and Irimia, 2005). 

 

1.5. Lab-on-a-chip for detecting vasculitis marker 

Wegener’s granulomatosis, microscopic polyangiitis, and the Churg–Strauss 

syndrome are commonly referred to as antineutrophil cytoplasmic antibody (ANCA) 
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associated vasculitis. Expression of proteinase 3 (PR3), a 29-kd serine protease on the 

neutrophil membrane, is a risk factor for disease in ANCAassociated vasculitis. PR3 is 

found in the azurophilic granules of neutrophils, peroxidase-positive lysosomes of 

monocytes, and on the plasma membrane of resting neutrophils in patients with ANCA-

associated vasculitis (Seo and Stone, 2004). 

When a biopsy is performed using indirect immunofluorescence on ethanol-fixed 

neutrophils, two major fluoroscopic patterns of ANCA may be recognized: a diffuse 

cytoplasmic staining (C-ANCA), and a perinuclear staining (P-ANCA). In patients with 

vasculitis,C-ANCAare directed against proteinase 3 (PR3-ANCA) whereas P-ANCA 

recognize myeloperoxidase (MPO-ANCA) (Radice and Sinico, 2005). 

The auto-antibodies against PR3 (PR3-ANCA or C-ANCA) are directed against 

multiple epitopes. Finding the epitopes recognized by PR3-ANCA has proven to be 

difficult. Serum from different patients may recognize different epitopes. All C-ANCA, 

however, recognize epitopes of PR3 involving its catalytic site (van der Geld et al., 2001). 

For diagnostic purposes, only IgG type ANCA is detected. 

To detect the presence of ANCA, indirect immunofluorescence (IIF) techniques 

are often used. If IIF shows positive, then ELISA is used to confirm. For the IIF method, 

PR3 is used as an antigen. If the sample is positive, PR3-ANCA in the serum attach to the 

antigens coupled to a solid phase. In a second step, the attached antibodies are stained 

with fluorescein-labeled anti- PR3 antibodies and observed with a fluorescent microscope. 

For the ELISA, microplate strips coated with PR3 antigens are used as solid support. If 

the sample is positive, PR3-ANCA in the serum attaches to the PR3 antigens. In step two, 
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attached antibodies are detected with peroxidase-labeled anti-PR3 antibodies. In step 

three, the bound antibodies are made visible using a chromogen substrate solution which 

promotes a color reaction (Holle et al., 2005). The patient’s serum is usually sent to an 

outside laboratory. The logistics involved can lead to hours (or days) of delay in 

diagnosis. This results in extended hospital stays and increased costs for both patients and 

health care providers. 

 

1.6. Objectives of this work 

This work comprised two equally important objectives: 

1.    To conduct a latex immunoagglutination assay using a labon- a-chip with a 

proximity fiber optic detection system. Previously, this assay could not be performed due 

to the lack of microfluidic mixing. Also, proximity fiber optics had not previously been 

used with LOC and certainly not for detecting forward scattered light from an LOC. 

2.    To use this technique to detect the vasculitis marker, anti- PR3, with no false 

positives and an LOD equal to or less than that of commercially available testing systems. 

 

 2. Materials and methods 

2.1. Slides and microfluidic device 

The two-well glass slides Model 48333 (VWR,West Chester, PA) were used as 

proof of concept to demonstrate SLS for comparison with conventional absorption using 

a spectrophotometer cuvette.  These slides have two polished spherical depressions per 
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slide with 18mm diameter and 0.8mm depth. Each well was filled with 75 µl of solution 

and capped with a 22 mm×22 mm micro cover glass (VWR). 

The microfluidic chip geometry in Fig. 1(top) was used to conduct immunoassays. 

Master molds for the ‘Y-channels’ were fabricated using standard photolithographic 

methods with SU-8 epoxy based negative resists (MicroChem Corp., Newton, MA).  

Poly-dimethylsiloxane (PDMS) Sylgard 184 (Dow Corning, Midland, MI) was poured 

onto the SU-8 master mold. After curing, the PDMS layer was peeled off, exposing the 

channel. Plain or PDMS-coated glass slides were then used to seal the top or roof of the 

channel. Antibody and antigen solutions were introduced to the microfluidic device using 

a double syringe pump (KD Scientific Inc., Holliston, MA). Reactions were observed and 

photographed with an inverted microscope (Eclipse TS100, Nikon) and image capture 

system (Coolsnap K4, Photometrics Inc., Tucson, AZ) using MetaVue software. 

The experimental setup for light scattering experiments is also shown in Fig. 

1(bottom). An optical fiber connected to a USB4000 miniature spectrometer (Ocean 

Optics) was positioned as an SLS detector above the slide or microfluidic chip at a 45◦ 

angle to the incident light beam. The multi-mode fibers were 400-µm pure silica core 

with doped 20-µm fused-silica cladding and 0.22 numerical aperture (NA).  A precision 

SMA 905 connector was used to align with the spectrometer’s slit and ensure 

concentricity of the fiber. The blue LED light source Model LS-450 (Ocean Optics, 

Dunedin, FL) produced continuous peak output at 470 nm.  The red diode laser Model 

D1-653-05 (Laser Glow Ltd., Toronto, Ontario, Canada) produced continuous output at 

635 nm wavelength. 
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2.2. Antigen-coated latex microspheres 

Highly carboxylated polystyrene/polyacrylic acid (PS/PAA) submicron (510 nm) 

latex microspheres (Bangs Laboratories Inc., Fishers, IN) were used in this study. These 

microsphereswere determined (by Bangs) to have a parking area = 6.8 Å2 per group 

which is equivalent to a functional group surface density of 15 carboxyl group per nm2.  

The parking area values that Bangs provides for carboxylated spheres are determined by 

measured surface titer values.  Parking areas are the reciprocal of functional group 

surface densities. For the first set of experiments, the microspheres were coated with 

mouse IgG (I5381, Sigma) as simulated antigen. For the next set of experiments, the 

microspheres were coated with human proteinase 3 (RDIPR3X, Research Diagnostics 

Inc.) antigen. Both the mouse IgG and human PR3 were attached to the PS/PAA 

microspheres using passive adsorption. During passive adsorption, the IgG or PR3 are 

randomly oriented on the microsphere surface. As a result, the Fc portion of the IgG is 

not necessarily bound to the microsphere. 

The concentration of microspheres prepared for this study was 0.02% (w/v). 

Appropriate amounts of mouse IgG and human PR3 were added to the microsphere 

suspensions to achieve ca. 33% surface coverage (Bangs, 1999). These amounts were 

calculated based on the work of Yoon et al. (1998), where 90–100% of added proteins 

adsorb onto the microsphere surfaces and is optimal for latex immunoagglutination 

(Yoon et al., 2003).  This moderate ligand coverage avoids the prozone phenomenon, 

which causes latex agglutination reactions to be weaker for higher surface coverage, 

 
 



   
 
   
  110 

caused when all antigenic sites are sensitized with antibody, leaving none free to form 

cross-links (Bangs, 1996). 

 

2.3. Immunoassay preparation 

The immunoassays for anti-mouse IgG and anti-proteinase 3 were both carried 

out in a similar manner.  For the first series of tests, goat anti-mouse IgG (M8642, Sigma) 

was used as a positive control.  For the second test series, rabbit anti-human PR3 (RDI-

PR3ABRX, Research Diagnostics Inc.) was used as positive control.  Rabbit anti-BSA 

IgG (A4338, Sigma) was used as a negative control.  Dilutions were made using 10mM 

phosphate buffered saline (PBS) at pH 7.4 and 0.139 ionic strength.  The antigen-coated 

microspheres were then gently mixed with the appropriate IgG for 2 h at room 

temperature, using an orbital shaker. 

 

3. Results and discussion 

3.1. Immunoassays for anti-mouse IgG 

3.1.1. Spectrophotometry 

 The results of immunoassays for anti-mouse IgG using the 

spectrophotometer are shown in Fig. 2 (top).  Each point represents an immunoassay 

performed in a cuvette for the indicated concentration (x-axis) of anti-mouse IgG.  Each 

cuvette contained a mouse IgG-coated microsphere final concentration of 0.01% (w/v).  

The absorbance change (y-axis) was always taken relative to the zero IgG data point.  
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Data for each cuvette sample were recorded at both the blue (470 nm) and red (635 nm) 

wavelengths. 

The highest absorbance changes were measured at the blue wavelength. Spectro-

photometric results at the red wavelength showed roughly one-half the absorbance 

amplitude of the blue signal. An absorbance plateau was reached at 0.5 µg mL−1 

concentration of anti-IgG. The detection limit for anti-mouse IgG was approximately 100 

ng mL−1.  No false negatives were observed. The negative control exhibited no false 

positives throughout the full range of experiments. This is consistent with previous 

studies which showed that non-specific agglutination is suppressed by using highly 

carboxylated PS/PAA (Yoon et al., 2003). 

 

3.1.2. Static light scattering 

In this work, we used a blue light emitting diode (LED) and a red diode laser as 

light sources for SLS measurements.  The time-averaged-intensity of forward scattered 

lightwas measured at a 45◦ angle to the light beam using a portable, fiber optic 

spectrometer.  Since we used 510-nm microspheres, which are near the wavelength of 

incident light, the light scattering behavior is somewhere between pure Rayleigh and Mie 

scattering.  Therefore, we still observed some wavelength dependence in our data. 

Blue LED and red laser diode incident and (45◦ forward) scattered light intensity 

was measured against wavelength for a microsphere concentration of 0.01% (w/v) in a 

two-well slide (these results are available in supplementary data).  For both light 

wavelengths, the SLS peak intensity shifts slightly toward the lower wavelengths.  Also, 
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the shorter blue wavelengths scattered more than the longer redwavelengths as predicted 

by Rayleigh’s theory (Meyer-Arendt, 1989).  LEDs and laser diodes are very similar 

devices. In fact, when operating below their threshold current, laser diodes act much as 

LEDs.  One difference is the relative amount of light output versus electrical drive 

current.  The LED outputs light that is approximately linear with drive current.  However, 

the light output is limited due to self-heating of the LED chip.  Laser diodes on the other 

hand, exhibit rapidly increasing light output when driven above the drive current 

threshold.  It should also be noted that a laser diode has a much larger spectral width than, 

for example, a HeNe gas laser.  The laser diode we used had a spectral width of 12 nm, 

whereas the LED had a spectral width of 47 nm. 

Fig. 3 shows the two-well glass slide, 45◦ forward light scattering intensity 

change with blue LED and red laser, for increasing anti-IgG concentration.  The light 

scattering intensity reaches a maximum at 0.5 µg mL−1 concentration of anti-IgG.  The 

detection limit was  approximately 200 ng mL−1.  The highest intensity changes were 

measured using the blue wavelength.  Results at the redwavelength showed roughly one-

half the intensity of the blue signal.  There was an interesting “dip” in the red light SLS 

data at the 0.4 µg mL−1 concentration. This may be due to the formation of microsphere 

doublets and triplets via agglutination.  As the effective diameter of the spheres reaches 

635 nm (red wavelength), it increases the phase interference of scattered light waves.  We 

do not observe this same “dip” in the blue light SLS data because the 510 nm particles 

can never achieve the effective diameter of 470 nm (blue wavelength).  The negative 

control shows no significant intensity change as anti-IgG concentration increases. 
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Fig. 4 illustrates the microfluidic chip 45◦ forward light scattering intensity 

change with blue LED and red laser for increasing anti-IgG concentration.  It again 

shows the peak intensity change and plateau at 0.5 µg mL−1 concentration of anti-IgG.  

All other behavior was very similar to the two-well glass slide SLS results.  This of 

course provides excellent verification of our microfluidic SLS data.  This novel technique 

uses microsphere surface-enhanced-diffusion for promotion of mixing and requires no 

special preparation of channels.  Rapid turnover times can be obtained if microspheres 

are pre-loaded with antibody and replaced in the channel with fresh microspheres 

between assays. 

 

3.2. Immunoassays for anti-human PR3 

 

3.2.1. Spectrophotometry 

Fig. 2 (bottom) shows the spectrophotometer absorbance change at the blue 

wavelength for increasing anti-PR3 concentration.  Since the red laser did not perform as 

well in the previous SLS tests, the red absorbance line was not included here.  The steep 

initial slope for the 470 nm absorbance indicates that the antibody-antigen reaction of 

anti-PR3 to human PR3 is more biologically active than that of anti-IgG to mouse IgG.  

There are also fewer conformational issues when binding an antibody to the globular 

protein PR3, than when attempting to bind two different antibodies.  The plateau was 

quickly reached at an anti-PR3 concentration of 0.1 µg mL−1.  No false negatives or 

positives were observed. 
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3.2.2. Static light scattering 

Fig. 5 (bottom) displays results for the two-well glass slide, 45◦ forward light 

scattering intensity change, with the blue LED, for increasing anti-PR3 concentrations. 

As was the case for the spectrophotometer measurements, the initial slope was again very 

steep, indicating the higher biological activity of the anti-PR3 to human PR3 reaction. 

The plateau was reached at an anti-PR3 concentration of 0.1 µg mL−1 and remained 

almost flat. No false negatives or positives were observed. Fig. 5(top) shows 

agglutination of latex microspheres due to anti-PR3 to human PR3 binding. The 

formation of microsphere doublets and triplets increases SLS intensity.  Fig. 6 shows 

microfluidic chip SLS intensity change with the blue LED against increasing anti-PR3 

concentrations. The plateau was slightly lower than that for the two-well slide. Also, the 

plateau rises steadily as anti-PR3 is increased. This rise may be caused by some residual 

microspheres remaining in the view cell as the tests continued for each new anti-PR3 

concentration.  The demonstrated limit of detection (LOD) for the vasculitis marker, anti-

PR3 using this device is approximately 50 ng mL−1. Studies have shown plasma from 

healthy patients contain anti-PR3 at a median level of 48 ng mL−1 (range 41–85). 

Plasma samples from patients with vasculitis exhibited anti-PR3 at a median level 

of 380 ng mL−1 (range 153–1050) (Baslund et al., 1994). Proteinase 3 (PR3) has been 

measured at 155 ng mL−1 median in healthy blood donors and elevated to 224 ng mL−1 

median in diseased patients (Abdgawad et al., 2006). Therefore, the 50 ng mL−1 detection 

limit with the device described here is applicable to the vasculitis marker.  Commercial 
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ELISA test kits arbitrarily assign a value for ELISA units (EU) based on microplate 

luminometer (optical density) readings for normal blood donors.  They then use the 

normal optical density plus 3 S.D. to determine an appropriate EU level for interpreting a 

positive (diseased) anti-PR3 result.  These assays are only qualitative in nature and do not 

indicate levels of anti-PR3 ng mL−1. 

 

4. Conclusion 

We have demonstrated that latex immunoagglutination assays can be conducted 

within the small volume of a microfluidic chip.  Highly carboxylated microspheres can be 

used as solid support to promote rapid diffusion and mixing within microchannels.  

Further, we showed that a simple blue LED in conjunction with a small portable 

spectrometer can accurately detect the presence of antibodies using static light scattering. 

Finally, we demonstrated an immunoassay for PR3-ANCA (antineutrophil cytoplasmic 

antibody), a marker for vasculitis, at an appropriate level of detection. These 

developments may eventually lead to a portable, low-cost, re-useable, microfluidic, point 

of care immunoassay. 
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Fig. 1. (Top) Light scattering experiments showing microfluidic drawing; (bottom) actual 

microfluidic device. The path length through the solutions was 800µm in the microfluidic 

view-cell, the same as that in the two-well slide. 
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Fig. 2. Spectrophotometer absorbance change in cuvette at blue (470 nm) and red (635 

nm) wavelengths for increasing anti-IgG (top) or anti-PR3 (bottom) concentration. 

Increasing absorbance indicates increased formation of latex agglutinates which results in 

increased turbidity. The steep initial slope of absorbance for anti-PR3 indicates that the 

antibody-antigen reaction of anti- PR3 to human PR3 is more biologically active than that 

of anti-mouse IgG to mouse IgG. 
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Fig. 3. (Top) Photo of microsphere agglutination that occurs with a positive antibody-

antigen match shown under a light microscope at 40× magnification. Photo analysis 

indicates formation of 34% singlets, 45% doublets, and 21% triplets or more. (Bottom) 

Two-well glass slide 45° forward light scattering intensity change with blue LED and red 

laser for increasing anti-IgG concentration. 
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Fig. 4. (Top) Photo of Y-channel showing microspheres flowing from upper left to right, 

rapidly diffusing through entire channel. Agglutination of microspheres (inset) occurs for 

positive antibody-antigen match shown under a light microscope at 40× magnification. 

(Bottom) Microfluidic chip 45° forward light scattering intensity change with blue LED 

and red laser for increasing anti-IgG concentration. 
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Fig. 5. (Top) Agglutination of latex microspheres shown under a light microscope at 40× 

magnification. (Bottom) Two-well glass slide 45º forward light scattering intensity 

change with blue LED for increasing anti-PR3 concentration. The initial slope was again 

very steep, indicating the higher biological activity of the anti-PR3 to human PR3 

reaction. 
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Fig. 6. (Top) Representative photo using larger (1µm) microspheres shown under a light 

microscope at 40× magnification to illustrate the rapid agglutination which occurs just 

upstream of the “Y” junction. (Bottom) Microfluidic chip 45º forward light scattering 

intensity change with blue LED for increasing anti-PR3 concentration. 
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 Abstract 

Detection of multiple biomarkers has recently received great interest from the 

biosensors community. These diagnostic methods must be rapid, specific, sensitive, and 

cost-effective. In 2006, our group demonstrated a successful lab-on-a-chip immunoassay 

using microsphere light scattering, which is essentially a one-step, automated protocol, on 

a reusable chip. In the past, this had been difficult due to the limitations of microfluidic 

mixing and false-positive readings of particle immunoassays in a chip environment. 

In this current study, we conjugated quantum dots (QDs) onto microspheres to 

enable multiplex assays as well as to enhance the limit of detection (LOD). We named 

this configuration “nano-on-micro” or “NOM.” Upon radiation with UV light (380 nm), a 

stronger light scattering signal is observed with NOMs than QDs or microspheres alone. 

Additionally, NOMs are easier to handle than QDs. Since QDs also provide fluorescent 

emission, we are able to utilize an increase in light scattering for detecting antigen-

antibody reaction and a decrease in QD emission to identify which antibody (or antigen) 

is present. 

Two types of NOM combinations were used. One batch of microspheres was 

coated with QDs emitting at 655 nm and mouse IgG (mIgG); the other with QDs emitting 

at 605 nm and bovine serum albumin (BSA). A mixture of these two NOMs was used to 

identify either anti-mIgG or anti-BSA. NOM particles and target solutions were mixed in 

a microfluidic device and on-chip detection was performed using proximity optical fibers. 

Forward light scattering at 380 nm was collected. With the positive target, the scattering 

signal was increased. The LOD was 25 ng·ml-1 (165 pM) with p<0.05. Fluorescent 
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emission (655 or 605 nm) was simultaneously collected. With the positive target, the 

emission signal was attenuated.  

Therefore, we were able to detect two different antibodies simultaneously with 

two different detection protocols. We believe this NOM bioassay has the ability to screen 

for and detect multiple antibodies with minimal sample processing and handling. 

 

Key words: multiplex assay; immunoagglutination; static light scattering; on-chip 

detection; quantum dots; microfluidic device 
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1. Introduction 

 

Detection of multiple biomarkers has recently received great interest from the 

biosensors community. In order to accelerate the advances in genomics, proteomics, 

disease prevention, and biowarfare protection we must have the ability to multiplex the 

detection of biomolecules. These diagnostic methods must be rapid, specific, sensitive, 

and cost-effective. Successful bioassays must have the ability to screen for and detect 

multiple biomaterials with minimal sample processing and handling. 

Figure 1 illustrates the major diagnostic methods used to conduct bioassays for 

multiple species (multiplex assays). These multiplex assays usually fall into one of three 

major types: inherent properties, nucleic acid amplification, or the immuno & affinity 

type. Each of these will be reviewed briefly. 

The inherent properties assay of biomaterials generally consists of mass, size, or 

emitted/absorbed light spectra. The most common multiplex detection method is mass 

spectrometry, which measures the mass-to-charge ratio of ions. This method is 

commonly used to detect enzymes, proteins, and toxins (Bonneil et al. 2005; Boyer et al. 

2005; Gelb et al. 2006; Zhang and Neubert 2006). Another technique used in mass 

spectrometry is matrix-assisted laser desorption/ionization (MALDI) which allows “soft” 

ionization of biomolecules such as proteins, peptides and sugars which are more fragile 

and may lose structure when ionized (Liao et al. 2005; Moon et al. 2006; Petkovski et al. 

2005). 
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The nucleic acid amplification assays most commonly used are polymerase chain 

reaction (PCR) and time resolved fluorescence (TRF) which have rapidly replaced 

culturing as a screening method for anthrax (Peruski et al. 2002; Peruski and Peruski 

2003). Multiplex PCR allows the amplification and detection of multiple DNA or RNA 

sequences through the use of specific primers and probes. Real-time polymerase chain 

reaction (RT-PCR) is a newer technique used to simultaneously quantify and amplify a 

specific sequence. It is used to determine whether or not a specific sequence is present in 

the sample; and if it is present, the number of copies in the sample. A diverse number of 

multiplex RT-PCR assays have been conducted recently for Yersinia pestis, Cholera, 

Rhinovirus, Escherichia coli, Staphylococcus, and Streptococcus (Gillespie and Oliver 

2005; Grant et al. 2006; Gubala 2006; Scheltinga et al. 2005; Woron et al. 2006). 

The immuno & affinity assays are also receiving much attention from biosensor 

researchers. Referring to Figure 1, we see that these assays are subdivided into fixed 

support and mobile support. In fixed support, the antibody, antigen, DNA, or other 

protein probes are attached to an array, microwell, or other fixed surface. There are 

various arrays used in multiplex bioassays including antibody arrays (Moats and Sullivan 

2004; Sanchez-Carbayo 2006; Yu et al. 2006), protein arrays (Huang et al. 2004), Hall 

sensor arrays (Togawa et al. 2005), DNA microarrays (Kim et al. 2005; Shieh and Li 

2004) and various other microarrays (Wang et al. 2002). Other common fixed support 

assays include the enzyme-linked immunosorbent assay (ELISA) and microwell formats 

(Blais et al. 2003; Park et al. 2006). 
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The immuno & affinity assays using mobile support allow the probes to move 

freely through a liquid media. The mobile support usually consists of microspheres made 

of latex or magnetic materials, or nanospheres such as quantum dots (QDs) or gold 

nanoparticles. When using microspheres for multiplex assays, antibodies with fluorescent 

labels are attached to the microsphere or fluorescent microspheres are used for 

identification (Kellar et al. 2001; Nolan and Sklar 2002). Gold nanoparticles and QDs 

conjugated with antibodies have been used in a number of multiplex assays including 

works by Tan (Zhao et al. 2004), and Ranjbar (Khalifeh and Ranjbar 2006). Novel 

bacterial magnetic particles (BMPs) which are produced by the Magnetospirillum 

magneticum AMB-1 have been used by Matsunaga (Matsunaga et al. 2005; Yoshino et al. 

2004) as mobile support in multiplex assays. 

In this study, we conducted bioassays for multiple types of antibodies (multiplex 

assay). Referencing Figure 1, we used an immunoassay with mobile support. In this case, 

we selectively coated latex microspheres with QDs prior to binding the microspheres 

with a protein probe. This is referred to as the nano-on-micro (NOM) concept. As shown 

in Figure 2, we used two different probes. In one case the NOM-655 consisting of mouse 

immunoglobulin G (mIgG) and QDs emitting at 655 nm (left) was bound to latex 

microspheres. In the other case, the NOM5 605 was coated with bovine serum albumin 

(BSA) and QDs emitting at 605 nm (right). A scanning electron microscope (SEM) 

photograph of a NOM with 655-nm emitting QDs is also shown in the figure (bottom). 

Referring to the left side of Figure 1, we used an optical detection method to 

measure static light scattering of the NOM, which increases (due to agglutination) in the 
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presence of the target antibody. This type of immunoagglutination assay for a disease 

marker in a microfluidic device using static light scattering detection was recently 

demonstrated by our group (Lucas et al. 2006a). Coating of the microspheres with QDs 

provides for an emission signal (605 or 655 nm) in addition to the light scattering signal 

(380 nm). A 380 nm incident light was used for both scattering and excitation of QDs. 

Agglutination of NOMs in the presence of the target antibody causes the emission signal 

from the QDs to be attenuated (decreased). Therefore, positive detection of a specific 

antibody is characterized by a simultaneous increase in static light scattering (380 nm) 

and attenuation of emission from the appropriate QDs (605 or 655 nm). 

The type of assay chosen for detecting multiple analytes depends upon many 

factors including: (1) analyte type; (2) level of detection required; (3) reagent quantity; 

and (4) sample preparation. Other considerations include: whether the tests should be 

done in sequence or simultaneously, tagged or label-free, luminescent or fluorescent, and 

real-time or post-processed results. 

Some advantages of the NOM concept described here include: 

1. Elimination of QD handling and stability issues by using highly carboxylated, 

submicron latex particles as support. 

2. Sustained brightness of QDs without photobleaching. 

3. Ability to receive signals from the latex agglutination and QDs simultaneously. 

4. Enhanced diffusional speed and mixing in microfluidic channels. 

 

This work had several objectives: 
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1. To show that latex microspheres could be coated with QDs in quantities 

sufficient to produce clearly detectable emission signals. 

2. To use light scattering for detection of antibody-antigen reactions, while using 

QD emissions to identify which antibodies are present. 

3. To use the close-proximity fiber optic detection system to identify two different 

antibodies simultaneously in real-time. 

4. To demonstrate this detection method using a lab-on-a-chip platform. 

 

2. Materials and methods 

 

2.1. Biosensor detection method 

 

The experimental setup for light scattering and emission detection using lab-on-a-

chip is shown in Figure 3 (top). The USB4000 miniature spectrometer, Model LS LED 

light source, and fiber optic cables (Ocean Optics, Dunedin, FL) are arranged in what is 

known as a “proximity” fiber arrangement. This means that the fiber distal ends are both 

very close (1 mm) but not touching the slide or chip. The two optical fibers for lighting 

and detection have a 600 µm core diameter and 30 µm cladding with optimal 

transmission in the UV-Vis wavelengths. The fibers are 1.0 meter in length with SMA-

905 connectors (probes) on each end. The numerical aperture of these optical fibers and 

probes is 0.22 with an acceptance angle of 25°. The 380 nm wavelength UV LED 

supplies 45 µW power to the optical fiber assembly. The second fiber is positioned as a 
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detector above the slide at a 45° angle to measure light scattering while avoiding any of 

the direct incident light beam. 

For proof-of-concept experiments, a two-well glass slide model 48333 (VWR, 

West Chester, PA) was used as also shown in Figure 3 (bottom). These slides have two 

polished spherical depressions of 18 mm diameter and 800 µm depth. Each well was 

filled with 75 µl of reagent suspension and capped with a 22 mm x 22 mm micro cover 

glass (VWR). 

The microfluidic chip geometry in Figure 3 (bottom) was used to conduct 

immunoassays. Master molds for the ‘Y-channels’ were fabricated using standard 

photolithographic methods with SU-8 epoxy based negative resists (MicroChem Corp., 

Newton, MA). Polydimethylsiloxane (PDMS) Sylgard 184 (Dow Corning, Midland, MI) 

was poured onto the SU-8 master mold. After curing, the PDMS layer was peeled off, 

exposing the channel. Plain or PDMS-coated glass slides were then used to seal the top or 

roof of the channel. Antibody and antigen solutions were introduced to the microfluidic 

device using a double syringe pump (KD Scientific Inc., Holliston, MA). 

 

2.2. Antigen-coated nano-on-micro (NOM) 

 

Highly carboxylated polystyrene/polyacrylic acid (PS/PAA) submicron (510 nm) 

latex microspheres (Bangs Laboratories Inc., Fishers, IN) were used as mobile support. 

Our group has published earlier work using highly carboxylated polystyrene (HCPS) 

microspheres to simplify immunoassays and enhance diffusional mixing in microfluidic 
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devices (Lucas et al. 2006b). These HCPS microspheres were determined (by Bangs) to 

have a parking area = 6.8 Ǻ2 per group which is equivalent to a functional group surface 

density of 15 carboxyl group per nm2. The parking area values that Bangs provides for 

carboxylated spheres are determined by measured surface titer values. Parking areas are 

the reciprocal of functional group surface density. 

The two types of QDs used in this study were Qdot™ 655 ITK amino (PEG) and 

Qdot™ 605 ITK amino (PEG) (Invitrogen Inc.) emitting at 655 nm and 605 nm 

respectively. QD nanocrystals are 10-15 nm atom clusters containing semiconductor 

material (cadmium mixed with selenium), which has been coated with an additional 

semiconductor shell (ZnS) to improve the optical properties of the material. Qdot™ ITK 

amino (PEG) nanocrystals are coupled by standard amine-reactive crosslinking 

chemistries. The QDs were attached to the HCPS microspheres using passive adsorption 

to achieve 25% surface coverage. The QD-microsphere suspensions were filtered using 

Ultrafree-CL centrifugal filter units with microporous membrane (100 nm mesh) for 15 

minutes at 6,600 g centrifugation. This is done to ensure that no free QDs remain in the 

final suspension. 

Next, the microspheres with the 655 nm (red) emitting QDs (NOM-655) were 

coated with mouse immunoglobulin G (mIgG) (I5381, Sigma) as antigen. The 605 nm 

(orange) emitting QDs (NOM 605) were coated with bovine serum albumin (BSA) 

(B4287, Sigma) as antigen. Both the mIgG and BSA were attached to the HCPS 

microspheres using passive adsorption. During passive adsorption, the mIgG or BSA are 
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randomly oriented on the microsphere surface. As a result, the Fc portion of the mIgG is 

not necessarily bound to the microsphere. 

The concentration of NOMs prepared for this study was 0.02% (w/v) prior to 

assay mixing. Appropriate amounts of mIgG and BSA were added to the NOM 

suspensions to achieve ca. 25% surface coverage (Bangs 1999). These amounts were 

calculated based on the work of Yoon (Yoon et al. 1998), where 90-100% of added 

proteins adsorb onto the microsphere surfaces and is optimal for latex 

immunoagglutination (Kim and Yoon 2002; Yoon et al. 2003; Yoon et al. 1996). 

2.3. Immunoassay preparation 

The immunoassays for anti-mIgG and anti-BSA were both carried out in a similar 

manner. For the first series of tests, anti-mIgG (M8642, Sigma) developed in goat was 

used as a positive control. For the second test series, anti-BSA (B7276, Sigma) developed 

in rabbit was used as positive control. Dilutions were made using 10 mM phosphate 

buffered saline (PBS) at pH 7.4 and 0.139 ionic strength. For the two-well slide 

experiments, NOMs were gently mixed with the appropriate target IgG for two hours at 

room temperature, using an orbital shaker. In the microfluidic device, the NOM 

suspension and target IgG were introduced in each of the Ychannels. 

 

3. Results and discussion 

3.1. Basis for NOM immunoassay 

The plot shown in Figure 4 was generated by using the device in Figure 3. The 

excitation light source was provided by a 380 nm wavelength LED. During antigen-
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antibody reactions, immunoagglutination complexes are formed, which increases the 

light scattering and attenuates emission from the QDs. The baseline intensity of emission 

from the NOM-605 is lower than the intensity of emission from the NOM-655. This 

behavior correlates with QD product literature from the manufacturer (Invitrogen). 

3.2. Immunoassays with a single type of NOM in two-well slide 

The results of a simplex (single analyte) immunoassay for anti-mIgG (+ control) 

and anti- BSA (- control) are shown in Figure 5 (a). Each point represents an 

immunoassay in the twowell slide with 75 µl of NOM-655 (red) at a final concentration 

of 0.01% (w/v) mixed with the appropriate concentration (x-axis) of target antibody. The 

y-axis indicates the intensity difference of scattered or emitted light with and without 

analyte. In the presence of anti-mIgG (+ control), increased light scattering occurred at 

the incoming wavelength of 380 nm, while the emission signal at 655 nm was attenuated. 

When anti-BSA (- control) was tested, there was almost no increase in light scattering or 

attenuation observed. The limit of detection (LOD) for anti-mIgG was approximately 50 

ng mL-1 (p<0.05) based on comparison of positive and negative controls. No false 

negatives or false positives occurred throughout the full range of experiments. 

In a similar manner, Figure 5 (b) shows a simplex (single analyte) immunoassay 

for anti- BSA (+ control) and anti-mIgG (- control). For these tests, NOM-605 (orange) at 

a final concentration of 0.01% (w/v) was mixed with the appropriate antibody. In the 

presence of anti- BSA (+ control), increased light scattering occurred at the incoming 

wavelength of 380 nm, while the emission signal at 605 nm was attenuated. When anti-
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mIgG (- control) was tested, there was little increase in light scattering or attenuation 

observed. The LOD for anti-BSA was again approximately 50 ng mL-1 (p<0.05). 

3.3. Immunoassays with both types of NOMs in two-well slide 

The multiplex assay was conducted by first mixing the NOM-655 (red) and the 

NOM- 605 (orange) together to achieve a final concentration of 0.01% (w/v) for each, 

after mixing with the target antibody. Figure 6 (a) shows results for a set of assays where 

anti-mIgG was present. The increased light scattering at the wavelength of 380 nm, 

indicates that a positive detection has occurred. The attenuation in emission for the 655 

nm signal indicates that a positive match was detected for anti-mIgG. The fact that the 

emission at 605 nm was not attenuated means that anti-BSA was not present. 

Figure 6 (b) shows the assay results when anti-BSA is present. Again, the 

increased light scattering at a wavelength of 380 nm, indicates that a positive detection 

has occurred. The attenuation in emission for the 605 nm signal indicates that the positive 

match was for anti-BSA. The fact that the emission at 655 nm was not affected means 

that anti-mIgG was not present. Figure 6 (c) shows results when both types of antibodies 

(anti-mIgG and anti-BSA) are present in the sample. The increased light scattering at a 

wavelength of 380 nm, indicates that a positive detection has occurred. Note that the 

intensity of scattered light is nearly twice that of Figure 6 (a) and (b). The attenuation in 

emission for the 655 nm and 605 nm signals indicates that a positive match has occurred 

for both anti-mIgG and anti-BSA. The LOD for fluorescent emission based on positive 

and negative targets is 50 ng mL-1 (p<0.05). The LOD for light scattering based on 

positive and blank signals is 25 ng mL-1 (p<0.05). 
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3.4. Lab-on-a-chip multiplex immunoassays 

Figure 7 (a) illustrates data from a microfluidic multiplex immunoassay for anti-

mIgG using mIgG-conjugated NOM-655 and BSA-conjugated NOM-605. Light 

scattering increases at 380 nm while emission attenuation occurs at 655 nm. There is no 

attenuation at 605 nm since the BSA-conjugated NOM-605 is not participating in the 

reaction. 

Figure 7 (b) shows similar results for a microfluidic multiplex immunoassay for 

anti- BSA. Again, light scattering increases at 380 nm while emission attenuation occurs 

at 605 nm. This time, there is no attenuation at 655 nm since the mIgG-conjugated NOM-

655 is not participating in the reaction. 

Figure 7 (c) illustrates what happens when both types of antibodies (anti-mIgG 

and anti-BSA) are present in the sample. The increased light scattering at a wavelength of 

380 nm, indicates that a positive detection has occurred. Note that the intensity of 

scattered light is nearly twice that of Figure 7 (a) and (b). The attenuation in emission for 

both the 655 nm and 605 nm signals indicates that a positive match has occurred for both 

anti-mIgG and anti-BSA. The LOD for fluorescent emission based on positive and 

negative targets is 50 ng mL-1 (p<0.05). The LOD for light scattering based on positive 

and blank signals is 25 ng mL-1 (p<0.05). 
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4. Conclusion 

This study has shown that highly carboxylated polystyrene/polyacrylic acid 

(PS/PAA) submicron latex microspheres can be coated with QDs in quantities sufficient 

to produce clearly identifiable emission signals. We showed that light scattering can be 

used for detection of antibody-antigen reactions, while QD emissions are used to identify 

which antibodies are present. A close-proximity fiber optic detection system was used to 

identify two different antibodies simultaneously in real-time. A limit of detection (LOD) 

of 25 ng·ml-1 (165 pM) was demonstrated (p<0.05) using lab-on-a-chip. This NOM 

bioassay has the ability to screen for and detect multiple antibodies with minimal sample 

processing and handling. 
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Fig. 1. Bioassays for detecting multiple species consist of assays for inherent properties, 

immuno & affinity assays, and nucleic acid amplification methods. 
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Fig. 2. Nano-on-micro (NOM) with IgG and 655 nm QDs (left) bound to highly 

carboxylated polystyrene (HCPS). NOM with BSA and 605 nm QDs (right). SEM 

photograph of NOM with 655 nm emitting QDs (bottom). 
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Fig. 3. Top: Experimental setup including syringe pump, microfluidic device, 380 nm 

LED light source, test stand, spectrometer, and fiber optic cables. Bottom: Closer view of 

two-well slide and Y-channel lab-on-a-chip. 
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Fig. 4. When a positive antibody match occurs, light scattering increases at 380 nm while 

QD emission is attenuated (605 nm or 655 nm) depending on which antibody is present. 
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Fig. 5a.     Two-well slide simplex immunoassay for anti-mIgG (+ ctrl) and anti-BSA  

(- ctrl) using mIgG-conjugated NOM-655 and BSA-conjugated NOM-605. Top shows 

light scattering at 380 nm and bottom shows emission attenuation. 
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Fig. 5b.     Two-well slide simplex immunoassay for anti-BSA (+ ctrl) and anti-mIgG  

(-ctrl) using mIgG-conjugated NOM-655 and BSA-conjugated NOM-605. Top shows 

light scattering at 380 nm and bottom shows emission attenuation. 
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Fig. 6a. Two-well slide multiplex immunoassay for anti-mIgG using mIgG-conjugated 

NOM-655 and BSA-conjugated NOM-605. Top shows light scattering at 380 nm and 

bottom shows emission attenuation. 
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Fig. 6b. Two-well slide multiplex immunoassay for anti-BSA using mIgG-conjugated 

NOM-655 and BSA-conjugated NOM-605. Top shows light scattering at 380 nm and 

bottom shows emission attenuation. 
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Fig. 6c. Two-well slide multiplex immunoassay for both anti-mIgG and anti-BSA using 

mIgG-conjugated NOM-655 and BSA-conjugated NOM-605. Top shows light scattering 

at 380 nm and bottom shows emission attenuation. 
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Figure 7a. Microfluidic multiplex immunoassay for anti-mIgG using mIgG-conjugated 

NOM-655 and BSA-conjugated NOM-605. Top shows light scattering at 380 nm and 

bottom shows emission attenuation. 
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Figure 7b. Microfluidic multiplex immunoassay for anti-BSA using mIgG-conjugated 

NOM-655 and BSA-conjugated NOM-605. Top shows light scattering at 380 nm and 

bottom shows emission attenuation. 
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Figure 7c. Microfluidic multiplex immunoassay for both anti-mIgG and anti-BSA using 

mIgG-conjugated NOM-655 and BSA-conjugated NOM-605. Top shows light scattering 

at 380 nm and bottom shows emission attenuation. 
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