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ABSTRACT 

 

 
 The work in this dissertation presents a method for multiplexing fluorescence 

measurements in both infrared mediated quantitative polymerase chain reactions (IR-qPCR) and 

fluorescence anisotropy immunoassays. Frequency modulated fluorescence detection, also called 

frequency encoded fluorescence, allows for multi-fluorophore detection without increasing the 

number of optics required and rejects noise from the measurement due to frequency filtering. In 

IR-qPCR, this method was used to reject background signal from the infrared heating source. In 

anisotropy immunoassays, this method allowed multi-analyte detection with enhanced limits of 

detection. The anisotropy immunoassay was then further developed to make real-time 

measurements of insulin from islets of Langerhans. 

For PCR, two dual-color assays were demonstrated on a microfluidic device. Using 

infrared mediated heating on a microchip allowed the time required for a 40 cycle assay, which 

would typically be 1.5 hours on a traditional instrument, to be reduced to 35 min due to the 

decreased volume and increased heating and cooling efficiency. An amplicon from a plasmid, 

pUC19, was amplified in the presence of a DNA intercalating dye, EvaGreen™, and a passive 

reference dye, ROX, with an efficiency of 96%.  The ROX signal was used to correct for inter-

run and inter-chip variations in excitation volume. A melt curve was made by observing the fall 

in fluorescence during annealing while the lamp was off and showed a single peak at 82 °C 

corresponding to the known melt temperature of the amplicon. Frequency modulation was used 

to isolate the fluorescence signals for the EvaGreen™ and the ROX from the large background 

present due to the infrared light for the heating of PCR chamber as well as demonstrated the first 

multi-color infrared quantitative PCR on a microfluidic device. 

 An anisotropy immunoassay was developed for the simultaneous detection of insulin and 

glucagon at physiologically relevant levels. The immunoassay was a homogenous assay which 

facilitates its use in an online fashion for real-time measurements of islet secretions.  Frequency 

modulation was used to reduce the number of optics required for multi-fluorophore anisotropy 

measurements and increase the signal-to-noise (S/N) in the measurement by 20 fold. The 

increased S/N results in an improvement in the limit of detection of the immunoassay from 10 

nM to 500 pM. 



xi 

 The anisotropy immunoassay was expanded to an online format and was used to measure 

the secretion of insulin from islets of Langerhans which were housed on the microfluidic device. 

The microfluidic system was used to stimulate islets with varying glucose levels and measure the 

resulting insulin secretions. The temporal resolution of the system was ~2.5 minutes and the 

highly automated fashion in which the online assay functioned should make it amenable to 

further islet studies as well as the study of other biological systems.
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Microfluidics 

Microfluidics are a class of analytical devices that allow for the manipulation of 

microliter and smaller volumes of fluid in order to perform chemical and biological analysis.  

The first miniature analytical device was reported in 1975 by Terry, S.C, for gas 

chromatography.1 However, the birth of what is viewed as modern microfluidics did not occur 

until several years later in the early 1990’s.2-4 During this time, microfluidic devices were 

primarily made in silicon and glass; however, later other materials such as polydimethylsiloxane 

(PDMS) would become a popular material for these devices.5-6  Microfluidics are an attractive 

platform for chemical analysis as they allow reduced sample and reagent consumption due to 

their innate ability to manipulate microscale volumes.7-8 Small volumes have a particular 

advantage when working with sample limited systems such as single cells, where reduced 

volumes mitigate dilution and allow for higher concentrations of analytes.8 Additionally, the 

miniaturization of the components for analysis allows for integration of multiple sample handling 

steps on a single microfluidic device.8-10 This is commonly referred to as micro Total Analysis 

Systems (microTAS) or lab on a chip systems. Lab on a chip platforms refer to the premise of a 

compact device which allows for an entire experiment to be performed with minimal user 

manipulation. The integration of analyte sampling, handling, and analysis on these devices can 

lead to a reductions in error as well as decreased analysis times. 

  

1.2 Detection Methods 

For any analytical platform, including microfluidics, more information that can be 

obtained during analysis leads to a better understanding of the entire system. Optical detection 

methods are long standing staples of the microfluidics community.11 These methods have been 

successful because they are readily integrated with microfluidics and can offer very low limits of 

detection.12 The most common optical methods that has been demonstrated on microfluidics are 

fluorescence based however other modes such as surface plasmon resonance, absorbance, and 
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Raman spectroscopy have been utilized as well. 11, 13-14 Laser induced fluorescence (LIF) is an 

attractive platform for microfluidics, as the optics for detection do not require modification of the 

microfluidic device and the limits of detection for fluorescence detection can readily achieve 

nanomolar or lower levels.15-17 However, the read out from fluorescence based techniques does 

not readily give information on multiple analytes. Various approaches are therefore employed to 

increase information content in these analyses and allow multi-analyte determinations. 

Fluorescent labeling, wavelength discrimination, and separations can all be used to increase the 

number of analytes that can be targeted in an analysis.18-20 In the current age, a myriad of 

fluorophores have been developed allowing utilization of the entire light spectrum with minimal 

overlap. Four fluorophores can readily be detected with minimal interference and spectral 

overlap.20 

 

 

 

Figure 1.1. Schematic of traditional multi-fluorophore detection. The laser lines excite the 

sample on a microfluidic device (A). The resulting emission is then spectrally discriminated by 

either dichroic mirrors (B) or split across a two dimensional detector (C). 

 

C 

A 

B 
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One way to multiplex these experiments is to label analytes are labeled with different 

fluorophores and the presence of specific analytes is correlated through the unique emission 

wavelength of the fluorophore.21-22 Multiplexing fluorescence detection has traditionally been 

achieved by utilizing wavelength dependent optics to direct specific wavelengths of interest to 

individual detectors, which can then allow fluorophore discriminations based on the optical set-

up. As a result, each additional fluorophore requires new optics and detectors which in turn 

increases the cost and complexity of the optical set-up. Figure 1.1 shows the traditional methods 

for multiplexing fluorophore detection.  

In more recent years, other methods have allowed color-blind detection, which is the 

detection of multiple wavelengths without separating the wavelengths.23-26 The advantage of 

these methods allows the multiplexing of fluorescence measurements without the need for 

additional detectors. Colorblind detection has been achieved through various means i.e. pulsed 

multiline excitation23, fluorescence lifetime discrimination24 and frequency modulation.25-26 

Pulsed multiline excitation requires precise timing of laser pulses in conjunction with the signal 

acquisition, making the implementation of the method costly. Fluorescence lifetime 

discrimination requires specifically tailored optics and electronics, thereby making the method 

not amenable to all situations. In frequency modulated fluorescence, the exciting lasers are 

pulsed at non-harmonic frequencies that encodes the fluorophore emission signal, and can later 

be decoded by Fourier analysis. Which means for a standard LIF system, placing an optical 

chopper in front of the exciting lasers of the corresponding fluorophores will allow multiplexing 

of the fluorescence system. Simply put, each new fluorophore can be detected by adding the 

corresponding excitation source and relying on the modulation of the fluorescence signal to 

distinguish wavelengths afterwards.  

 Multi-fluorophore assays have been used on microfluidics for polymerase chain reaction 

(PCR) for the identification of multiple amplicons27, fluorescence correlation spectroscopy to 

track the movement of multiple fluorophores28, immunoassays to allow multiple analytes to be 

detected in a single experiment,29-32 and a variety of other applications.  Discussed within this 

dissertation in particular are fluorescence anisotropy immunoassays and PCR.33 
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1.3 Frequency Modulation 

Frequency modulation uses the excitation of two or more pulsed lasers to encode the 

emissions of their corresponding fluorophores.25,33 More specifically, for each fluorophore 

present a laser will be pulsed (on/off) to modulate the emission of that fluorophore.  For each 

new fluorophore added, a new exciting laser must be added and pulsed at a non-harmonic 

frequency to the others. The specificity of each laser to its own fluorophore is necessary and due 

to the overlap of the exciting laser wavelength with the absorption spectrum of the fluorophore.  

When utilizing this strategy, a single detector, such as a photomultiplier tube (PMT), can be used 

to detect as many fluorophores as desired with the primary consideration that the excitation 

spectrum of each fluorophore should not overlap into that of another. Figure 1.2 shows a 

schematic of a three fluorophore detection scheme utilizing frequency modulation.  

 

 

 

Figure 1.2. Schematic of frequency modulated detection. Three laser lines are pulsed at non-

harmonic frequencies and are made collinear in a fiber optic bundle. Upon exciting the sample 

the resulting fluorescence retains the frequency of its exciting laser and is collected on a single 

photo detector. 
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The simplicity of this method results in all modulated signals arriving at a single detector. 

Fourier analysis can then be used to resolve the individual frequencies of each fluorophore. The 

magnitude of each frequency can then be used to determine the magnitude of the signal from its 

corresponding fluorophore. Because each fluorophore has a known frequency, other signals that 

may be present in the frequency spectrum can be excluded, thereby reducing noise in the 

measurement and increasing the signal to noise ratio. Frequency modulation has an additional 

benefit; the reduction in required optics prevents photon loss due to inefficient transmission of 

desired wavelengths by bandpass filters and dichroic mirrors. 

In order for this concept to be viable, the frequencies must be non-harmonic and the 

period longer than the fluorescence lifetime of the fluorophore. Additionally acquisition of the 

PMT signal must be twice the rate of the frequencies to be monitored. This is also expressed the 

Nyquist frequency. 

 �� � � = � ⁄  

 

Where fNyquist is the Nyquist frequency and fs is the sampling frequency. The Nyquist 

frequency is the highest frequency that can be detected in the system. Ideally, even higher 

acquisition frequency is desirable, as the sampling frequency will determine the frequency 

domain resolution in the Fourier transform. As long as these conditions are met, the reduction in 

optics leads to simpler, and lower cost systems.  

 

1.4 Polymerase Chain Reaction 

 Polymerase chain reaction is the enzyme mediated amplification of deoxyribonucleic acid 

(DNA) utilizing DNA polymerase. This technique was developed in 1985 by Kary Mullis and 

has revolutionized genetics.34-35 PCR amplifies DNA by utilizing the cellular DNA replication 

machinery in vitro. PCR allows the user to take a single or small number of copies of DNA and 

create several orders of magnitude more copies of the sequence. This has made it indispensable 

in applications like genome sequencing, genetic fingerprinting and functional gene analysis.  

PCR begins with a single template of double stranded DNA, the solution containing the 

sample is heated to create single stranded DNA by breaking the hydrogen bonds holding the two 

strands together. The temperature is then lowered so that a primer binds the 3’ ends of sense and 
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antisense portion of the sequence to be replicated. The primer indicates to DNA polymerase 

where to bind and begin amplification of the DNA by building the complimentary sequence from 

free nucleotides (dNTP). The sequence and its complement will then become to two copies of 

double stranded DNA. This process is continuously repeated until the reaction declines due to 

lack of dNTP remaining in solution or denaturing of the DNA polymerase. The cycling of this 

reaction is broken down into three steps: denaturation, annealing, and extension, and 

accomplished by thermocycling the solution containing the reaction. During denaturation, 

typically ~95 °C, the double stranded DNA becomes single stranded due to the heat of the 

solution breaking the hydrogen-bonds which hold the DNA together.  Once the DNA has 

become single stranded, the primers bind to the sequence at annealing, typically 55-70 °C. When 

the primers are in place, amplification or extension takes place at ~75 °C and the DNA 

polymerase binds to the primers and reads the template to create the complementary strand. 

Typical PCR experiments consists of approximately 40 cycles, which if completed with 

maximum efficiency will turn a single copy of a DNA sequence into 1 billion copies (Figure 

1.3).  

 

 

Figure 1.3. Schematic of PCR. An illustration of PCR. The sequence begins with a double 

stranded copy of DNA. The DNA is then made single stranded by the heat of denaturation. Next 

the temperature is reduced to allow the binding of the primers in annealing shown by the dotted 

DNA and the DNA polymerase, shown in brown, binds to the primer. Finally in extension occurs 

by using the free dNTPs, shown in purple, to build the complimentary strand of DNA resulting in 

two copies. 

 

Denaturation 

Annealing 

Extension 
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 Many advances have been made since the inception of PCR, such as thermostable 

polymerases35, the ability to quantify DNA36 and the quantitation of multiple sequences in a 

single experiment.27 Quantitative PCR or qPCR allows for the quantitation of the number of 

starting copies of the sequence of interest. For single target analysis this can be achieved by 

adding a DNA intercalating dye such as SybrGreen, whose fluorescence signal is proportional to 

the quantity of double stranded DNA present. For multiplexed analysis, fluorescent probes can 

be utilized for each sequence of DNA that is targeted. These probes consist of a short segment of 

DNA which function by binding to the sequence of interest and are subsequently destroyed by 

the nuclease activity of the polymerase when that sequence is read/amplified. The probe has a 

fluorescent molecule on one end and a quencher on the other which suppresses fluorescence 

emission while the probe is intact. As a result, when the probe is destroyed, a fluorescence signal 

results.   

 

1.5 Immunoassays 

 Immunoassays are a ubiquitous way of measuring biologics in low concentrations and 

with high specificity.37-39 Immunoassays rely on the unique interaction between an antibody and 

its target antigen to provide specificity in complex biological matrices. This interaction can be 

utilized in several different formats in order to quantify the presence of an analyte of interest.  

 Two of the most frequently performed immunoassays are radioimmunoassays (RIA)40 

and enzyme-linked immunosorbent assay (ELISA).41-42 ELISAs have gained popularity over 

RIA in more recent years, due to reduced cost and safety concerns when working with 

radioactive samples. Typically, an ELISA is run as a sandwich assay which functions by 

attaching an antibody specific to the analyte to a substrate, commonly the bottom of a well-plate, 

and then flowing or adding a solution containing the analyte of interest. The analyte is allowed to 

bind and then the excess solution is washed away, leaving the antibody retaining the analyte. A 

secondary or detection antibody is then added, which binds to a different epitope, binding site, on 

the antigen. Conjugated to the detection antibody is a moiety which can provide a signal, such as 

an enzyme like horseradish peroxidase. The enzyme then converts an added substrate to a 

fluorescent or colorimetric product whose signal is proportional to the analyte concentration.  

 While appealing, there are drawbacks to this technique. The primary drawback is the 

need for washing steps between each step of the assay, therefore they are time consuming and 
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laborious to perform. Additionally, the need for a fresh antibody surface for each measurement 

can hinder the temporal resolution, which is desirable for assays monitoring cellular secretion. 

 In the work presented in this dissertation, the immunoassays are conducted a competitive 

format.47 In this format antigen of interest, is mixed with a fluorescently labeled antigen (Ag*) 

and an antibody (Ab) specific for the antigen. The antigen, and Ag* then compete for binding 

sites on the Ab as the mixture is allowed to reach equilibrium. The free Ag* and the bound Ag*-

Ab complex can be separated from each other allowing the ratio of the resulting peaks to be used 

to quantitate the amount of analyte present in the mixture.  

 The previously discussed methods for immunoassays are heterogeneous meaning that a 

portion of the assays takes place in solid phase and another portion is in the solution phase.  

Homogenous immunoassays take place entirely in the solution phase.43-46 Homogenous 

immunoassays allow the assay to be run continuously by having the analyte solution mix with 

the assay reagents followed by either a separation or a measurement of the anisotropy of the 

solution. This inherent property of homogenous immunoassays allows them to be automated and 

run in rapid succession making them ideal for measuring real-time events in biology.  

 

  

Figure 1.4. Schematic of an electrophoretic separation of an insulin immunoassay. The 

fluorescently labeled Ag* (free) is separated from the complex Ag*-Ab (bound). At low insulin 

concentration the competing Ag* is bound in higher proportion. At high insulin concentration the 

ratio of these two peaks shifts to a larger free peak as more Ag* is competed from the binding 

sites. The quantity of unlabeled antigen can be determined by the ratio of these two peaks. 

 

 Electrophoretic separations in conjunction with LIF are a common method of 

determining the ratio of Ag* to Ag*-Ab. If separated using an electrophoretic separations, the 
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electropherogram will show only the labeled antigen (free) and the labeled antigen bound to the 

antibody (bound) seen in figure 1.4. The ratio of these two peaks (B/F) will reflect directly on the 

concentration of the analyte of interest. If additional antigens wish to be studied, a new antibody 

specific to the new analyte as well as a second labeled antigen must be added to detect more 

analytes. The use of electric fields maybe harmful to cells. Additionally, the assays must be 

optimized for the separation as well as the antibody binding. Alternatively, fluorescence 

anisotropy can be used to monitor the quantities of bound and free, which does not necessitate 

the use of a separation.  

 

1.6 Fluorescence Anisotropy 

Fluorescence anisotropy is a measure of the directionality of the polarization of the light 

emitted as a result of fluorescence.48 Fluorescence polarization is very similar however it only 

takes into account two axes of rotation where anisotropy takes all three into account, therefore 

anisotropy is a more accurate treatment of the polarization of light.49 The two measurements are 

related to each other by the following equation, where r is anisotropy and P is the polarization. 

 � = �− � 

 

As a result they can both be used, interchangeably, for many of the same measurements and 

diagnostics.   

 Fluorescence anisotropy has commonly been used as a method for measuring molecular 

interactions. The most common application for these assays would be high-throughput screening, 

where the objective is to evaluate if a drug binds to its target. These assays have also been used 

for protease assays, ligand binding assays, and immunoassays. 50-52 

 To understand the underlying principles of anisotropy, the Perrin equation can be used to 

express anisotropy (r): 

 � = �0+ �⁄  
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Where r0 is the fundamental anisotropy, τ is the fluorescence lifetime and  is the rotational 

correlation time. The rotational correlation time is expressed as: 

 = ��� 

  

Where  is viscosity, V is molecular volume of the rotating unit, R is the gas constant and T is the 

temperature. The ability of fluorescence anisotropy to report on binding events relies on changes 

to the apparent molecular volume of the measured molecule; when all other factors are held 

constant.  

In order to measure fluorescence anisotropy, the excitation light is provided by a linearly 

polarized source which is aligned vertically respect to the room. The light will only excite the 

molecules with correspondingly aligned absorption dipoles.  The resulting emission will retain 

this polarization, except for the amount the molecule rotates during its fluorescence lifetime, and 

the inherent anisotropy of the molecule (r0). The inherent anisotropy is a measure of the natural 

misalignment of the absorption dipole and the emission dipole. To measure anisotropy the 

emission is then split into the vertical and horizontal components with respect to the exciting 

polarization. The signals in these two channels is then used to calculate the anisotropy using the 

following equation: 

 � =  ��� − � ∗ ������ + � ∗ ��� 

 

Where IVV is the intensity of vertically polarized light measured, IVH is the intensity of 

horizontally polarized light measured, and G is a correction factor for sensitivities of the 

detection system to differing polarizations. This ratio reports on the amount of depolarization 

that has occurred from the excitation. 

 

1.7 Fluorescence Anisotropy Immunoassays 

For anisotropy immunoassays, the analyte is again mixed with Ag* and Ab and then 

allowed to reach equilibrium.47, 52-54 However, instead of running an electrophoretic separation to 
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distinguish between the bound and free Ag* species, the fluorescence anisotropy of the solution 

is measured to give an average rotation of the fluorescent molecules expressed as: 

 � = ∑ � � + ���� 

 

Where fb is the fraction of molecules bound as a complex, rb is the anisotropy of those molecules, 

ff is the fraction of free molecules and rf is the anisotropy of the free molecules.48 Anisotropy 

reports on the bound to free ratio and will directly relate on concentration of antigen in solution.  

This is due to the increase size of the complex when the antibody binds to the labeled antigen, 

the molecular rotation slows due to size of the antibody, which is ~150kDa. If multiple analytes 

are desired to be detected, additional antibodies for new antigens of interest in combination with 

additional labeled competing antigens can be added in order to screen for additional species. This 

requires the use of additional fluorophores on each Ag* to allow spectral discrimination between 

the differing assays (Figure 1.5). 

 

 

 

Figure 1.5. Illustration of a multi-analyte fluorescence anisotropy immunoassay. Two antigens, 

glucagon and insulin, are labeled with separate fluorophores. The bound complex rotates slower 

and results in a large retention of polarization of the exciting light. Conversely, the free molecule 

rotates more quickly and depolarizes more of the light. 

 

 As opposed to electrophoretic immunoassays, the lack of a separation in the fluorescence 

anisotropy format has several potential advantages. The act of separating the bound and free 

removes the analytes from equilibrium, which can reduce the sensitivity of an assay. The 
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solution drives to re-equilibrate producing more of the individual constituents and degrading the 

antibody complex.  Preservation of the antibody-antigen complex is paramount for a sensitive 

assay.55-58 Lastly, when multiplexing fluorescence anisotropy immunoassays, the assay must 

only be optimized, with conditions like pH, buffer/salt concentrations and temperature, for the 

binding itself and not the separation as well, as is necessary in electrophoretic immunoassays. 

 

1.8 Islets of Langerhans 

 Islets of Langerhans are small collections of cells (~2,000-5,000), which make up the 

endocrine portion of the pancreas and are responsible for the secretion of blood glucose 

regulating hormones: insulin, glucagon, as well as others.59 In a normal state homeostasis, insulin 

is secreted as a result of elevated glucose levels and signals the liver, muscle and fat tissue to 

uptake glucose to maintain euglycemia. Glucagon is a counter regulatory hormone to insulin and 

is secreted in times of low blood glucose levels, which signals the liver to break down glycogen 

stores and in turn raise blood glucose levels. These two hormones in conjunction with a few 

others maintain euglycemia.60 The secretion profiles of these peptides can be dynamic, with 

oscillations of insulin and glucagon on the order of 3 – 8 min.61-62 These oscillations are believed 

to be essential for regulating blood glucose levels. When this regulation becomes impaired, 

metabolic diseases such as diabetes result. Diabetes results in poor blood glucose regulation 

leading to states of hyperglycemia, which can damage cells and lead to renal failure and 

neuropathy.63 It is therefore necessary to develop tools to better understand the secretion profiles 

of these islets and thereby better understand the underlying mechanisms which go awry in the 

disease state. 

 

1.9 Summary and Outline 

 Microfluidics are a useful tool when analyzing biological samples with advantages from 

reducing sample volume and analysis time to minimizing sample dilution and increasing 

throughput via automation. Frequency modulated fluorescence detection can be used in 

conjunction with microfluidics to increase the information content in these assays. Chapter 2 

focuses on frequency modulation for multiplex detection in PCR, for signals of interest to be 

discerned from background noise and allows determination of multiple fluorophore signals for 

enhancement of quantitation and multi-oligomer detection. Chapter 3 utilizes frequency 
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modulated florescence detection for a multi-analyte inflow homogenous anisotropy 

immunoassay for insulin and glucagon and demonstrates the enhancement in signal to noise 

achieved by this method. Chapter 4 is a continuation of the work in Chapter 3, which presents an 

inflow homogenous anisotropy immunoassay to make real-time determinations of insulin 

secretions from an islet of Langerhans which is housed and stimulated on a microfluidic device. 

Chapter 5 discusses future directions of this research, primarily related to Chapters 3 and 4. 
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CHAPTER 2 

 

FREQUENCY-ENCODED LASER-INDUCED FLUORESCENCE FOR 

MULTIPLEXED DETECTION IN INFRARED-MEDIATED 

QUANTITATIVE PCR 

 

2.1 Introduction 

 Amplification of DNA by the polymerase chain reaction (PCR) has transformed a range 

of scientific fields, from molecular biology to forensics.  In the decades since its inception, many 

improvements have been made to the process of PCR, such as the use of thermally stable 

polymerases,35 overall reduction in reagent, and sample requirements,10 and the ability to 

quantify the PCR products during analysis (qPCR).36  The use of microfluidic devices continues 

to improve the process of PCR by not only reducing sample and reagent requirements, but also 

integrating up- and down-stream sample preparation processes leading to highly multiplexed 

systems.9, 64-65  

 Thermal cycling was originally achieved in microfluidic devices by external heaters,66 

but more recent efforts have incorporated heaters into the device itself.9,65,67,68  In addition to 

these contact-based heating methods, other non-contact methods have been developed, which 

have consisted of thermal convection,69 microwave radiation,70 and IR radiation.65,71  The use of 

non-contact heating methods have several advantages including rapid heating rates and 

straightforward fabrication procedures for the microfluidic device because the heating source is 

built off-device, increasing the potential for them to be used in a disposable manner.  IR-

mediated heating, in particular, has been widely used as a means for performing PCR in glass 

capillaries71 as well as plastic72-73 and glass microfluidic devices.74-75 Recently, IR-mediated 

quantitative PCR (IR-qPCR) was realized by integrating fluorescence monitoring simultaneously 

with IR-mediated thermal cycling.76 

 qPCR allows the calibration of starting copies in unknown solutions and has been utilized 

in microfluidic systems using both non-contact76 and contact heating methods.77 Multi-color 

detection in qPCR enables numerous experiments to be performed, including addition of 

corrective dyes,78 SNP analysis,79 or amplification of multiple genes of interest.80  However, 
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little work has been described integrating multi-color fluorescence into microfluidic-based 

qPCR.   

 Most methods for multi-color fluorescence detection in microfluidic devices rely on an 

equivalent number of detection channels as excitation wavelengths.  Color-blind methods can 

also be used to reduce the number of optics and detectors required for multi-color fluorescence 

detection.  The reduction of the optical components allows for more simple and inexpensive 

detection systems, which when combined with the use of microfluidic devices, would be ideal 

for point-of-care systems.  

 Some methods that have been used to perform color-blind detection in microfluidic 

systems include pulsed multiline excitation,23 discrimination by fluorescence lifetimes,81 dual 

point excitation,82 and frequency encoding.25,33,83 In frequency encoding, the fluorescence from 

individual dyes are encoded by pulsing multiple lasers at non-harmonic frequencies of one 

another and collecting all fluorescence emission onto a single detector. The signals from the 

individual fluorophores are then extracted by demodulating the total signal using a Fourier 

transform.  This removes the need for additional dichroic mirrors, band pass filters, and detectors 

for each fluorescence channel.  The result is an increase in the S/N due to fewer optics and a 

built-in filtering from the frequency analysis. 25,33,83   

 Frequency encoding multi-color detection should be advantageous when coupled with 

IR-PCR because the IR lamp is pulsed to control the temperature during thermal cycling.  We 

expected that the method would allow us to isolate the fluorescence signals of interest from the 

background signal of the lamp in a straightforward manner.  In this report, we demonstrate that 

this method of multi-color detection for IR-qPCR enables detection of at least two fluorophores 

during thermal cycling and that the method is general enough to be extended to more if desired.   

 

2.2 Materials and Methods 

2.2.1 Chemical and Reagents 

 Ammonium hydroxide, sodium hydroxide, hydrochloric acid, nitric acid and hydrofluoric 

acid were purchased from EMD Chemicals (Philadelphia, PA).  DNA primers and probes were 

purchased from IDT (Carlsbad, CA).  SsoFast EvaGreen Supermix, SsoFast Probes Supermix, 

and ROX were purchased from Bio-Rad (Hercules, CA).  The sequences of all primers and 

probes are given in the Supporting Information.  Light mineral oil was purchased from 
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Mallinckrodt Chemicals (St. Louis, MO).  Sulfuric acid was purchased from VWR (Arlington 

Height, IL).  SigmaCote was purchased from Sigma Aldrich.  Male human genomic DNA was 

purchased from Zyagen (San Diego, CA).  pUC19 plasmid was donated by the Department of 

Biological Sciences, Florida State University. 

 

2.2.2 Temperature Control System 

 The microfluidic device design was the same as previously described.73 Briefly, two 

identical 2 cm channels were created in glass by wet etching. In the center of each channel was a 

0.75 mm x 3 mm ellipse, which was used for the thermocouple and PCR chamber. Access holes 

were drilled with a diamond tipped drill and the etched glass was thermally bonded to another 

piece of glass creating the sealed channels. 

All experiments were performed with the device on the stage of a Nikon Eclipse TS100F 

microscope (Melville, NY).  The infrared light was delivered from above by a 50 W Ushio 

tungsten lamp (Cypress, CA).  Ultraviolet and visible wavelengths were removed by placing a 

780-nm long pass filter (Thorlabs, Inc., Newton, NJ) between the lamp and microfluidic device.  

Temperature was monitored by a thermocouple (Physitemp, Clifton, NJ) inserted into a duplicate 

chamber next to the PCR chamber.  The signal from the thermocouple was passed through a 

TAC80B-T thermocouple to analog converter (Omega Engineering, Stanford, CT) and amplified 

70-fold by an in-house built circuit.  The lamps focal spot covered the majority of both of the 

ellipses used to monitor temperature and amplify the DNA. The detection point was on the edge 

of the focal spot of the lamp. This was done as direct exposure from the lamp to the detection 

point maxed out the PMT (particularly during ramp to denaturation where the lamp signal was 

strongest). The thermocouple was calibrated using a six-point calibration curve from 25 – 100 °C 

in deionized water.   

 Cooling during PCR was performed by opening a TTL-modulated solenoid valve (Parker 

Hannifin Corp., Cleveland, OH) to flow compressed air across the microfluidic device.  Pulse 

width modulation (PWM) was used to control the lamp intensity via a TTL-modulated relay 

(Crydom Co., San Diego, CA) connected in-line with the 8-V lamp power supply.  PWM was 

performed by delivering a 1000-Hz square wave to the TTL input and the duty cycle of the 

square wave was modulated to control the lamp intensity.  During heating, the duty cycle of the 

square wave was 1.00 and the solenoid valve was closed to prevent cooling.  During cooling, the 
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solenoid valve was opened and the duty cycle of the square wave was set to 0.00.  For holding 

stages, the solenoid valve was closed and the lamp power was regulated using a proportional-

integral-derivative feedback control mechanism that adjusted the duty cycle to maintain the 

desired temperature. 

 

2.2.3 Fluorescence System 

 Directly below the microfluidic device was a hot mirror (FM01, Thorlabs, Inc.) to 

remove excess IR light.  Excitation light was provided by a 488-nm Ar+ laser (ModuLaser, 

Centerville, UT) and a 561-nm DPSS laser (Laserglow Technologies, Toronto, ON).  The pulse 

rate of the 561-nm laser was controlled by TTL modulation.  The 488-nm laser was modulated 

using a chopper (Boston Electrics Corp., Brookline, MA).  Chopper frequency was controlled by 

an input voltage and monitored by an infrared sensor.  The two laser lines were made incident on 

a triple band mirror (XF2054, Omega Optical, Inc., Brattleboro, VT) and focused through the hot 

mirror into the elliptical PCR chamber via a 10X, 0.25 NA objective.  The same objective 

collected the emission and passed it back through the triple band mirror, a 650-nm short pass 

filter (Thorlabs, Inc.), and a spatial filter before it was made incident on a photomultiplier tube 

(PMT) with a 0.5-ms time constant (R1527P, Hamamatsu Photonics, Middlesex, NJ).  A 

photometer (Photon Technologies International, Birmingham, NJ) housed the PMT, short pass 

filter, and spatial filter.  The PCR program, PMT acquisition, TTL modulation of the 561-nm 

laser, and chopper frequency were all interfaced to a computer via an NI-PCIe 6321 data 

acquisition card and controlled with a LabView program written in-house, both from National 

Instruments (Austin, TX).  The fluorescence was collected at an acquisition rate of 1000-Hz. 

 

2.2.4 PCR 

 Sterile water, ROX, primers and DNA template were mixed in a PCR tube and the 

SsoFast EvaGreen Supermix was added according to the manufacturer’s instructions to make the 

PCR solution.  The final concentrations of primer and ROX were 300 nM and 600 nM, 

respectively.  Prior to performing PCR, the channels on the device were rinsed sequentially with 

1 M NaOH, 1 M HCl, and sterile deionized water for 10-min.  The channels were then silanized 

using Sigmacote following the manufacturer’s instructions.  After allowing the remaining 

Sigmacote to evaporate, 10 µL of the PCR solution was added to the PCR channel and the access 



18 

holes were covered with Microseal B Adhesive Sealer (Bio-Rad, Hercules, CA).  The 

thermocouple was then inserted into a parallel channel filled with PCR solution without DNA 

template.  One access hole was covered by microseal adhesive and the access hole through which 

the thermocouple was threaded was coved by ~5 µL of mineral oil.   

 A 304-bp segment of the pUC19 plasmid was amplified using starting copy numbers of 

104, 105, 106, and 107.  The thermal cycle included 60-s initial denaturation at 95 °C followed by 

40 cycles of thermal cycling and 10-s of final extension at 72 °C.  The thermal cycling protocol 

consisted of 5-s at 95 °C, 5-s at 55 °C, and 10-s at 72 °C. 

 For genomic DNA amplification using TaqMan probes, the primers, probes and DNA 

template were mixed with the SsoFast Probes Supermix as per manufacturer’s instructions.  The 

final concentrations of primer and probes were both 300 nM and the starting copy number of the 

genomic DNA was 106.  The temperature protocol was the same as that used for amplification of 

PUC19 with the exception of a 120-s initial denaturation.  Although we report starting true 

starting copy number, the volume of the thermocycled PCR chamber is only ~2 µL (20% of the 

total volume).  

 

2.2.5 Data Analysis 

 To examine the frequency response of the entire thermal cycling trace, a fast Fourier 

transform (FFT) with a Hanning window was taken using Origin8 (OriginLab Corp., 

Northampton, MA).  A spectrogram was performed with MATLAB (MathWorks, Natick, MA) 

using a 2048-point Hanning window with a 500-point overlap to visualize the frequency of all 

components as a function of time.  To determine how the signals at 73- and 137-Hz evolved as a 

function of time, a series of FFT were performed on sequential 512-ms segments and the 

magnitudes of the two frequencies were plotted as a function of the average time when the FFT 

was taken.  To produce DNA amplification curves, 2500 data points corresponding to the initial 

0.5 – 2-s during each extension phase from the 73-Hz signal were averaged and normalized by 

the average from the 137-Hz signal during the same time, and plotted as a function of thermal 

cycle number.  The runs at each starting copy were averaged and baseline subtracted.  The 

threshold fluorescence value was calculated as the average fluorescence from the first 5 cycles 

plus 5 times the standard deviation.  These threshold cycles were then plotted for each starting 

copy and a linear regression was used to determine the PCR efficiency.82 The melting curve was 
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constructed by plotting the derivative of the 73-Hz signal with respect to temperature as a 

function of temperature during the ramping to denature step, 72 °C to 95 °C, from the 35th 

thermal cycle. 

 

2.3 Results and Discussion 

 Frequency-encoded fluorescence detection has been previously used as a means for 

multiplexing fluorescence detection for DNA sequencing in capillary electrophoresis instruments 

and simultaneous determination of two color ligation-dependent probe amplification DNA 

fragments on a microfluidic device.81,82  We believed that this detection method could be a 

beneficial approach for multi-color detection in IR-qPCR as it would allow for filtering of the 

lamp background as well as reduce the amount of optics and detectors required to increase the 

applicability of this approach for point-of-care systems. 

 

2.3.1 Fluorescence and Heating System 
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Figure 2.1. – continued.  Schematic of instrumentation for frequency-encoded fluorescence 

detection during IR-qPCR.  Thermal cycling was performed using a tungsten lamp and 

compressed air for heating and cooling, respectively.  An Ar+ laser and DPSS laser were 

controlled and modulated by a chopper and TTL signal, respectively.  The laser pulses were 

focused into the microfluidic device and the emission retained the same frequency as the lasers.  

A single PMT was used to collect all photons and was demodulated via spectral analysis to 

determine the contribution from each component. 

  

The heating system for the IR-mediated PCR was identical to other reports.63,71,73  The 

fluorescence system was similar to our previously reported design for a single wavelength IR-

qPCR73 but now included two excitation sources, a 488-nm Ar+ laser and a 561-nm DPSS laser 

(Figure 2.1).  We found it necessary to incorporate a 650-nm short pass filter prior to the PMT to 

reduce the total photon flux from the lamp, ROX, and EvaGreen.  Without the filter, the PMT 

signal was saturated even at low gain hindering quantitation of the signals.  

 Initial tests of the system were performed by adding ROX to a DNA-laden amplification 

solution containing the dsDNA intercalating dye, EvaGreen, and using the IR-lamp to vary the 

temperature of the system.  As seen in Figure 2.2, an FFT of the resulting PMT signal showed 

major peaks at frequencies of 73- and 137-Hz, corresponding to the laser frequencies, and many 

peaks below 60-Hz.  The FFT of a blank PCR solution with the temperature held at 55 °C using 

a data collection rate of 5000-Hz showed only the low frequency signals, indicating that these 

were due to the pulsing of the IR lamp.  It is likely that the tungsten filament in the lamp did not 

have adequate response time to pulse at the 1000-Hz rate.   

The modulation frequencies of the lasers were selected to avoid odd order frequencies of 

each other because both the chopper and TTL modulation produced square wave light pulses that 

are recreated in the frequency domain as a continuous function of a sine wave with the same 

frequency as the square wave and the sum of odd ordered harmonics in an infinites series.  

Initially, laser frequencies of 53 and 71 Hz were used until it was found that the low frequency 

pulsing of the IR light contaminated these lower frequency signals.  Increasing the laser 

modulation to 73 and 137 Hz allowed the noise from the lamp to be digitally excluded in post 

processing.  Increasing the modulation frequency also produced larger gaps between harmonics, 

improving the signal to noise of each fluorophore.  These larger gaps should also allow for 

additional excitation frequencies to be added with greater ease in the future. It should be noted 
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that the number of signals possible to exist in a single experiment is still limited most likely by 

the dynamic range of the PMT rather than the frequency resolution in the Fourier domain.  

 

 

 

Figure 2.2.  Fast Fourier transform of DNA amplification.  The resulting FFT from a DNA 

amplification showing major peaks at 73 and 137 Hz corresponding to the modulation 

frequencies of the 488 and 561 nm lasers, respectively.  The low frequency peaks were due to the 

pulsing of the tungsten lamp. 

 

2.3.2 Frequency Modulated Fluorescence Detection 

 DNA amplification via PCR was then performed and the detection system was used for 

simultaneous measurement of DNA production using EvaGreen and ROX.  ROX is traditionally 

used in multiwell qPCR systems to correct for spatial differences in excitation and emission 

sensitivities as well as differences in intra-plate well volumes.75 In our single well microfluidic 

device, it was used to correct for differences in optical paths between devices resulting from 

variability in both device fabrication and location of the microfluidic chamber with respect to the 

excitation path.   
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Figure 2.3.  Spectrogram of two color DNA amplification. (A) The spectrogram from the entire 

PCR over 40 thermal cycles is shown.  The two frequencies at 73 and 137 Hz corresponding to 

the frequencies of the 488 and 561 nm lasers, respectively, can be seen in addition to the low 

frequency signals associated with the lamp (B) A zoomed-in view of two thermal cycles is 

shown with the times corresponding to the stages of PCR shown on the right y-axis. 

 

 The magnitude of all frequencies as a function of time is shown in the spectrogram in 

Figure 2.3A, with the magnitude of the intensities ranging from blue to dark red as shown by the 

scale bar.  There is a small amount of drift in the frequency of the 73 Hz signal, which is 

attributed to drift in the frequency of the chopper used to modulate the 488 nm laser.  The 

frequency of the 561 nm laser was more stable at 137 Hz because of the TTL-modulated control.  

The magnitude of the 73 Hz signal can be seen increasing throughout the run as more DNA was 

amplified.  The strong pulses of intensity occur during the annealing stages where most dsDNA 

is present.  Figure 2.3B shows a zoomed-in view from 1705 – 1820 s corresponding to two 

thermal cycles.  At ~1720 s, a hold at 95 °C occurred that produced an increase in the magnitude 
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of frequencies < 60 Hz because of the lamp pulsing.  Also noticeable was the relatively small 

signal at 73 Hz as most DNA was single stranded at this temperature.  Following the hold at 95 

°C, the temperature was reduced to 55 °C for annealing with a concomitant attenuation in the 

signal at low frequencies and an increase in the 73 Hz signal as dsDNA was produced.  Ramping 

to extension occurred quickly and at ~1745 s, a 10 s hold at 72 °C began, where the low 

frequency component from the lamp pulsing can again be observed with an intermediate 

magnitude of the signal at 73 Hz.  An increase in temperature to 95 °C for denaturation then 

occurred where the very low frequency component was high due to the lamp being on at full 

power; however the lamp was not pulsing, resulting in the smaller range of low frequencies in 

comparison to the temperature holding stages. In the spectrograms shown in Figure 2.3A and 

2.3B, the isolation of the fluorescence signals from the low frequency signals can be seen.  A 

more conventional view of the traces is shown in Figure 2.4.  The magnitude of the extracted 

signal at 73 Hz is shown in green and from 137 Hz shown in orange with both plotted on the left 

y-axis while the temperature is shown in red and plotted on the right y-axis.  The traces from 73 

and 137 Hz correlate well with expected trends for EvaGreen and ROX, respectively.  
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Figure 2.4. – continued. Extracted fluorescence signals plotted with temperature.  The extracted 

signals from 73 (green) and 137 Hz (orange) are plotted on the left y-axis and shown as a 

function of time with temperature shown in red and plotted on the right y-axis. 

 

2.3.3 DNA Quantitation 

 

 

 

Figure 2.5.  Quantification of DNA (A) The average normalized fluorescence from 104, 105, 

106, and 107 starting copies (blue, green, yellow, and red, respectively) are plotted as a function 

of cycle number.  The horizontal line indicates the threshold fluorescence value.  The inset 

shows threshold cycle as a function of log starting copy number.  The line shown is the best-fit 

linear curve of the data points (B) A melting curve from the 35th cycle was obtained using data 

from the 73 Hz signal from 72 – 95 °C and showed a peak at 82 °C corresponding to the melting 

temperature obtained from a commercial instrument. 

 

To demonstrate DNA quantitation, the baseline-corrected and normalized data during the 

extension phase for each thermal cycle was plotted versus cycle number (Figure 2.5) from 

samples containing different amounts of starting template copies (purple, 104; orange, 105; dark 
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cyan, 106; brown, 107).  Similar to the use of ROX in multiwell plates to correct for well-to-well 

differences in fluorescence sensitivies, the use of ROX in this system was used to account for 

variances in fluorescence sensitivies due to chip-to-chip and run-to-run differences in chip 

fabrication and laser placement, respectively.  These curves gave the expected trend of an initial 

low fluorescence followed by an exponential increase in the signal at a particular threshold cycle 

with a plateau occurring at later cycles.  The inset of Figure 2.5A indicates that the fluorescence 

at the threshold cycle was linear as a function of the log of staring copies (Y = -3.41X + 38.58) 

and produced an efficiency of 96%.  A melt curve (Figure 2.5B) was used to confirm the 

specificity of the amplified product and showed a peak at 82 °C which agreed with the melt 

temperature found using a conventional thermal cycler. 

 

2.3.4 Dual-color TaqMan amplification 
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Figure 2.6. – continued. Multiplexed TaqMan probe amplification. (A) A spectrogram detailing 

all frequencies detected as a function of time during amplification of ACTB and RN18S1. The 

frequencies of signals from the ACTB and RN18S1, 73 Hz and 137 Hz respectively, increase in 

magnitude as the amplification progresses. (B) The fluorescence of the FAM (green) and 

TAMRA (green) as a function of cycle number is shown. These signals were obtained by 

extracting the magnitude of the 73 Hz and 137 Hz frequencies during the annealing stage of each 

thermocycle. 

  

To further demonstrate the utility of the method, two housekeeping genes, ACTB and 

RN18S1 in human genomic DNA were simultaneously amplified using TaqMan probes.  The 

fluorophores chosen for the probes were FAM and TAMRA which have similar excitation 

profiles as EvaGreen and ROX used in the pUC19 experiments.  The spectrogram (Figure 2.6A) 

of the resulting amplification shows the magnitude of the frequencies corresponding to FAM (73 

Hz) and TAMRA (137 Hz) fluorescence increasing as the run progressed.  Figure 2.6B shows a 

more classical view of the two fluorescence traces plotted as a function of cycle number.  The 

green trace represents FAM, while the yellow trace represents TAMRA.  This successful 

amplification further indicates the functionality of this method, which should be expandable to 

more fluorophores. 

 

2.4 Conclusion 

 In this study, frequency modulated fluorescence detection was used to detect multiple 

fluorophores during IR-qPCR.  This detection method is ideally suited for IR-qPCR because of 

its inherent ability to remove lamp background signal and reduce the complexity of the 

fluorescence detection system potentially leading to inexpensive, multiplexed point-of-care 

systems.  The total number of fluorophores that can be incorporated continues to be limited by 

overlap of excitation spectra, similar to other multiplexed fluorescence systems, but it is 

anticipated that the ability to detect multiple fluorophores will allow for increased throughput 

and more reproducible IR-qPCR analyses. 
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CHAPTER 3 

 

FREQUENCY MODULATION FOR MULTIPLEXING FLUORESCENCE 

ANISOTROPY IMMUNOASSAYS 

 

3.1 Introduction 

 Multiplexing of chemical assays is useful for increasing the information that can be 

attained from a single analysis.  Fluorescence based assays have previously been multiplexed for 

multiple applications, spanning the detection of a panel of oligonucleotides in polymerase chain 

reaction (PCR),79 to distinguishing between nucleotides in DNA sequencing experiments,23 or to 

detecting multiple analytes in an immunoassay.30-32 Typical multi-color fluorescence 

measurements rely on splitting the wavelengths corresponding to the individual fluorophores by 

the use of either a monochromator or mirrors.  For the case of mirrors new optics and detectors 

must be added for each additional fluorophore, as a result the complexity of the optical system 

scales for each new detection channel. The increase in complexity has repercussion with respect 

to the cost of experiment and also in regards to practical facets, particularly loss of photons due 

to inefficient optics. Monochromator based methods limit the photons detected by narrowly 

selecting an emission band. Colorblind detection methods such as pulsed multiline excitation,23 

discrimination by fluorescence lifetimes,24 and frequency modulation25,33 offer a potential 

solution to these issues.  

 Frequency modulation is particularly attractive because it requires no additional optical 

components, except for an optical chopper to modulate the exciting lasers.25 This method 

functions by pulsing lasers, specific to the excitation of individual fluorophores, at non-harmonic 

frequencies to encode the emission at the same frequency. The emission of these fluorophores 

can then be collected on a single photodetector and can then be demodulated using Fourier 

analysis.33 Besides the advantage of utilizing less detectors and optics, frequency modulation 

also benefits from an increased signal to noise (S/N) due to inherent frequency filtering which 

allows the signal of interest to be isolated from other signals that may be present.   Frequency 

modulation has previously been used for DNA sequencing25 and multicolor PCR detection.33 As 
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shown in this work, this methodology can also be applied to fluorescence anisotropy to increase 

the S/N as well as reduce the complexity of the optical system.  

 As previously discussed, fluorescence anisotropy is a measure of the degree the of 

polarization of the emitted light. It is a commonly employed in high-throughput screening, as 

well as a myriad of ligand binding assays84-88. Fluorescence anisotropy is measured by exciting a 

sample with vertically polarized light and then splitting the resulting emission into the vertical 

and horizontal polarizations. Anisotropy is expressed as: 

 � =  ��� − � ∗ ������ + � ∗ ��� 

 

Where IVV is the vertically polarized emission, IVH is the horizontally polarized emission, and G 

is a correction factor for the sensitivities of the detection system to differing polarizations. 

Traditionally, this measurement is made by splitting the horizontal and vertical components off 

to individual detectors for each polarization. However, if this measurement was to monitor 

multiple fluorophores, two additional detectors would be needed for each new fluorophore. 

Frequency modulation can be used to the address this problem. 

 In this report we demonstrate an inflow, two analyte fluorescence anisotropy 

immunoassay on a microfluidic device, multiplexed by frequency modulation. The assay was 

developed for insulin and glucagon, two hormones released from the pancreatic islets of 

Langerhans, and involved in blood glucose regulation. We first demonstrate the ability to 

decrease the LOD for the individual assays utilizing this method. Subsequently, the individual 

assays are integrated, to demonstrate the first multi-color fluorescence anisotropy immunoassay 

on a microfluidic device to my knowledge.  

 

3.2 Materials and Methods 

3.2.1 Chemicals and Reagents 

Ammonium hydroxide (NH4OH), Tween-20, potassium chloride (KCl) and hydrofluoric acid 

(HF) where purchased from EMD Chemicals (San Diego, CA). Sulfuric acid (H2SO4), nitric acid 

(HNO3) and hydrogen peroxide (H2O2) were purchased from Avantor Performance Materials 

(Center Valley, PA). Dextrose and sodium borate (Na2B4O7•10H2O) were purchased from Fisher 
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Scientific (Pittsburgh, PA). Monoclonal antibody to insulin c-terminal (InsAb) was purchased 

from Meridian Life Science, Inc. (Saco, ME). Glucagon antibody (GAb), K79bB10, glucagon 

(Glu), G2044, and all other reagents were purchased from Sigma-Aldrich (Saint Louis, MO). 

The labeled insulin (I*) with cyanine-5 (Cy-5) was previously described (Appendix B). 

Fluorescein isothiocyanate labeled glucagon (G*) was purchased from Bachem Americas, Inc. 

(Torrance, CA). Borate buffer was made by adding 20 mM Na2B4O7•10H2O buffered to pH 9.4 

with 0.1% Tween-20 (w/v) and 1 mg/mL BSA in deionized water (DI). BSS was made by adding 

2.4 mM CaCl2, 125 mM NaCl, 1.2 mM MgCl2, 5.9 mM KCl, 25 mM Tricine buffered at pH 7.4 

with 0.1% Tween-20 (w/v), and 1 mg/mL BSA in DI. 

 

3.2.2 Device Fabrication 

Devices were fabricated using photolithography and wet etching. A 5 in x 5 in piece of glass 

purchased from (Telic Co., Valencia, CA) coated with chrome and AZ1500 photoresist, was 

exposed to 15 s of 18 mW cm-1 collimated UV light generated with a UV source (OAI, San Jose, 

CA)  though a photomask printed by Fineline Imaging (Colorado Springs, CO). The photomask 

was designed in Adobe Illustrator (San Jose, CA) to allow the UV light to become incident on 

the portions of photoresist/glass where the channels would later be formed. The photoresist in the 

exposed regions was then removed using AZ 400K Developer (AZ Electronic Material Corp., 

Somerville, NJ) and the chrome underneath was subsequently removed with chrome etching 

solution (CR-7S, Cyantek Corp., Fremont, CA) leaving bare glass exposed. The glass was etched 

utilizing a solution of 5:1:3 H2O:HNO3:HF for approximately 60 min leaving channels 

approximately 50 μm deep. The devices were then cut to shape using diamond coated tile saw 

and access holes were drilled using 0.02 in S20FD diamond tipped drill bit (Wolfco Inc., Bozrah, 

CT). The remaining photoresist and chrome were removed with acetone and chrome etchant. The 

dimensions of the channel were measured by a SJ-410 surface profiler (Mitotoyo Corporation, 

Aurora, IL). After measuring the etched glass, a symmetrical blank piece of glass was cut to 

match the etched pieces. Both etched and blank glass pieces were then cleaned in a 3:1 (v:v) 

solution of H2SO4:H2O2 for 45 min followed by another 45 min in 5:1:1 (v:v:v) of 

H2O:NH4OH:H2O2 at θ0 ˚C. Finally, the two pieces of glass were aligned and bonded at θ40 ˚C 

for 8 hrs. Connections to the device were made using N-131-01 port assemblies (Idex Health & 

Science, Oak Harbor, WA) bonded to the device using LS-Epoxy (Lab Smith, Livermore, CA). 
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Connections to the ports were made using P-380 flangeless fittings (Idex) and P-259 ferrules 

(Idex), which connected 0.02 in i.d. Tygon tubing (Cole-Palmer, Vernon Hills, IL).  The Tygon 

tubing was connected on the opposite end by a 23 gauge stainless steel dispensing needle 

(McMaster-Carr, Atlanta, GA) connected to a BD Plastic luer-lock syringe (Becton, Dickinson 

and Company, Franklin Lake, NJ).  A 1 mL syringe was used to provide flow of analyte solution 

by gravity flow. The syringe was filled to the 100 μL mark. The flow rate was measured to be 

1μL/min by monitoring the mass as DI was flowed through the device.  

 

3.2.3 Instrumentation 

Fluorescence detection was achieved via epifluorescence on an Eclipse TS-100 microscope 

(Nikon Instruments, Inc., Melville, NY). Excitation was provided by a 635 nm Radius diode 

laser (Coherent Inc. Santa Clara, CA) and a 488 nm diode pumped solid state (DPSS) laser (85-

BDD-050-002, Melles Griot, Carlsbad, CA) which were made collinear by a 505 nm dichroic 

mirror (Thorlabs, Inc., Newton, NJ). A variable neutral density filter (ThorLabs, Inc.) reduced 

the power of the 635nm laser from 25mW to 2.5 mW and a neutral density filter (0.5 OD) 

reduced the laser power of the 488 nm laser from 27.6 mW to 8.8 mW. An optical chopper 

(MC2000, ThorLabs, Inc.) was used to modulate the 635 nm laser at 73 Hz and the 488 nm laser 

was modulated at 137 Hz. The lasers were aligned and brought into the back of the microscope 

by a series of mirrors. A linear polarizer (LPVIS100-A, ThorLabs, Inc.) was placed just before 

the laser beam entered the microscope to ensure the linear polarity of the exciting light. The 

excitation light was made incident on XF2054 triple band dichroic mirror (Omega Optical, Inc., 

Brattleboro VT) which reflected the light up into the objective. The exciting light was focused 

onto the device utilizing a 40X, 0.60NA CFI S Plan Fluor ELWD Nikon objective. The emitted 

light was then collected via the same objective and passed through the same dichroic and a quad-

bandpass filter (446-523-600-677 Brightline, Semrock, Inc., Rochester, NY) where it was 

transmitted through the microscope to a dual channel photometer (Photon Technologies 

International, Edison, NJ). Inside the photometer the light passed through a 635nm notch filter 

(ZET635NF, Chroma Technology Corp., Bellow Falls VT) and was then split into the vertical 

and horizontal components of the light by a polarizing beam splitter (PBS101, ThorLabs, Inc.). 

The horizontal and vertical portions of the emission where then filtered by linear polarizers 

before being detected by separate photomultiplier tubes, PMTs, (R928, Hamamatsu Photonics, 
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Middlesex, NJ).  Signal was measured from the PMTs with a NI-PCIe 6321 and controlled by an 

in-house written LabView program at an acquisition rate of 1000 Hz. The optical set up can be 

seen in Figure 3.1.  

 

 

Figure 3.1. Schematic of the optical set-up for frequency modulated fluorescence detection. The 

635 nm laser was pulsed by a chopper at 73 Hz and the 488 nm laser was pulse by TTL at 137 

Hz. The lasers were made collinear with a 505 nm dichroic and used to excite the sample in the 

microfluidic device. The emission retains the frequency of the exciting lasers and the horizontal 

and vertical components of the light are split onto their own individual PMTs. 

 

 Temperature on the device was controlled by a thermoelectric cooler (TEC) (05001-

9C30-35RU7F, Custom Thermoelectric, Bishopville, MD) and heat from the TEC was dissipated 

using an aluminum CPU heat sink that was cut to size and bonded with thermal paste (Arctic 

Silver, Inc. Visalia, CA). Temperature was measured by an SAI-J thermocouple (Omega 

Engineering, Inc., St, Stamford, CT) placed underneath the microfluidic device where the 
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thermocouple was positioned.  The power to the TECs was controlled using a power supply 

(382202, Extech Instruments, Nashua, NH) and a FTC100D temperature controller (Accuthermo 

Technology, Fremont, CA), which ran through an Accuthermo FTX100D H-Bridge amplifier. 

 

3.2.4 Data Analysis 

 Data were collected from the PMT at 1000 Hz. Data for the immunoassays were 

collected in 10 sec intervals and analyzed by a custom LabVIEW program. The program 

imported the data and performed a fast Fourier transform (FFT) of the first 2048 points of data 

and then proceeded to scan across the remainder of the data with 1024 points of overlap. The 

magnitudes of the peaks of interest were extracted and plotted as a function of time. These points 

from both horizontal and vertical PMTs could then be used to calculate the anisotropy. G factor 

was assumed as 1 for the calculation of anisotropy (See Appendix C). 

 

3.3 Results and Discussion 

3.3.1 Frequency Modulation 

 Frequency modulation functions by pulsing the exciting lasers for each fluorophore at 

separate and non-harmonic frequencies. The resulting emission will also pulse at the same 

frequencies and be detected simultaneously on a single detector, such as a photomultiplier tube 

(PMT). Once the signals are collected Fourier transform can be used to extract the signal for 

each individual fluorophore. This methodology will work as long as the period of the lasers is 

longer than the fluorescence lifetime, the modulated frequencies are not present from another 

signal, such as the 60 Hz from powerlines, and the detector can resolve the modulation 

frequencies. Choppers can readily modulate the emission of any laser that does not have TTL 

capabilities. These signals are on/off signals or square waves, as a result only the odd ordered 

harmonics are present due to the Gibb’s phenomenon.  

 The frequencies of 73 Hz and 137 Hz were selected for several reasons. The periods are 

longer than the fluorescence lifetime of fluorescein isothiocyanate (FITC) and Cy-5. The 

frequencies chosen were well below the Nyquist frequency of the detection system, which was 

500 Hz. It is important to note the precise timing between data points is necessary for accurate 

Fourier transforms. Both selected frequencies are prime numbers which reduces the possibility of 

harmonics from elsewhere in the detection interfering with the signals of interest. The 
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frequencies are also large enough that wide gaps are left in the harmonics to add additional 

frequencies if other fluorophores and assays are desired. Additionally, the resulting signal on the 

PMT is effectively offset and does not drop below zero, causing low frequencies to be present in 

the frequency spectrum. The magnitudes of all frequencies present during analysis are shown in 

Figure 3.2A.  

 

3.3.2 Cross-talk 

 

 

 

Figure 3.2. Fourier transforms of selected samples. (A) A Fourier transform of the two-color 

anisotropy, where the components from both fluorophores are clearly visible and labeled. The 3rd 

order harmonic of the 73 Hz signal can be seen at 219 Hz. (B) A Fourier transform of signal 

from the blank, consisting of borate buffer. (C) 50 nM I* excited with both lasers. (D) 50 nM 

G*excited with both lasers.  

 

With any multiplexing of fluorescence assay, cross-talk is a concern. Cross-talk is 

spectral bleed-through of signal from a fluorophore in a detection channel that is intended to be 
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independent90, 91.  In a traditional dichroic or diffraction set up this can be caused by inefficient 

optical splitting of wavelengths or overlap in emission spectra; however, in frequency 

modulation cross-talk can only occur due to the overlap in excitation spectra of the fluorophores. 

Because of overlap of excitation spectra, frequency modulation is still limited in the number of 

fluorophores in much the same way as traditional multiplex fluorescence systems.  

The system was evaluated for cross-talk by detecting each fluorescent molecule with both 

exciting lasers pulsed. Upon analysis, no detectable cross-talk between the two channels was 

found. Figure 3.2 B-D shows the cross-talk analysis. Figure 3.2 B shows a blank solution of 

borate buffer with both lasers. A small peak can be discerned at 137 Hz which is attributed to 

scatter. Figure 3.2 C shows 50 nM I* with both 635 nm and 488 nm lasers. The 73 Hz signal 

from the fluorophore is present as well as a 137 Hz signal which was of the same magnitude as 

the signal present in the blank. Figure 3.2 D shows 50 nM G*, 137 Hz is clearly present however 

the 73 Hz is not discernable from the noise in this measurement.  

Additionally, as the signals from both fluorophores are collected on the same detector, 

the dynamic range of the detector can become limiting if the combined signals from the 

fluorophores exceed the available range. Frequently, the analytes of interest to be measured are 

not present in equal amounts, requiring different amounts of immunoassay reagent. As the result, 

the high abundant species can displace the signal from the lower concentration analytes. This 

example occurs when measuring the secretion of glucagon, which occurs in smaller amounts, 

with more abundantly secreted insulin92. To circumvent the restrictions on the dynamic range, 

the abundantly secreted species was reported by a dye with a lower quantum yield than the dyes 

for the less abundant species. The concentration of G* was 7.5 nm while the concentration of I* 

was 22.5 nM. The quantum yield of FITC is ~0.9 and it is therefore much brighter than Cy5 

whose quantum yield is ~0.3. This allowed both fluorophores to be collected with sufficient 

signal and without exceeding the dynamic range of the detector.  

 

3.3.3 Comparison of Conventional vs Frequency Modulated 

To demonstrate the improvement in S/N ratio the insulin immunoassay was performed 

with normal acquisition, in absence of frequency encoding, and compared when collected with 

frequency modulation. The immunoassays reagents, I* and IAb, were both at 25 nM in borate 

buffer with the insulin calibration standards consisting of 0, 10, 25 50 and 200 nM. The use of 
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frequency modulation reduced the standard deviation of the measurement by 20 fold, and 

subsequently the LOD as well. The limit of detection improved from 10 nM to 50 pM by 

frequency modulating the acquisition of the fluorophore. Figure 3.3A shows the non-modulated 

assay and Figure 3.3B shows the modulated assay.

 

 

 

Figure 3.3. Comparison of modulated vs non-modulated anisotropy curves. (A) Non-modulated 

fluorescence anisotropy immunoassay of insulin. The LOD for this curve was 10 nM and the 

standard deviations are notably higher than the modulated assay (B) Frequency modulated 

fluorescence anisotropy immunoassay of insulin. The LOD was 500 pM and the standard 

deviation are 20 fold lower than the unmodulated assay. 

 

To demonstrate the ability for this method to multiplex, both an insulin and glucagon 

immunoassay were run and detected simultaneously. The insulin immunoassay reagents were at 

the same concentrations previously used, 25 nM I* and 25 nM IAb. The glucagon immunoassay 

reagents were 7.5 nM G* and 22.5 nM GAb. This ratio was chosen to provide a higher 

sensitivity of the immunoassay at lower concentrations (See Appendix D). The resulting 

calibrations resulted in a 100 pM LOD for insulin and a 1 nM LOD for glucagon (Figure 3.4). 

These LODs should be sufficient for monitoring single islets on a microfluidic device. The assay 

also shows a decrease in the LOD for glucagon which was 10 nM in previous assays. 
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Figure 3.4. Multiplexed fluorescence anisotropy immunoassay of insulin and glucagon. A 

calibration plot of insulin and glucagon was made simultaneous measuring both signals using 

standards of 0, 10, 25, 50, 100, 200 nM insulin and glucagon. The resulting limits of detection 

are 100 pM for insulin and 1nM for glucagon. 

 

3.4 Conclusion 

 Frequency modulation was used to multiplex a fluorescence anisotropy on a microfluidic 

device. This was demonstrated by a two analyte fluoresce anisotropy immunoassay for insulin 

and glucagon. This methodology allows for the reduction in optics required to run multi-

fluorophore anisotropy assays as well as results in an increase S/N ratio and a lower limit of 

detection for the anisotropy assays. This presents the first inflow multi-color anisotropy assay on 

a microfluidic device. It is anticipated that an assay such as this can be expanded to an online 

format for the real-time measurements of secretion from an islet of Langerhans. Additionally, 

this methodology could be expanded to other anisotropy assays for enhanced LODs and 

multiplexing.   
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CHAPTER 4 

 

FLUORESCENCE ANISOTROPY IMMUNOASSAY FOR ONLINE 

MEASUREMENT OF ISLET SECRETION 

 

4.1 Introduction 

Real-time monitoring of cellular secretion is vital for the investigation of biological 

networks and communication.89-92 The elucidated secretion profiles can yield insight into the 

function of a cell as a response to environmental stimuli and perturbations of cellular secretions 

in a diseased state can be used to help diagnose and understand cellular malfunction.93-95 In turn, 

the development of analytical methods that would allow us to monitor the molecular release in a 

real-time is of great importance. 

Microfluidics have been instrumental in the development of assays for monitoring 

cellular secretion.96-99  The ability to manipulate small volumes allows for precise control over 

the microenvironment the cell is exposed to allow for unique opportunities to study the response 

of the biology. Additionally, the small volumes and low flow rates mitigate sample dilution, 

permitting studies on smaller numbers of cell and even single cell scale.7-8 Also, the automation 

which comes from integrating multiple analysis steps on a microfluidic device allows for the 

detection of small quantities of analytes with high temporal resolution and inter-experiment 

robustness.9-10, 96  

A class of popular methodologies for measuring cellular secretion on microfluidic 

devices are immunoassays (IAs).45-47 The principle of an IA revolves around the use of a high 

affinity antibody to target a molecule of interest. The subsequently formed complex is used to 

report on the presence of an analyte in the sample. IAs are attractive due to their ability to 

achieve low limits of detection and function in a high-salt matrix necessary for cellular viability. 

The specificity of the antibody for the analyte also renders the assay insensitive to the multitude 

of other molecules and potential analytes that exist in the media, and could be co-secreted.100  

IAs can be conducted in several schemes that are broadly categorized as homogeneous or 

heterogeneous.100 In a heterogeneous assay, the antibody is bound to the solid phase while the 

homogeneous assay has both the antibody and the target in the solution phase. When performing 
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cell secretion studies, it is often desirable to acquire measurements with a high temporal 

resolution.  In the heterogeneous assay scheme, this necessitates regeneration of the antibodies 

attached to the solid surface whereas homogenous assays can iteratively sample fresh reagents 

and do not require additional steps between assays. As a result homogenous assays can be 

automated and run iteratively allowing increased temporal resolution.  

Several detection schemes can be used for the integration of homogenous microfluidic 

immunoassays.  In the past, multiple studies have utilized electrophoretic IAs for the 

measurement of hormones released by pancreatic islets.32,96 These assays function by having the 

cellular secretion mix with the antibody (Ab) and a fluorescently labeled antigen (Ag*).  The 

labeled antigen then competes for binding sites with the antigen of interest. The use of 

electrophoretic separations in hand with fluorescence detection allows for a separation of the 

bound (B) and free (F) immunoassay species, whose ratio (B/F) quantitatively reports on the 

presence of the analyte or antigen of interest.  Electrophoretic separations are readily integrated 

into microfluidics and the small dimensions permits rapid analysis times. However, the culturing 

of the cells adjacent to an applied high electric field may jeopardize cell viability.97 Additionally, 

the electric field has been shown to adversely affect the antibody-antigen complex, potentially 

harming the limits of detection.58,  101 Finally, the need to optimize separation conditions on top 

of assay conditions, such as pH, buffer concentration and temperature, adds additional 

complexity when attempting to monitor multiple peptides. 

An alternative method is the use of a fluorescence anisotropy immunoassay (FAIA).54,87 

FAIA allows for the monitoring of the B/F ratio by measuring the rotation of the labeled antigen, 

which is faster when free and slower when bound giving a direct report of the B/F.  Fluorescence 

anisotropy is an appealing readout method over electrophoretic immunoassays as it bypasses the 

use of electric fields and separation steps. In turn this allows a simpler device design, and 

eliminates electric field based concerns. To illustrate the methodology, we employ the FAIA to 

measure insulin release from a single pancreatic islet housed on a microfluidic device.  

 

4.2 Materials and Methods 

4.2.1 Chemicals and Reagents 

Ammonium hydroxide (NH4OH), Tween-20, potassium chloride (KCl) and hydrofluoric 

acid (HF) were purchased from EMD Chemicals (San Diego, CA). Sulfuric acid (H2SO4), nitric 
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acid (HNO3) and hydrogen peroxide (H2O2) were purchased from Avantor Performance 

Materials (Center Valley, PA). Dextrose and sodium borate (Na2B4O7•10H2O) were purchased 

from Fisher Scientific (Pittsburgh, PA). Monoclonal antibody to insulin c-terminal (Ab) was 

purchased from Meridian Life Science, Inc. (Saco, ME). All other reagents were purchased from 

Sigma-Aldrich (Saint Louis, MO). The insulin was labeled with Cyanine-5 (Cy-5) in a method 

previously described. Borate buffer was made by adding 20 mM Na2B4O7•10H2O buffered pH 

9.4 with 1 mg/mL BSA and 0.1% Tween-20 (w/v)  in deionized water (DI). BSS buffer was 

composed of 2.4 mM CaCl2, 125 mM NaCl, 1.2 mM MgCl2, 5.9 mM KCl, 25 mM Tricine 

buffered at pH 7.4 with 1 mg/mL BSA. 

 

4.2.2 Microfluidic Device Fabrication 

Devices were created using photolithography and wet etching. A 5 x 5 in pieces of glass 

(Telic Co., Valencia, CA) coated with chrome and AZ1500 photoresist was exposed to 15 s of 18 

mW cm-1 collimated UV light generated with a UV source (OAI, San Jose, CA) though a 

photomask (Fineline Imaging, Colorado Springs, CO). The photomask was designed in Adobe 

Illustrator (San Jose, CA) to allow the UV light to become incident on the portions of 

photoresist/glass where the channels would later be formed. The photoresist in the exposed 

regions was then removed using AZ 400K Developer (AZ Electronic Material Corp., Somerville, 

NJ) and the chrome underneath was subsequently removed with chrome etching solution (CR-

7S, Cyantek Corp., Fremont, CA) leaving bare glass exposed. The glass was etched utilizing a 

solution of 5:1:3 H2O:HNO3:HF for approximately 60 min leaving channels approximately 50 

microns deep. The devices were then cut to shape using diamond coated tile saw and access 

holes were drilled using 0.02 in diamond tipped drill bit (S20FD, Wolfco Inc., Bozrah, CT). The 

islet chamber was drilled with a 0.012 in diamond bit (M12, Wolfco Inc.). The remaining 

photoresist and chrome are removed with acetone and chrome etchant. The dimensions of the 

channels were measured by a SJ-410 surface profiler (Mitotoyo Corporation, Aurora, IL). After 

measurement the etched glass, a symmetrical blank piece of glass was cut to match the etched 

pieces. Both etched and blank were then cleaned in a 3:1 (v:v) solution of H2SO4:H2O2 for 45 

min followed by another 45 min in 5:1:1 (v:v:v) of H2O:NH4OH:H2O2 at θ0 ˚C. Finally, the two 

pieces of glass were aligned and bonded at θ40 ˚C for 8 hrs. 
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The islet chamber consists of a 304 µm drilled access hole resulting in an islet chamber 

with a volume of 75 nL. A flangeless connection was then tightened over the chamber with a 

polycarbonate plug filling the hole which normally allowed tubing connections to be made. This 

design allowed islets to be loaded and removed from the chamber before and after the 

experiment and provided a sealed chamber during analysis. Loading the islets was performed by 

flowing 3 mM glucose in BSS for 5 min to fill the islet chamber and then stopping all flows. The 

islet was then carefully loaded and the flow from all syringes was then turned back on and the 

flangeless nut was slowly tightened to ensure no air pockets were trapped underneath.  

 

4.2.3 Temperature Control 

Temperature was regulated by placing the device on a copper plate fitted with four 

thermoelectric coolers (TEC) elements (TEC1-12706, Amazon). The TECs were attached to the 

four corners of the copper plate using epoxy (8331 silver epoxy, MG Chemicals, Ontario, 

Canada). The temperature gradient on the top side of the TEC was dissipated by 45 x 10 x 45 (L 

x D x W) mm aluminum fins. The microfluidic device was placed in the center of the copper 

plate and detection was enabled by a window cut into the plate.  Temperature was measured by 

an SAI-J thermocouple (Omega Engineering, Inc., Stamford, CT) placed on top of the 

microfluidic device.  The power to the TECs was controlled using an 382202 power supply 

(Extech Instruments, Nashua, NH) and a FTC100D temperature controller (Accuthermo 

Technology, Fremont, CA), which ran through an Accuthermo FTX100D H-Bridge amplifier.  

The temperature was validated to be 3θ.η ˚C by a T-240C micro-thermocouple (Physitemp 

Instrument, Inc., Clifton, NJ) connected to a TAC80B-T thermocouple to analog converter 

(Omega Engineering, Inc., Stamford, CT) placed into the islet chamber. 

 

4.2.4 Perfusion System 

For the perfusion of the stimuli, the reagents were loaded into syringes that were 

suspended using a pulley attached to a support board105. The pulley system was attached to a 

stepper motor (Phidgets, Calgary, Alberta, Canada and controlled by a LabView program 

(National Instruments, Austin, TX). The connections to the chip were made using N-131-01 

ports (Idex Health & Science, Oak Harbor, WA) which were bonded using LS-Epoxy (Lab 

Smith, Livermore, CA). Connections to the ports were made using P-380 flangeless fittings 
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(Idex) and P-259 ferrules (Idex), which connected 0.02 in i.d. Tygon tubing (Cole-Palmer, 

Vernon Hills, IL).  The Tygon tubing was connected on the opposite end by a 23 gauge stainless 

steel dispensing needle (McMaster-Carr, Atlanta, GA) connected to a BD Plastic luer-lock 

syringe (Becton, Dickinson and Company, Franklin Lake, NJ). The syringes containing the 

antibody (75nM) and labeled insulin (75nM) were 5 mL syringes suspended on a ring stand and 

filled to the 1 mL mark. The syringes containing calibration and perfusion solutions were 60 mL, 

filled to the 5 mL mark and suspended by a self-built pulley system described earlier.  

 

4.2.5 Detection System 

Detection was achieved via epifluorescence, with the microfluidic device on the stage of 

an Eclipse TS-100F microscope (Nikon Instruments, Inc., Melville, NY). Excitation was 

provided by a 635 nM Radius laser (Coherent Inc. Santa Clara, CA), which was aligned and 

brought into the back of the microscope via a series of mirrors. A variable neutral density filter 

(ThorLabs, Inc., Newton, NJ) reduced the power of the initial beam from 25 mW to 2.5 mW and 

a linear polarizer (LPVIS100-A, ThorLabs, Inc.) was placed just before the laser beam entered 

the microscope. The laser was made incident on XF2054 triple band dichroic mirror (Omega 

Optical, Inc., Brattleboro VT) which reflected the light up into the objective. The excitation light 

was focused onto the device utilizing a 40X, 0.60NA CFI S Plan Fluor ELWD Nikon objective. 

The emitted light was then collected via the same objective and passed through the same dichroic 

and a quad-bandpass filter (446-523-600-677 Brightline, Semrock, Inc., Rochester, NY) where it 

was transmitted through the microscope to a two channel photometer (Photon Technologies 

International, Birmingham, NJ). Inside the photometer the light passed through a 635nm notch 

filter (ZET635NF, Chroma Technology Corp., Bellow Falls VT) and was then split into the 

vertical and horizontal components of the light by a polarizing beam splitter (PBS101, ThorLabs, 

Inc.) and sent to separate PMTs for detection. Prior to being made incident on the PMTs, the 

horizontal and vertical components each passed their own separate linear polarizers before being 

detected by their own individual photomultiplier tube (R928, Hamamatsu Photonics, Middlesex, 

NJ). Data were acquired by interfacing the PMTs via a NI-PCIe 6321 data (National 

Instruments) acquisition card and controlled by a LabView program written in house. The axis 

calibration, arrival time, and response time measurements by a single continuous acquisition at 5 

Hz. Figure 4.1 shows a schematic of the detection system. 
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Figure 4.1. Schematic of the optical set-up for fluorescence anisotropy detection on a microchip.  

The 635 nM laser provided linearly polarized excitation which was directed into the objective by 

a dichroic mirror. The resulting emission was collected through the same objective which 

provided excitation and split into its horizontal and vertical components to be detected on 

separate PMTs. 

 

4.2.6 Preparation of Iislets 

Islets of Langerhans were isolated from male CD-1 mice (25–40 g) as described 

previously99. The protocol for isolation of islets was in compliance with institutional guidelines 

and approval was obtained from Florida State University’s Animal Care and Use Committee 

(protocol 1519). Isolated islets were incubated in RPMI-1640 media containing 11 mM glucose, 
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L-glutamine, 10% Cosmic Calf Serum, 1% penicillin/streptomycin, and 0.1% gentamicin at 37 

˚C and η% CO2. A single islet was then removed and placed in the microfluidic device where 

they were rinsed with BSS containing 3 mM glucose for 5 min before experiments commenced. 

 

4.3 Results and Discussion 

4.3.1 Fluorescence Anisotropy Immunoassay 

Fluorescence anisotropy is measured by exciting a sample with vertically polarized light and 

measuring the amount of horizontal and vertical emission which results50. Anisotropy is 

calculated as: � =  ��� − � ∗ ������ + � ∗ ��� 

Where r is anisotropy, IVV is the vertical emission and IVH is the horizontal emission. Anisotropy 

can also be expressed as: � = �0+ �⁄  

Where r0 is the fundamental anisotropy, τ is the fluorescence lifetime, and  is the rotational 

correlation time, which is determined by the viscosity, molecular volume and temperature of 

solution.  When the antibody binds to the labeled antigen the apparent molecular volume of the 

molecule increases and the rotation of the molecule slows down.  Since, the temperature and 

viscosity can be held constant the average anisotropy of the total solution reports back directly 

on the B/F ratio. Expressed as: 

 � = ∑ � � + ���� 

 

Where fb is the fraction of molecules bound as a complex, rb is the anisotropy of those molecules, 

ff is the fraction of free molecules and rf is the anisotropy of the free molecules. The antibody is 

added in limiting amount so that a competition between the analyte and the labeled antigen can 

occur. The more analyte present the more Ag* is competed from binding sites on the antibody 

and the more free Ag* exists in solution, as a result the anisotropy will decrease as the 

fluorescent molecules will rotate faster and depolarize the emitted light to a greater degree. 

Figure 4.2 shows an illustration of a fluorescence anisotropy immunoassay. 
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Figure 4.2. Schematic of fluorescence anisotropy immunoassay. The samples were excited with 

vertically polarized light. Cy5-Insulin when free rotates much more rapidly during the 

fluorescence life time and results in a more depolarized emission. Cy5-Insulin bound to the 

antibody rotates more slowly resulting in more of the initial polarization being retained. 

Afterwards, the emission is split into its horizontal and vertical components. 

 

4.3.2 Chip Design 

Due to superior stability in comparison to syringe pumps, the entire control was actuated 

by gravity driven flow.105 The flow rate ratios and directionality were controlled using flow 

resistances of the channels using the channel geometry. The left side of the device contained the 

perfusion inputs for the stimulant delivery while the right delivers the immunoassay reagents 

(Figure 4.3). The chip has three atmospheric outlets that are balanced to have the net flow 

towards the right side of the device. Pressure driven flow was approximated similar to the flow 

of electricity, described by Kirchoff’s Laws. Resistance was simplified to just the length of the 

channels because the cross sectional areas were constant. Using these approximations we used 

nodal analysis to estimate approximate flow ratios and design the device utilized for the 

experiments.102
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The stimulant perfusion flows down to the islet and can be used to deliver differing 

concentrations. The syringes containing the stimulant are attached by a pulley fixed to a support 

board. As one syringe is raised, the other is lowered by the reciprocal amount, ensuring 

conservation of flow. Increasing the flow, by raising the height, from one stimulant syringe 

displaces the flow of the other into the waste channel. The waste channels are created longer than 

the downstream channel to raise the resistance and to force the predominant flow towards the 

islet. The perfusion solutions contained glucose and were exchanged for insulin solutions during 

the online calibration.  

 

 

 

Figure 4.3. Schematic of the chip design. Height of syringes determined flow ratios from the 

perfusion inputs, which were then allowed to mix by diffusion in the perfusion mixing channel. 

A shunt then reduced the flow rate to minimize sheer stress on the islet and ensure flow was slow 

enough to adequately mix in the assay mixing channel. The islet chamber consisted of a drilled 

hole, which could be sealed with a flangeless nut. The islet was not allowed to flow through the 

device due to the size discrepancy between the height of the channels (40 μm) and the size of the 
islet (75 – 2η0 μm). 
 

Just before the islet chamber, a shunt channel was inserted. This produced a ~10 fold 

reduction, from 500 nL/min to 50 nL/min, in the flow rate prior to the islet. The shunt allowed 

for rapid delivery of glucose and reduces downstream flow to allow adequate time for the 
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immunoassays to reach equilibrium and ensure low flow to minimize sheer stress on the islet.103 

After the islet chamber, the islet secretions are carried downstream for reaction with the 

immunoassay reagents. The heights of the immunoassay reagents were adjusted to match the 

flow rate from the islet in a 1:1:1 ratio which also tripled the flow rate from the islet down the 

remainder of the device. Figure 4.3 shows a schematic of the microfluidic device as well as a 

blow up of the islet chamber. In the blow up, the brown structure represents the port bonded to 

the device which was used to seal the islet chamber with a polycarbonate plug. 

Initially, the outlets were open reservoirs but the accumulation of waste fluid produced 

significant backpressure and drift in the flow rates. To counteract this, all of the outputs were 

connected to the same Tygon tubing utilizing the same flangeless fittings and the output tubes. 

These waste tubes initially caused disturbances in flow when a droplet would drip from the end 

of the tubing as a result they were submerged 1 mm under DI. 

 

4.3.3 System Characterization and Evaluation 

The perfusion system was calibrated by loading 500 nM fluorescein in borate buffer into 

one of the stimulant syringes and borate buffer without fluorescein into the other. The IA reagent 

syringes were loaded with borate buffer. The arrival time of a square wave was then measured at 

3 points: immediately before the shunt (point 1), immediately before the introduction of the 

reagent inputs (point 2) and 1 cm before the final output, which was also the detection point for 

the immunoassay (point 3). Along with the arrival time, the response time, defined as the time 

the signal from the square wave to go from 10% to 90%, which was used to characterize the 

temporal resolution of the system. The arrival times were 1.06 min, 3.87 min and 5.69 min for 

points 1, 2 and 3 respectively. The response times were 8.4 s, 131 s, and 146 s for points 1, 2 and 

3 respectively.  The response time of the assay is a factor of the diffusion of the molecules while 

the wave travels down the device as well as the dead volume from the islet chamber. The 

response time or temporal resolution from the islet should be slightly better as over 1 min of the 

diffusion time comes from the thorough mixing of the perfusion reagents. 

 The axis positions were calibrated by delivering a staircase wave to point 1 and 

measuring the fluorescence response.  The maximum and minimum signal were purposefully 

overshot in the calibration as to give a true maximum and minimum, which was then used as 

100% and 0% respectively.  The axis positions were then calculated based on their true 
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percentages and used to calculate the concentration of insulin or glucose being delivered for 

further experiments.  Due to dilution at the junction of the perfusion solutions there is a small 

amount of non-linearity at very high and low percentages on the axis. The axis calibration can be 

seen in Figure 4.4. In Figure 4.4A the step profile of fluorescein was detected at point 1 and in 

Figure 4.4B the axis calibration can be seen. 

 The solutions in the perfusion system were then switched out for 750 nM Insulin in BSS 

in the high syringe and 0 nM insulin in BSS in the low syringe. The immunoassay syringes that 

previously contained borate were replaced with 75 nM insulin* and 75 nM antibody in borate. 

The reagent were added in 3 fold the concentration intended for use as the 1:1:1 splitting upon 

addition of the reagents would cause a 3 fold dilution of each. Upon loading, 3 min was required 

to passively flush the remaining buffer from the tubes to the perfusion system and 45 s was 

required to flush the reagent tubes.  Afterwards a 6 point calibration from 0 – 250 nM (0, 2,16, 

53, 128, 250) at 10 min per step was flowed through the device and measured. The resulting 

calibration resulting in a 5 nM limit of detection (LOD), which was calculated by fitting a 

logistic fit to the calibration plot and then calculating the concentration as the 0 point minus 3 

times the standard deviation.  This was acceptable for single islet experiments to be performed.  

 

 

 

Figure 4.4. Calibration of the axis positions of the perfusion system with fluorescein. (A) The 

PMT signal while staircase wave was sent with axis positions ranging from 1300 to -1300 with 

each step being 260 positions offset from the last. (B) Axis number calibration. The steps were 

converted to percentage and correlated to their axis number, which was used afterward to deliver 

specific concentrations of insulin for calibration or glucose-BSS for stimulation. 
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4.3.4 Islet Assays  

Once the device was calibrated the syringes, emptied, flushed and filled with 20 mM 

glucose in BSS and 3 mM glucose in BSS.  3 mM glucose was then flowed to the islet chamber 

and the islet was loaded.  The islet was then perfused with 3 mM glucose for 10 min followed by 

35 min of 20 mM and finally another 10 min of 3 mM.  The islet showed no visible sign of 

damage to the loading and responded with increased insulin secretion at 20 mM which then fell 

when the concentration was reduced back to 3 mM. The calibration as well as the islet response 

can be seen in Figure 4.5. The temporal response was less than 3 min, which should allow the 

assay to distinguish between dynamics of insulin secretion known to have a period of ~5 min. 

 

 

 

 

Figure 4.5. Online insulin calibration and measurement. (A) Online calibration of the 

fluorescence anisotropy immunoassay for insulin. Concentrations of 0, 2, 16, 53, 128 and 250 

nM were delivered from the perfusion system, mixed the immunoassay reagents and measured 

providing a calibration with an LOD of 5 nM. (B) Insulin secretion from islet perfused with 

glucose. An islet was placed on the device and stimulated with 3 mM and 20 mM glucose. Low 

quantities of insulin are secreted at 3mM glucose and when stimulated with 20 mM glucose the 

islets respond with increased insulin production. 

 

 

4.4 Conclusion 

A microfluidic device capable of a homogenous online anisotropic immunoassay was 

used to make real time secretion measurements of islet secretion over a period of 55 min. This 
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type of assay should be readily adaptable to any analyte with available antibodies. The response 

time of the assay is sufficient to see the slower oscillations of islet with a period of 5 min. The 

response time of the assay could be improved through the utilization of a droplet assay51 or by 

minimizing the dead volume in the islet chamber though the use of an islet trap106. Multi-

fluorophore detection could also be incorporated for multi-analyte determinations.  
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CHAPTER 5 

 

CONCLUSION 

 

5.1 Conclusion 

 The utility of frequency modulated fluorescence detection in microfluidic devices was 

demonstrated by allowing a reduction of the optics necessary for multiplex fluorescence 

detection, increased signal to noise, as well as noise discrimination. In Chapter 2, this 

methodology was used to discriminate from the large background signal due to the IR heating 

source as well as allow detection of multiple fluorophores for inter-device normalization and 

multi-sequence amplification. In Chapter 3, frequency modulation was used to multiplex an 

anisotropy immunoassay and achieved enhanced limits of detection for the assay by increasing 

the signal to noise ratio. In Chapter 4, the anisotropy immunoassay was expanded to an online 

format for the rapid automated determinations of insulin secretion from an islet of Langerhans. 

This work presents a novel methodology for increasing fluorophore measurements in anisotropy 

as well as PCR. Additionally, demonstrates a highly automated method for measuring cellular 

secretion on a microfluidic device without necessitating electrophoretic separations. Overall the 

goal of this research was to provide and demonstrate new tools for measurement of biological 

interest. 

5.2 Future Directions 

 IR- qPCR on a microfluidic device has been integrated with a multitude of up- and down-

stream analysis techniques. Future work could look to incorporate these methods with multi-

fluorophore IR-qPCR. Additionally, optofluidics, which is the manipulation of the refractive 

index of glass to give on device fiber optic transmission, could allow orthogonal fluorescence 

detection.104 This advancement would be useful, because even with frequency modulation the 

background from the tungsten lamp irradiating directly toward the detection objective results in a 

large quantity of noise in the system. 

 Fluorescence anisotropy immunoassays could be expanded to other peptides of potential 

interest such as islet amyloid polypeptide. Additionally the integration of Chapters 3 and 4 to 

realize an online insulin and glucagon immunoassay would provide a more thorough picture of 
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the islet state during stimulation. Diabetic models for the islet could be employed and tested. 

Additionally, more intricate glucose waveforms could be delivered and response could be 

measured.96 
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APPENDIX A 

 

ABBRREVIATIONS USED IN TEXT 

 

 

Ag  antigen 

Ag*  fluorescently labeled antigen 

Ab  antibody 

B  bound labeled antigen antibody complex 

B/F  bound to free ratio of bound complex and free labeled antigen 

BSA  bovine serum albumin 

Cy-5  cyanine-5 

DNA  deoxyribonucleic acid 

dNTP  nucleoside triphosphate 

ELISA  enzyme-linked immunosorbent assay 

F  free labeled antigen 

fb  fraction of bound antigen* species 

ff  fraction of free antigen* species 

FITC  fluorescein isothiocyanate 

fNyquist  Nyquist frequency 

fs  sampling frequency 

G  G-factor (correction) 

Glu  glucagon 

G*  FITC-glucagon 

GAb  glucagon antibody 

IAb  insulin antibody 

Ins  insulin 

I*  Cy5-insulin 

IR  infrared 

IR-qPCR infrared-mediated quantitative polymerase chain reaction 
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IVV  vertically polarized light intensity 

IVH  horizontally polarized light intensity 

kDa  kilodalton 

M  molar 

min  minutes 

LIF  laser induced fluorescence 

LOD  limit of detection 

  viscosity 

NHS  N-Hydroxysuccinimide 

P  polarization 

PDMS  polydimethylsiloxane 

PCR  polymerase chain reaction 

qPCR  quantitative polymerase chain reactions 

r  anisotropy 

rb  anisotropy of bound antigen* species 

rb  anisotropy of free antigen* species 

R  ideal gas constant 

r0  fundamental anisotropy 

RIA  radio immunoassay 

S/N  signal to noise ratio 

s  seconds 

T  temperature 

  rotational correlation time 

Taq   T.Aquaticus  

τ  fluorescence lifetime 

UV   ultra-violet 

V  molecular volume 
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APPENDIX B 

 

CYANINE-5 INSULIN LABELING 

 

 Background 

 For the following protocol, 1 mg/mL of bovine insulin will be labeled with Cy-5 through 

a reactive NHS-ester (GE Healthcare; PA25001). The labeling occurs at the exposed amine groups. 

Insulin has several (2 x N termini, 1 x Lys, 4 of Arg, Asp, Glu). However, the labeling should 

predominantly go through the lysine residue and 1:1 labeling is anticipated. 

 

 

 

Figure B.1. NHS labeling schematic. The free electrons on the nitrogen of the primary amine 

attack the electrophilic carbon on the ester resulting in the formation of an amide bond and a 

NHS leaving group. Adapted from thermofisher.com.  

 

Required Materials 

 HPLC Solvent B (acetonitrile, 0.1 % TFA) degas by sonication 

 HPLC Solvent A (water, 0.1% TFA) degas by sonication 

 Phosphate buffered saline (PBS) (pH 7.2) 

 0.1 M Sodium Carbonate (pH 9.3) 

 1 mg/mL insulin 

 HPLC Column = Harmony C4, 5 um, 300 A, 25 cm, 4.66 mm 

 200 uL sample loop and 100 uL Hamilton syringe (non-beveled) 

 

Labeling (~45 minutes) 

 

1. Make 1 mL of 1 mg/mL insulin solution in 0.1 M carbonate at pH 9.3 
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2. Shake gently and ensure all protein is dissolved and in solution (if does not go in easily 

can add ~ 10 uL of 1 M HCl). 

3. Add the 1 mL of insulin directly to the Cy5 vial. Make sure minimal bubbles are 

produced. 

4. Flick the vial gently and vortex at the lowest speed.  

5. Cover the vial in aluminum foil and maintain the sample covered throughout the procedure. 

Some exposure during protocol is fine but the sample should not be left out in the light. 

6. Incubate the vial for 30 minutes with occasional stirring. Can either tape to the vortex at 

the lowest speed or attach to the rotator.  

7. While the sample is incubating prepare/condition the PD-10 column. 

 

PD-10 Desalting (~30 minutes) 

 

1. Rinse the column with PBS for several column volumes ~ 30 mL. 

2. Once the Cy5 sample is ready, let the buffer drain (but do not leave the column dry) and 

then load the sample.  

3. Pipette gently but quickly 500 uL of the sample onto the column.  

4. Let the sample enter the column then add buffer to load it and rinse (keep watch that there 

is buffer present at the top throughout). 

5. The plug will eventually separate into two bands. The larger molecules interact less with 

the resin and move faster so the Cy5-Insulin is the first band. 

6. Collect the first band only. 

7. Rinse the column again with ~ 30 mL of PBS and repeat the same for the next 500 uL plug. 

8. The two samples should be the same but keep separately until HPLC run as a precaution. 

 

Preliminary UV-Vis Check  

** Should not be needed now that peaks are determined 

1. Open up the software and let the instrument warm for at least 5 minutes. 

2. Set up the scan from 725 nm – 250 nm at 3 nm intervals 

3. Baseline/autozero with PBS in the clean cuvette.  

4. Collect the spectra 
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5. The aromatic residues on proteins absorb at 280 nm and Cy5 absorbs at 650. Therefore, 

Cy5 insulin will have an absorbance at both 280 and 650 nm and nowhere else. 

6. For labeling ratio need to denature with Guanidine HCl; make 8 M stock and assure final 

of 6M in the cuvette. This ensures proper absorbance by the insulin. 

7. Quantify the concentrations and estimate a labeling ratio by absorbance measurement. 

8. Molecular extinction coefficient: ε (Cy5 at 650 nm) = 250,000 M-1cm-1   and   ε (Insulin at 280 nm) = 

5,840 M-1cm-1    

 

HPLC Purification with C4 (~ 45-60 mins for setup and ~16 mins per run) 

1. Turn on the instrument and the computer and open the 32 Karat software. Select HPLC 1. 

2. On the detector and the pumps the COM, CPU, and PS lights should be on. Once the lamp 

is on that light should be lit as well on the detector. CHK is off. 

3. Place the solvents on the holder above the pumps and place the pump heads into the buffers. 

Parafilm the containers. 

4. Once everything is setup, need to purge/prime the system and lines. Open the valve in the 

top right corner all the way (turn left).  

5. Attach a syringe to the A port switch the direction to prime lines and pull the solution until 

bubbles are no longer being drawn.  

6. Switch the direction of operate and then remove the syringe. 

7. Remove the bubbles and attach back. Switch to prime pump and push the solution.  

8. Again switch the direction to operate and remove the syringe. 

9. Repeat for pump B. 

10. At a 30:70 ratio begin to flow solution at 1 mL/min and allow 0.5 minutes for the pumps 

to reach the speed. 

11. ***If using for the first time detach the line from the valve and purge the bubbles. Then 

attach to the valve and flow through the guard column. Sequentially attach the tubing until 

the column is reached. Consistently check for leaks, a problem area is the ports on the 6-

port valve.  

12.  Once running and flowing switch to 95 % B to clean the column and run ~10-15 minutes.  

13. Injection tips: Flush the syringe with 100 % B several times to clean it. For filling the 

syringe without bubbles, purge several times with water and push out the bubbles, then 
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leave 1-2 uL left in the syringe, bubbles are generated when pulling up sample and there is 

air in the needle space. Then pull up the sample slowly to minimize bubble generation. 

When injecting push slowly and the bubbles will stick to the plunger rather than go into 

the loop.  

14. Then inject 100 uL of B to clean the sample loop and flow for several minutes in the inject 

position to remove the B. 

15. After running all B, switch to the running conditions of 30 % B isocratic and run for another 

15 minutes to re-equilibrate the column. 

16. Inject a 100 uL plug of PBS and nothing should be observed except for the dead volume 

that appears at ~3.2 – 4.2 minutes. 

17. Typical pressures will be ~1.9 kPa for both pump A and B. 

18. Once the baseline is stable, prepare a sample and begin a run. 

19. The first peak that comes out at 8 minutes is insulin, the peaks at 10, 12.5 minutes are Cy5-

Insulin with different labeling. The desired peak is at 10 minutes (Figure B.2).  

 

 

 

Figure B.2. Chromatograph of Cy-5 insulin separation. 
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20. There is a slight delay between the detector seeing and reporting on the screen and also 

between the detector and the solution leaving the tip. In the end it works out that what you 

see is what is passing the detector. So collect the peaks as soon as the sample begins to 

appear. 

21. If the chromatogram matches, collect and combine the peaks at 10 minutes in a 15 mL 

centrifuge tube. 

22. If not re-run the UV-Vis to identify the peaks of interest. As a good measure it will be 

helpful to confirm the contents of the peak prior to proceeding.  

 

Concentration (~ 2 – 3 hrs) 

1. Start up the HETO Vacuum Centrifuge System (please refer to the HETO Standard 

Operating Protocol) 

2. Place samples in Eppendorf tubes ~0.5mL per tube. 

3. Place the samples in the centrifuge and turn on rotor. 

4. Turn white switch to ON, connecting vacuum. 

5. Leave the sample in until total volume is ~0.5 mL (We accomplished this by running 

samples for about 1 hr and then combining fractions. This step was repeated 3 times. 

~3hrs). 

6. Aliquot all samples into an Eppendorf tube. The others may be able to be washed out 

with a small amount of acetonitrile. 

7. Rinse out the Eppendorf tubes with ACN after removing the sample. The protein sticks to 

the tube and needs to be rinsed off. 

 

Checking for Reactivity and Concentration by CE 

 If to be used with competitive immunoassays, the concentration is not crucial, but a 

general idea should be known. 

 Repeating the primary UV-Vis check can give a good idea of the starting concentration. 

1. Turn on the CE and start a rinse. 

2. Create several samples: one consisting of 100nM Cy5-Ins from the previous batch, and 

then several consisting of multiple dilutions of the newly made Cy5-Ins shooting for 
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approximately 100nM of the new (the sample should be in the low micromolar range (50 

– 10 µM). 

3. The new concentration can be determined by assuming the relationship is linear and 

calculating concentration. Otherwise a calibration curve can be made. 

4. Once concentration is determined. Create four new samples, old Cy5-Ins alone and with 

antibody, and new Cy5-Ins alone and with antibody (100nM:100nM) 

5. The binding and signal should be the same. The binding can be evaluated by the B/F 

ratio. 

 

Storage and Aliquoting 

 

1. Aliquot the samples in water and ACN to help with solubility.  

2. If higher concentration available, >50 µM, split and store in -80 C. Sequentially take vials 

as needed. 

3. After removing, dilute to 5 µM in buffer of choice and use to make own samples as 

needed. 
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APPENDIX C 

 

G-FACTOR 

 

 The G-factor (G) is a correction factor to the sensitivities of the optics in the detection 

system to different polarization of linearly polarized light. G is a measured constant that is 

typically measured before an experiment. G was assumed to be 1 for the anisotropy calculation 

in this dissertation. This is because anisotropy immunoassays are more concerned with the 

change in anisotropy than the true anisotropy itself.  

 G is traditionally measured in an orthogonal fluorescence set-up, where excitation and 

detection are orthogonal to each other as opposed to epifluorescence where excitation and 

emission are collected from the same vector. In an orthogonal set-up the polarization of the 

excitation light is rotated and made horizontal as opposed to vertical and the intensities for the 

vertical and horizontal emission are measured so that G can be expressed as the following 

equation. 

 � = ������ 

 

Where IHV is the measured intensity of the vertical emission as a result of horizontal excitation 

and IHH is the measured intensity of the horizontal emission as a result of horizontal excitation. 

This will report of the sensitivities, because with horizontal polarization the excited state will 

rotate about the same axis as observation resulting in equal emission intensities of both 

horizontal and vertical polarization will be equal. This measurement is not possible via 

epifluorescence as it is impossible to excite the sample in a manner that the excitation dipole 

with rotate around axis of observation. 

 G can be determined in an epifluorescence set-up, by either calculating G after measuring 

a fluorophore with a known anisotropy at controlled conditions or by utilizing a perfectly 

scattering solution to scatter equal intensities of vertically and horizontally polarized light back 

into the detection set-up. However, scattering solution are typically emulsions made of a high 

concentration of particle, which have a tendency to clog microfluidic devices rendering them 
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unusable for further experiments. Additionally, the intensity of the vertical and horizontal 

excitation must be equal, which is complicated by the polarization dependence of the dichroic 

mirror used to bring the excitation light into the set-up. Calculating G, based on a known 

anisotropy is also not practical as the anisotropy of a solution changes based on flow rate, as a 

result no reliable data exists for the anisotropy of fluorophores in flow.  

As a result, G was assumed to be 1. This assumption does not affect the ability of a 

fluorescence anisotropy immunoassay to quantify the analyte of interest. A calibration was made 

prior to measuring analytes which will have taken into account the G-factor for the immunoassay 

experiments. 
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APPENDIX D 

 

IMMUNOASSAY OPTIMIZATION 

 

The immunoassays were designed and intended for measuring biological samples. The 

assay needed to be optimized for the scales of the phenomena of interest, and with compatibility 

for the buffer utilized with the biology. Cells require a high-salt culture medium and therefore 

buffers need to be chosen that can satisfy cell viability requirements as well as grant sufficient 

antibody binding. Cells, and islets of Langerhans, require Ca2+ in the media. This eliminates 

several buffer systems which contain CO3
-2 and PO4

-3, as they will precipitate with Ca2+.  The 

borate buffer system was chosen due to the tendency of glucagon to aggregate or degrade at 

neutral pH [REF].  The tendency of glucagon to degrade was noticed as the sensitivity of the 

glucagon assays would degrade over the course of a week and visible precipitate was observed. 

To counteract this, new aliquots were taking from -80 °C storage every week in 20% acetonitrile 

in DI and diluted into a working stock of 5 μM glucagon in borate buffer. 

 

 

Figure D.1. Binding curve of glucagon. 40 nM GAb was titrated with increasing amounts of G* 

to which a hill function was fit with n held at 1. 
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The initial optimization experiment were performed on a commercial fluorimeter 

instrument. A binding curve for the glucagon-antibody interaction was made (Figure D.1). This 

was achieved by holding the GAb constant at 40 nM and scaling the concentration of G*. The 

observed polarizations were subsequently converted to a concentration of antibody complex 

formed using: [�] = [�� ] ∗ [�∗][�∗] + ��  

 

[REF – Estrogen Receptor]. Upon fitting the binding curve with a hill function, a binding 

constant (KD) of 36 nM was determined for the interaction. This Kd is substantially weaker than 

that of the interaction between the insulin and its antibody (Kd = 1 nM). The glucagon binding plot 

also does not appear to saturate the antibody sites and has a maximum binding capacity (Bmax) of 

30 nM for antibody available at 40 nM.  Alternatively, to emphasize the weak interaction, it 

requires 100 nM G* for 40 nM GAb to form ~ 22 nM of G* - GAb complex. Ideally, for a 

competitive immunoassay, the starting point, in absence of target analyte, has minimal free 

reporter probes (G*) present, yielding a high B/F ratio. However, when at a 1:1 ratio of G*:GAb 

is used, an excess amount of free G* is present producing a low B/F ratio and therefore anisotropy. 

In other words, the dynamic range of B/F state distribution is limited by an existing amount of free 

G* at the start of the immunoassay. To counteract this a ratio of G*:GAb was lowered to 1:3. At 

this part of the binding curve, the amount of complex formed was 80% and demonstrates a large 

slope d[G* - GAb] / d[Glu]. This allows for a more sensitive change as a function of Glu 

completion on the sample. 

Upon optimizing the analyte ratios for the assay, the effect of temperature was evaluated. 

Competitive immunoassays were performed at 15, 25 and 35 °C with 7.5 nM G* and 22.5 nM 

GAb (Figure D.2.). Although, the resulting calibration plots all have a LOD of 10 nM, showing 

that the temperature used doesn’t greatly impact the efficacy of the immunoassay, temperature has 

a great effect on the overall anisotropy. Upon raising the temperature by 10 °C, the anisotropy 

shifted by more than the dynamic range of the previous assay. While it was hoped that temperature 

could be used to optimize the immunoassay, it appears that the molecular rotation has a much 

greater effect with changes in temperature.   
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 The final ratio for the glucagon assay reagents was chosen to be 7.5 nM G* : 22.5 nM 

GAb. The insulin antibody exhibits much stronger interaction with the antigen and as a result the 

reagents were added in a 1:1 ratio. The concentration of I* and IAb was chosen as 25 nM.  

 

 

 

Figure D.2. Comparison of glucagon anisotropy immunoassay at varying temperatures. 
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APPENDIX E 

 

FLORIDA STATE ANIMAL CARE AND USE COMMITTEE APPROVAL 

LETTER 
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