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SUMMARY 

Microfluidic techniques have allowed for fast, sensitive, and low cost applications 

of the Polymerase Chain Reaction (PCR) through the use of small reaction volumes, 

rapid amplification speeds, and the on-chip integration of upstream and downstream 

sample handling processes including purification and electrophoretic separation 

functionality.  While such systems are capable of measuring the expression levels of 

thousands of genes simultaneously, or in hundreds of cells, or with sample-in and 

answer-out capability, none of these systems are easily scalable in the time domain.  

Because of this, the field of gene expression measurement has yet to fully utilize the 

advantages of microfluidic PCR in developing systems to measure changes in gene 

expression in increments of hours rather than days.  In this project, we developed a 

microfluidic RT-qPCR system that utilizes infrared heating and open-loop control to 

reliably reverse transcribe, amplify, and detect samples in a single 1 µl polymer chip.  

Optimized power profiles were created that allow for fast heating and cooling rates while 

minimizing undershoot and overshoot from the desired hold temperatures.  By utilizing 

repeatable microfluidic chip manufacturing techniques, and by controlling the 

environment around the chip, the same open loop program can repeatedly amplify 

multiple samples without any need for temperature feedback or recalibration between 

runs.  Furthermore, the system was designed to operate on top of a fluorescence 

microscope to enable real-time fluorescence detection and quantification of starting copy 

number.  By eliminating complicated setup procedures and calibration runs, this system 

increases the practicality of measuring gene expression at a high temporal frequency.  
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 CHAPTER 1  

INTRODUCTION 

Overview of PCR 

The Polymerase Chain Reaction is a DNA amplification technique developed by 

Kary Mullis and colleagues in 1983 [1].  It is a temperature-controlled and enzyme-

catalyzed biochemical reaction that consists of the repeated cycling through three distinct 

temperatures, denaturation, annealing, and extension.  The reaction consists of a DNA 

template, two oglionucletide primers that are complementary to the ends of the DNA 

sequence to be amplified, dNTP’s, a heat stable polymerase, and magnesium ions in a 

reaction buffer [2].  The reaction is first heated to 93 °C, the denaturation temperature, at 

which point the double stranded DNA separates into two single strands.  The reaction is 

then cooled to allow the primers to anneal to the specific sequences of target DNA, 

usually 50 – 68 °C, depending on the length and sequence of primers.  Finally, the 

reaction is heated to 72 ° C, the optimum temperature for the Taq polymerase to fully 

extend the primer sequences by incorporating the dNTP’s into the strands of DNA, 

effectively doubling the amount of DNA in the reaction (Figure 1).  
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Figure 1: The three temperatures in the PCR cycle: denaturation, annealing, and 
extension.  At denaturation, the double stranded DNA melts and separates into two single 
strands.  During annealing, primers complimentary to the target segment of DNA attach 

to the strands and during extension, the Taq polymerase extends the segments by 
incorporating the extra dNTP’s into the strand (reproduced from [2]). 

 
The temperature cycle repeats and the reaction continues until the primers, dNTP’s or 

Taq Polymerase is depleted, at which point the concentration of DNA template plateaus.  

Effectively doubling the amount of target DNA after each cycle means that tens or 

hundreds of starting copies can generate millions of copies of a specific DNA sequence 

after only 30 – 40 cycles.  Since its introduction almost 30 years ago, the PCR process 

has been applied to a wide variety of fields, from biomedical research laboratories to life 

science areas including clinical diagnoses, as well as medical, biological, and forensic 

analyses [3]. 

Devices on the Market Today 

 Conventional PCR machines on the market today usually consist of a large metal 

block and Peltier Thermo-Electric element for the thermal cycling, a closed-loop 

feedback system, and a user interface and control module for setting cycle hold times and 

temperatures [4].  The heating method used by these devices is generally referred to as 
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contact heating, in which the Thermo-Electric element heats and cools a metal block 

surrounding the sample, which in turn heats and cools the sample.  These devices use 

relatively large sample volumes (25 – 50 µl) and relatively long run times (1 – 2 hrs) [5, 

6].  Due to the relatively low surface area to volume ratio of the sample and high thermal 

mass of the system, heating and cooling rates are slow (1 – 2 °C/s) and often non-specific 

PCR products are formed during the transition temperatures, decreasing the efficiency 

and specificity of the reaction. Alternatives to conventional thermocyclers include the 

Roche Lightcycler [7] and Qiagen Rotor Gene Q that use convective heating and 

fluorescence detection for real-time PCR with volumes as low as several microliters. 

Though effective, their cost and complexity limit scalability, speed, compatibility with 

field deployment, and volume reduction. 

Sample Detection Methods 

End Point Detection 

 The two common techniques to quantify PCR product are end point detection and 

real-time detection.  End point detection quantifies the amount of PCR product amplified 

after the reaction is completed. At this point in the reaction, the limiting reagent has been 

depleted and the concentration of DNA template has plateaued. The PCR product is 

measured by either adding an intercalating dye that binds to only double-stranded DNA 

and measuring the increase in fluorescence intensity of the sample after the completion of 

the reaction or by post-processing the sample via off-line detection techniques such as 

capillary or gel electrophoresis [8]. Because the limiting reagent and reaction efficiency 

can vary from sample to sample, based on reagent limitation or accumulation of non-

specific PCR products, the plateau phase of the reaction is highly variable and end point 

detection is not a reliable way to quantify starting copies of a DNA template [9].  
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Exponential Phase Detection 

Exponential phase detection, or quantitative PCR (qPCR) quantifies the amount 

of PCR product formed during the exponential phase of the reaction.  Generally, an 

intercalating dye that binds to only double-stranded DNA or fluorescent probe 

complimentary to the DNA target of interest is added to the reaction (Figure 2).   

 

Figure 2: Fluorescence for Real-Time PCR is measured with either A) a fluorescent 
probe complimentary to the DNA target of interest or with B) an intercalating dye that 

only binds to double-stranded DNA (reproduced from [9]). 
 
As the amount of DNA increases, the fluorescence intensity of the sample increases.  

After the first 5 – 15 PCR cycles, the fluorescence intensity reaches the detection limit of 

the system and begins to exponentially increase.  It continues to increases exponentially 

until the limiting reagent in the reaction is depleted, at which point the fluorescence 

intensity plateaus.  By determining the number of cycles the reaction completes before 

crossing the detection threshold (CT value), one can determine the starting concentration 

of DNA template (Figure 3).  
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Figure 3: Real-Time PCR graph showing sample fluorescence as a function of 
temperature cycles for two samples with different starting concentrations of DNA 

template.  The cycle number at which the fluorescence signal begins to exponentially 
increase is directly proportional to the starting concentration of DNA template and is 

referred to as the CT value for the reaction (reproduced from [2]). 
 

Because this technique monitors the reaction during the exponential phase and no 

limiting reagent has been depleted, the technique is more repeatable and DNA template 

starting concentration can be determined accurately [9].  The increased resolution and 

accuracy of exponential phase detection techniques makes it the preferred method when 

knowing the starting concentration of the template is critical.  However, when only 

testing for the presence and not necessarily concentration of a certain DNA template, 

such as in virus detection or disease diagnostics, conventional end-point detection 

techniques are still used.  
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Gene Expression Measurement 

Quantitative PCR (qPCR) is currently used for a wide range of applications 

including mRNA expression studies, viral or genomic DNA copy number measurements, 

allelic discrimination assays, expression analysis of specific splice variants of genes, gene 

expression in paraffin-embedded tissues, and laser captured microdissected cells [9].  For 

studies involving RNA quantification, a modified version of qPCR, reverse transcription 

quantitative PCR (RT-qPCR), is used to quantify the amounts of specific sequences of 

RNA being produced by cells.  These unique sequences of RNA in the cell are defined as 

genes, so the number of copies of a certain sequence of RNA in either a cell or a 

population of cells is referred to as the expression level of that gene. 

To perform qPCR on RNA, the single-stranded RNA of the sample must first be 

reverse-transcribed into double-stranded DNA.  To accomplish this, often both primers 

and a reverse transcriptase are added to the RNA sample and held at a constant 

temperature for 0.5 – 1 hrs. The primers attach to sections of the RNA, creating sites for 

the reverse transcriptase to begin transcribing the single stranded RNA into 

complementary double stranded DNA (cDNA) [2].  A complete reverse-transcription step 

where all RNA is transcribed into cDNA is necessary to ensure accurate quantification of 

the amount of RNA in the sample.  This process is generally accomplished using large 

bench-top thermal cyclers, with comparable sample volumes to conventional PCR (25 – 

50 µl), but with run times ranging from 2.5 – 4 hrs.  

Quantification Methods 

 The expression level of a gene in a reaction can be determined absolutely or 

relative to another gene in the reaction.  In absolute quantification, the exact number of 

copies of a specific gene in a sample is determined.  It was first shown by Higuchi et al. 

that for quantitative PCR, the plot of the log of starting copy number for a series of serial 

dilutions versus the cycle threshold values is a straight line [10].  Therefore, to determine 
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the starting copy number of a sample, a set of dilutions with known copy numbers of the 

same target of interest is run in parallel with the sample(s) and the starting copy number 

of the unknown sample is determined by comparing the cycle threshold number of the 

sample of unknown concentration to those of the known dilutions, or standards.  This is 

referred to as the standard curve (Figure 4).  

 

Figure 4: Quantitative PCR plot showing sample fluorescence as a function of cycle 
number for a series of 5 – 10x dilutions of a DNA template with known starting copy 

numbers. The subset plot shows the cycle threshold values (CT) as a function of the log 
of the starting copy number for the 5-10x dilutions. This relationship is known to be a 

straight line (reproduced from [2]). 
 
 Relative quantification compares the normalized cycle threshold values (CT) 

between two genes of interest.  Biological samples are often heterogeneous and the 

amount of biological material present in samples can vary significantly. Therefore, 

comparing absolute levels of gene expression between two samples would be unreliable.  

Instead, the expression levels of two genes are calculated relative to a control gene or 

housekeeping gene whose expression is known to remain constant for different 

experimental conditions. The relative expression level is defined as, 
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! 

Sample1
Sample2

=
2CTB1 "CTB 2

2CTA1 "CTA 2
= 2(CTB1 "CTB 2 )"(CTA1 "CTA 2 )   (Eq. 1) 

 
where CTA1 and CTB1 are the cycle threshold values for the genes of interest and CTA2 
and CTB2 are the cycle threshold values for the housekeeping gene.  
 
This method of relative quantification is often referred to as the 2-ΔΔCt method [9].  

Other Gene Expression Measurement Techniques 

 In addition to RT-qPCR, other methods of measuring the transcriptional levels of 

RNA in cells and tissues include fluorescence-activated cell sorting (FACS), fluorescence 

in situ hybridization (FISH), microarrays, and RNA sequencing [11, 12].  In FACS, a 

fluorescence-activated cell sorter is used to separate certain fluorescently tagged cells 

from a heterogeneous cell population.  Since the heterogeneity of cell populations can 

vary, FACS is often used to purify cells expressing a certain gene from populations 

before RT-qPCR analysis which is often used after FACS for more accurate 

quantification of gene expression levels within the sorted cell population [11]. 

 While FACS is an efficient way to isolate a cell population, the technique does 

not preserve the spatial context of gene expression in tissues or cell cultures. 

Fluorescence in situ hybridization (FISH) is commonly used when knowledge about the 

spatial distribution of gene expressions in cells or tissues is necessary.  Typically, a probe 

with a fluorescently labeled transcript or nucleotide of interest is added to permeabilized 

cells or tissues.  If the gene or nucleotide of interest is present in the sample, the probe 

will hybridize to the gene and will fluoresce when the sample is imaged [11].  Recent 

improvements in imaging technology and processing software as well as improved probe 

designs have significantly increased the spatial localization of signals, enabling single-

molecule transcript imaging [11].  However, scalability of this technology to multiple 

genes in multiple cells and tissues is hindered by expensive equipment, and the need for 

long recording times and high-intensity illumination [11].  
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 Unlike FACS and FISH, microarray and RNA sequencing technologies are easily 

scalable for high-throughput quantification of multiple RNA targets of interest.  

Microarrays for measuring gene expression were first developed in 1995 by Schena et al. 

and have since become widely used in profiling the gene expression of cells [13].  

Microarrays typically consist of an array containing hundreds to thousands of wells that 

each contains a set of short oglionucleotide probes representing segments of DNA.  RNA 

is purified from cells, reverse-transcribed into cDNA, labeled with a fluorescent dye and 

then washed over the microarray.  Probes that correspond to the transcribed RNA will 

hybridize to the complementary target.  After hybridization and washing, the array is 

imaged and since the transcripts are labeled with fluorescent dyes, fluorescence intensity 

in different wells can be used as a measure of gene expression [12].  This method allows 

researchers to quickly test for expression levels of hundreds to hundreds of thousands of 

genes.  However, due to the reduced sensitivity of microarrays, they are primarily used to 

quickly identify genes of interest to be further screened via conventional RT-qPCR [14].  

 In contrast to microarrays where the specific targets of interest need to be know 

ahead of time, RNA sequencing technologies can be used to map a sample with no prior 

knowledge of the sample’s genome structure [12]. This technology directly maps the 

genes present in the sample and the number of mapped reads of a particular sequence 

enables a measure of the expression level of that particular gene. 

Gene Expression in Stem Cells 

 One emerging area for increased RNA expression studies is the field of functional 

genomics and specifically gene expression in stem cells [15].  Stem cells are cells that 

have the ability to self-renew as well as differentiate into other cell types.  Stem cells are 

classified as either totipotent, pluirpotent, multipotent, or unipotent, based on their 

differentiation capability [16].  Stem cells have broad applications in engineering and 

regenerative medicine, from better understanding cell fate determination to growing 
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organs and tissues for transplant purposes.  However, despite the increased knowledge 

about the mechanisms behind how stem cells differentiate, little is known about how the 

gene expression pattern governing these actions is changing [15, 17].  Although multiple 

techniques exist for measuring gene expression in cells, the sensitivity, specificity, and 

wide dynamic range of RT-qPCR make it the gold standard method for quantifying gene 

expression [18]. 

Thesis Goals 

 This thesis will discuss the creation of a system that represents a significant 

contribution towards measuring cellular gene expression levels in a high-throughput 

temporal manner.  The following chapters detail the motivation behind such a system and 

why existing systems cannot easily measure gene expression in a high-throughput 

temporal manner, a proof of concept system, the necessary improvements in temperature 

control and device manufacturing, design of the resulting system, and an evaluation of 

the final systems performance, including temperature accuracy and stability, as well as 

successful reverse transcription reactions and real-time fluorescence detection resulting in 

the construction of a standard curve for λ phage DNA.  
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CHAPTER 2 

MOTIVATION 

Gene Expression Measurement Today 

 While qPCR based expression analysis remains the gold standard for quantifying 

gene expression changes, the high-cost of reagents and equipment, long run times and 

labor-intensive laboratory preparation required has caused it to remain a tool used largely 

to validate gene expression after differentiation has taken place, rather than monitor the 

gene expression changes in real-time [14].  Currently a typical comprehensive gene 

expression measurement study would measure gene expression in increments of 3-4 days.  

For a 15 day experiment, expression would be measured at days 0, 4, 7, 11, and 15.  Due 

to normal variations in cell culturing techniques, 3 samples would be taken at each time 

point and the steps required include RNA purification, checking quantity and purity of 

the RNA, synthesizing cDNA through reverse-transcription, and running qPCR [18] 

(Figure 5). 

 

Figure 5: Typical gene expression experiment and steps necessary to quantify gene 

expression (obtained from [19]). 

 The majority of gene expression changes during cell development and 

differentiation generally take place over hours to days [17].  The low temporal frequency 
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and high cost of current measurement techniques prohibits researchers from gathering the 

necessary information to determine how gene expression changes and the interaction 

between the expression levels of genes during the differentiation process (Figure 6).   

 

Figure 6: Illustration of the expression levels as a function of time for 3 genes of interest. 
 

  If one was to attempt to scale up the current process to measure gene expression every 

½ hour for a 15 day cell differentiation experiment, it would require 864 dishes of cells, 

$69,519.08 spent on equipment and reagents, and take 1448 hours of labor to prepare and 

run the experiments (Figure 7). 

 

Figure 7: Labor, cost, and materials required to measure gene expression every 1/2 hours 
for 15 days using current laboratory techniques (obtained from [19]). 
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The time, equipment, labor, and reagent costs required to measure gene expression 

quickly has prevented such work from taking place.  In order to better understand the 

interaction between genes and how gene expression changes as a stem cell differentiates, 

better technology is needed for researchers. 

Micro-PCR 

 Currently, gene expression in stem cells is measured at low spatial (population-

based averaging) and temporal (every 4-6 days) frequencies due to the large sample 

volumes and long run times of conventional PCR instruments.  However, the field of 

micro-PCR is enabling new research in the field of measuring gene expression.  Since the 

first miniaturized PCR device was introduced by Northrup et al. in 1993, hundreds of 

microfluidic PCR chips have been developed [20].  Micro PCR technologies offer many 

advantages over conventional techniques.  The systems have decreased fabrication costs, 

increased portability and integration abilities with upstream and downstream processing 

steps, and smaller thermal masses and diffusion distances, allowing for smaller sample 

volumes (1 µl), faster ramp rates (60 °C/sec) and shorter run times (under 30 min) (Figure 

8) [4, 20].  
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Figure 8: Since the 1990's, PCR systems have been scaling down in both reaction 
volume and device size [4]. 

Types of Devices 

 Micro PCR devices today can be categorized as either stationary or flow-through 

devices.  Stationary PCR devices rely on a stationary sample and use temporal heating 

and cooling of the environment around the sample to cycle through the required 

temperatures.  The sample is loaded into a chamber and is then repeatedly cycled through 

the denaturing, annealing, and extension temperatures (Figure 9A) [20].  PCR product 

quantification is also similar to conventional methods, either by post-amplification off-

line detection or by measuring sample fluorescence in real-time.  In contrast, for flow-

through PCR, the device is divided into three different temperature zones, and these 

zones are simultaneously held at the denaturing, annealing, and extension temperatures 

specific to the reaction.  To complete a temperature cycle, the reaction is moved via a 

channel in the chip to these three different temperature zones (Figure 9B) [20].  In these 

devices, PCR product quantification is often integrated into the device.   
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Figure 9: A) Stationary and B) Flow-through micro-PCR devices [8]. 
 

Recent work in flow-through PCR devices has focused on further decreasing the sample 

volume by creating droplet systems [21-23].  In these systems, discrete aqueous droplets 

of a fixed volume are immersed in a continuous oil phase.  The droplet-oil mixture is then 

moved through the temperature zones.  This method results in less cross-contamination 

between samples as well as the ability to perform high-throughput testing of many 

samples [8]. 

Heating Methods 

 Most micro-scale PCR devices use thermally conductive silicon or glass 

microchips paired with thermoelectric heating [24-27], embedded resistive heaters [28-

37], or convection-based rotary platforms [7, 38-40] to offer smaller reagent volumes and 

faster cycling at the risk of costly fabrication and cross-contamination after multiple runs. 

In contrast, direct heating via infrared radiation, pioneered by Dr. James Landers 

using a tungsten filament lamp [41-43] and closed-loop feedback through a 

thermocouple, enables rapid microliter volume thermocycling in simple, inexpensive, 

disposable microchips. Others have performed infrared, laser-mediated, microfluidic 

PCR in droplets in an oil bath after fluorescence calibration [44-46]. They were able to 

achieve very impressive rapid (200 s), small volume (15 pL), real-time PCR results, but 

the system requires a precisely aligned microscope and the small, suspended droplets 
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cannot be easily recovered for post-processing, making this instrument less practical for 

commercialization.  Previous reports of calibration methods for infrared PCR have been 

limited by emissivity measurements with a pyrometer [42] in which accuracy is hindered 

by alignment and spurious reflection, or required microscopy.  

Application to Gene Expression Measurement 

Advances afforded by micro-PCR systems in reducing sample volume and run 

time, as well as integration of up-stream and down-stream processing have lead to the 

development of new systems to measure gene expression in cells.  However, the majority 

of these systems have focused on either increasing the number of genes able to be 

simultaneously measured (e.g. microarrays), increasing the sensitivity of the system to 

single-cell analyses [18, 47-51], or developing systems with sample-in answer-out 

capabilities.  

Microarrays allow for researchers to measure the expression of thousands of 

genes simultaneously, though usually at low spatial (population-based averaging) and 

temporal frequencies.  This technology, along with RNA sequencing, allows for 

researchers to identify which genes expression changes during differentiation, and 

quickly and efficiently identifies targets of interest for more detailed measurement 

techniques.  In addition, the decreased sensitivity of microarrays have meant that 

researchers have had to accept the decreased resolution in quantitative ability in order to 

measure expression levels of hundreds to thousands of genes simultaneously. Recent 

progress in micro PCR technology has enabled researchers to create a chip with a 32 x 32 

array of 200 nl reaction volume chambers for high-throughput RT-qPCR. This new 

technology allows for 1024 simultaneous RT-qPCR reactions with as little as 5 starting 

copies of RNA in each well, effectively bridging the gap between the high-throughput 

capabilities of microarrays with the sensitivity of qPCR [14]. 
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 Because cell populations are heterogeneous, the gene expression varies 

significantly between cells.  Population-based averaging cannot distinguish between the 

expression levels of different cells, but just measures an average expression of the 

population.  Because of this, systems have been developed to measure gene expression at 

the single cell level.  This enables research into the kinetics of gene expression; detecting 

changes in cell expression that population-based averaging would not measure (Figure 

10). 

 

Figure 10: Gene expression levels of a cell population. Single-cell analysis enables 
researchers to distinguish between expression levels A) and B) as well as C) and D) while 

population based approaches do not [18]. 
 
In addition, researchers have worked to expand the spatial frequency of single-cell 

analysis, by separating and measuring the gene expression of 300 single-cells 

simultaneously [47].   
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 A final area of micro-PCR research has been to develop systems with sample-in 

and answer-out capability. By minimizing the sample handling, researchers hope to both 

speed up the time by integrating all steps of the analysis into a single instrument, and to 

reduce sources of experimental error such as pipetting and evaporation by reducing the 

number of sample handling steps.  

 While significant advancements have been made in increasing the number of 

genes measured, achieving single-cell resolution, and integrating up-stream and down-

stream processing steps, little work has been done in increasing the frequency of RT-

qPCR measurements in the time domain.   

 



 19 

CHAPTER 3  

PROTOTYPE OPEN-LOOP SYSTEM 

As previously shown, conventional techniques for gene expression measurement 

do not scale well in the time domain.  The speed of reactions, large sample volumes, and 

expensive or non-reusable platforms add to the equipment and labor costs of such a test 

(Figure 7).  In addition, current micro-PCR techniques do not scale well in the time 

domain.  Micro-PCR devices either require lengthy set-up time, take hours to run, are 

complex and expensive to fabricate, are not easily disposable, or require sample handling 

between steps.   

Ultimately, commercial implementation and the speed advantages of infrared 

PCR in microfluidic chips have been hindered by at least one of the following 

requirements for every amplification run: (1) thermocouple insertion time and 

complexity, (2) optical alignment with microscopic (i.e. sub mm) accuracy and 

repeatability, or (3) calibration. An inexpensive, easy to manufacture, disposable device 

with minimal set-up time, integrated upstream and downstream processing steps that 

takes advantage of the speed and small volumes offered by micro-PCR technology would 

allow researchers to measure gene expression in increments of hours rather than days. 

We have designed, manufactured, and tested an infrared radiative thermocycler 

and associated microfluidic chip that retains the advantages of infrared PCR systems 

(e.g., speed, low volume, low power consumption, low cost, compact form) while 

eliminating the need for thermocouple insertion and repeated active alignment and 

calibration.  Open-loop temperature control from a single calibration run is used for 

multiple consecutive amplifications on multiple identical instruments.  This temperature 

control is made possible by passive, precision-engineered alignment fixtures, accurate 

and repeatable polymer microchip design and fabrication methods, and systematic 

thermal management strategies.  We describe the instrument and chip design, fabrication, 
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and performance.  We demonstrate its functionality with reproducible sub-10 min PCR 

amplification of a 500 bp amplicon from λ-phage.  

Design overview  

The system, shown in Figure 11, consists of a 1450 nm infrared laser diode with 

heat sink and fan, collimating lens with x-y stage, and microchip holder.  As we have 

shown in previous work [52], this wavelength for infrared PCR is advantageous because 

it affords two orders of magnitude difference in absorption between the aqueous PCR 

solution and the surrounding polymer chip; an ideal environment for rapid cycling while 

retaining thermal isolation between adjacent chambers within a chip.  The heat sink and 

fan keep the laser diode temperature and corresponding power output constant.  The laser 

diode optical output power required is only 580 mW; the necessary electrical input power 

of 5 W is an order of magnitude less than all commercial thermocyclers and most 

research devices and thus facilitates portable and compact designs.  
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Figure 11: (a) Exploded view diagram of laser thermocycling system showing the laser 
source subsystem (top), collimation subsystem (middle), and microchip subsystem 

(bottom). Dashed arrows represent components that are embedded and not easily visible 
in the photograph. (b) Photograph of laser system, where the dotted line arrow represents 

the movement of the laser and lens assembly for loading the microchips into the chip 
holder. 

 

The collimating lens and x-y stage are used to align the laser to a reaction 

chamber on the chip by burning a hole in a piece of toner paper (not shown) attached to 

the chip.  The x-y stage is adjusted until the toner paper hole and microchip reaction 

chamber are directly aligned.  The microfluidic chip holder is a single poly (methyl 

methacrylate) (PMMA) part, as seen in Figure 12(a), consisting of a leaf spring and three 

points for full kinematic constraint in the x-y plane.  The entire assembly rests on a 

standard 30 mm cage system.  Translation of the optical assembly on this rod system 

allows microfluidic chip insertion and removal.  Associated electronics not shown in 

Figure 11 are the laser driver, power supply, and data acquisition board.  These are sized 

similarly such that the total system volume is on the order of 200 mm3.  
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Figure 12: (a) Photograph of poly (methyl methacrylate) (PMMA) chip holder showing 
kinematic constraints, leaf spring, and microchip, (b) isometric view and side profile of 
PMMA microchip, (c) and close up of reaction chamber showing inlet port, fill channel, 

and beveled reaction chamber. 
 

Using Labview, we implemented software for analog open-loop laser driving voltage 

control. The inputs (voltage, time) are run from a text file.  To operate the system, the 

chip is filled with the requisite PCR solution, positioned, the laser assembly is lowered 

onto the chip, and the Labview program is initiated.  The total amount of time for filling, 

sealing, and subsequently recovering the sample from the chips after the run with a 

pipettor is less than 1 min.  

Polymer chip design and fabrication  

The microchips, seen in Figure 12(b) and (c) feature inlet ports on both sides of 

the reaction chamber that allow standard pipette tips to easily fill the chamber.  Narrow 

fill channels lead to the reaction chamber to minimize diffusion, and the beveled chamber 

geometry helps to ensure complete filling and easier thermocouple insertion when 

required for calibration.  Microchips were fabricated from PMMA at a rate of two chips 

per minute, using a 3-axis vertical milling center (Haas, OM-1A) capable of accurate 

positioning within 10 µm and repeatability of 6 µm.  The spindle operates at speeds up to 

30,000 rpm, enabling the use of miniature end mills (Harvey Tool) and drill bits (Drill Bit 

City) with sub-millimeter diameters.  These tools are zeroed to the polymer workpiece by 
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detecting electrical conductivity between the tool tip and the base of a custom aluminum 

fixture [53] that was milled and used to align and rigidly hold the polymer workpiece, 

since small part deflections can easily damage the fragile tooling.  A corner relief was 

pocketed into the fixture along with features for interfacing with a standard vise to allow 

repeatable positioning.  Strap clamps were laser cut from 3.175 mm acrylic, which was 

chosen to avoid marring the surface of the workpiece.  These were configured in a third-

class lever arrangement and the screws were hand-tightened to provide clamping force 

sufficient to overcome cutting forces.  Toolpaths were manually written in G-code to 

achieve the relatively simple designs but can also be programmed using computer-aided 

manufacturing (CAM) software for complex geometries. 

During the milling process, compressed air was used for clearing chips and 

preventing burr formation.  Following milling, microchips were ethanol rinsed, dried with 

pure nitrogen, and the bottoms were sealed by a simple thermal bonding process with a 

100 µm polymer film on a hot plate at 155°C, 30 min, and 100 psi for a 20 mm  ×  12 mm 

microchip.  The top of the chip is sealed after filling with an optically transparent and 

biologically compatible adhesive film (Excel Scientific, ThermalSeal RT).  Microchips 

have been used repeatedly without polymer delamination or damage, yet the adhesive 

film is easily peeled away manually.  

This micro-milling process has been invaluable during the prototyping phase of 

this work. Altering a design and making a new batch of microchips can be easily 

accomplished in less than 1 day.  Materials such as PMMA, polycarbonate, and a 

biocompatible grade of cyclic olefin copolymer (COC) have all been successfully used 

for a substrate.  PMMA was chosen because it is most quickly machinable, while 

retaining excellent optical, thermal, and biocompatible properties [54].  Another 

advantage is the three-dimensional geometries attainable with micro-milling in order to 

create path lengths amenable to maximum absorption as well as control of the surface-
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area-to-volume ratio for optimum heat transfer characteristics and minimal adsorption of 

biological reagents to the interior microchip surfaces.  

Thermal modeling  

To better understand how an aqueous solution within a polymer chamber is heated 

by radiation, a computational model (Matlab, Mathworks, Natick, MA) was created that 

predicts the radiation absorption as a function of distance through the aqueous solution, 

or pathlength.  We have described in detail this approach earlier [52] and so summarize it 

here only briefly.  First, the spectral irradiance of the source is scaled by integrating over 

its full spectrum and equating this with the measured total power output, yielding the 

spectral power distribution, P0(λ).  This is then attenuated uniformly by accounting for 

losses due to reflection at the air-polymer interface.  Finally, the power absorbed by the 

aqueous solution as a function of wavelength, PABS(λ), is calculated using the Beer-

Lambert Law as PABS(λ)  =  P0(λ)(1–10-α(λ)l ), where α(λ) is the wavelength dependent 

absorption coefficient of PMMA and l is the pathlength. Integration with respect to 

wavelength yields the total power absorbed as a function of distance.  Applying this 

model to our microfluidic chip, aqueous solution, and laser resulted in 90% power 

absorption after 0.5 mm of radiation propagation through the solution (z-axis direction).  

To compute the temperatures in the aqueous solution resulting from this radiation 

absorption, we implemented a finite element model (COMSOL, Stockholm, Sweden).  

We were most concerned with the temperature variation along the z-axis through the 

chamber in the direction of radiation propagation along the chamber centerline 

(x  =  y  =  0), where the temperature is highest in the x-y plane.  To implement the model, 

we divided the chamber into equal volumetric sections spanning the x-y cross-section, 

and assigned heat generation power to each of them based on the pathlength-dependent 

absorption model described above.  For our design, we selected a total laser power output 

of 580 mW, absorbed by five volumetric sections in the direction of radiation propagation 
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absorption; each section 150 µm thick.  Respectively, the radiation absorbed and 

corresponding centerline temperature of each section was 60.6% yielding 93.4°C, 21.1% 

yielding 90.2°C, 7.35% yielding 83.4°C, 2.56% yielding 77.7°C, and 0.89% yielding 

73.1°C.  Thus the total predicted temperature variation through the 750 µm deep chamber 

along the z-axis is 20.3°C.  We experimentally measured a temperature gradient of 8°C 

with a thermocouple (T240-C, Physitemp, Clifton, NJ), and attribute the difference to the 

thermocouple’s physical size of 130 µm in diameter and its location approximately 

100 µm from the bottom of the chamber.  These thermal modeling results proved useful 

in our calibration efforts.  

Calibration  

In order to utilize open-loop control, a calibration curve relating laser driving 

voltage to aqueous solution temperature is necessary.  The calibration curve for our 

system is seen in Figure 13.  The thermocouple used for calibration is heated directly by 

the laser, so calibration requires measuring and compensating for this bias error as 

follows.  First, it was known that the threshold voltage for the laser to turn on was 0.25 V.  

At this driving voltage the bias is zero and the thermocouple reads a temperature of 33°C, 

identical to the chamber temperature.  Next, the driving voltage was increased as the 

reaction chamber was observed with a microscope.  Boiling, as indicated by the rapid 

formation and expansion of bubbles in the chamber, occurred at 1.1 V and corresponds to 

100°C at atmospheric pressure.  
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Figure 13: Calibration curve relating laser driving voltage and aqueous solution steady 
state temperature used for open-loop temperature control. 

 

With the thermocouple centered and positioned at the bottom of the chamber, the 

measured bias increases from 0°C at 0.25 V to around 8°C at 1.1 V.  The variables 

affecting this bias include thermocouple placement repeatability, bubble formation, and 

direction the thermocouple tip is bent.  A special calibration microchip was manufactured 

with the thermocouple bonded to the bottom layer.  This prevents many of these 

variations between runs because the thermocouple tip is in the same position every time.  

Also, since our thermal modeling predicted that 90% of the radiation is absorbed in the 

first 0.5 mm of the aqueous solution, confounding effects of radiation heating of the 

thermocouple directly were minimized with the thermocouple located at the bottom of the 

chamber.  A polynomial was fit to the bias corrected temperature measurements, resulting 

in the calibration curve shown in Figure 13.  

Once this curve is created, it can be used to find the three voltages corresponding 

to the denaturing, annealing, and extension temperatures of the particular amplification to 

be performed.  While these three voltages are all that is required, slow temperature 

ramping under such a simple control scheme would necessitate hours for one 

amplification run.  Therefore, to expedite heating and cooling, we applied the maximum 

driving voltage and then a holding voltage corresponding to the denaturing temperature.  
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Similarly for cooling, a zero voltage duration precedes the annealing voltage.  A typical 

three temperature PCR cycling program thus requires five distinct driving voltages: 

maximum power to ramp up to denaturing, a denaturing holding voltage, zero voltage to 

cool to annealing, an annealing holding voltage, and an extension holding voltage.  If 

there is a significant temperature difference between the annealing and extension 

temperatures, a sixth full power ramping voltage can be implemented between those two 

holds.  The heating and cooling times are measured and set to minimize under- and over-

shoot.  The resulting temperature profile and driving voltage can be seen in Figure 14.  

Desired times and temperatures were 4 s at 90°C for denaturing, 5 s at 68°C for 

annealing, and 5 s at 72°C for extension.  

 

 

Figure 14: Experimental temperatures obtained from calibration and corresponding laser 
open-loop control voltages for PCR of 500 bp DNA amplicon in 9:58 in a 1 µL chamber 

within a polymer microfluidic chip. 
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Mechanical and thermal repeatability  

In order for open-loop control to work consistently, thermal and mechanical 

repeatability are paramount.  As described previously, the x-y stage to position the 

collimating lens is only adjusted once.  However, the laser beam alignment is periodically 

checked to ensure identical heating by burning a piece of toner paper as mentioned 

previously.  Although it is rarely out of alignment, this test takes less than 1 min to 

perform and ensures consistency.  

To measure the repeatability of the chip alignment in the holder, we mounted the 

system on an inverted microscope (Nikon, TE2000-E) to image the chip location during 

repeated placement.  Of the three principal system axes, shown in Figure 11, the x-axis 

error is insensitive because this axis is parallel to the reaction chamber’s length and 

deviations less than 1 mm do not cause significant temperature differences.  For the y-

axis alignment repeatability measurement, we placed and imaged the chip five times.  

The standard deviation measured was σy  =  5.31 µm, causing no measurable temperature 

difference with thermocouple inserted into the chamber and laser heating.  This same test 

is repeated each time a new batch of chips is made to make sure they are within 

specification.  

For the z-axis repeatability measurement, or direction normal to the chip surface, 

we repeatedly focused the microscope on either a stationary chip or a successively 

removed and replaced chip.  From the stationary chip, we ascertained from five 

measurements that the standard deviation of the focusing error was 9.9 µm.  From five 

measurements with the replaced chip, which includes this focusing error, the standard 

deviation of the position measured was σz  =  16.4 µm.  To determine if this error was 

problematic, we measured the temperature variation corresponding to z-axis translation 

between the laser and chip.  For a 1,000 µm displacement, more than the 750 µm 

chamber height, a temperature variation of only 0.5°C was measured, so the σz measured 

was deemed acceptable.  
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To measure the combined repeatability of the chip placement, laser z-axis 

translation to allow chip placement, laser power output, and thermocouple placement for 

calibration, we successively removed, replaced, and heated a water-filled chip and its 

thermocouple.  Five consecutive temperature measurements showed a standard deviation 

of 0.1°C, well within tolerances for PCR from conventional instruments.  We note that 

the primary cause of the difference in temperatures between the trials is the result of 

variations in thermocouple placement, which is not used during PCR.  

PCR amplification of λ-phage DNA  

As a means to verify our system and method, an amplification of λ-phage DNA 

was performed on both our laser-based system and a conventional Peltier-based 

thermocycler (BioRad, MJ Mini).  The reaction solution was prepared in quantities of 

5 µL volumes according to the following protocol: 0.5 µL10X PCR buffer, 0.8 µL 

MgCL2 (25 mM), 0.1 µL dNTP mixture (10 mM), 0.1 µL forward and reverse primers 

(20 µM), 1.2 µL BSA (1 mg/mL), 1.0 µL DNA (45.8 µg/mL), 1.2 µL water, and 0.1 µL 

Taq polymerase.  BSA has previously been shown to aid microchip PCR [20].  The 

primer sequences used were 5′-GATGAGTTCGTGTTCGTACAACTGG-3′ for the 

forward primer and 5′-GGTTATCGAAATCAGCCACAGCGCC-3′ for the reverse 

primer.  Our microchips were loaded with about 1,400 nL, of which approximately 

820 nL was located within the chamber.  After running the 25-cycle program as seen in 

Figure 14, we evaluated results with microchannel electrophoresis separation (Agilent, 

Bioanalyzer).  Successful amplification with excellent signal to noise ratio (>200:1), for a 

typical trial are shown in Fig. 5.  
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Figure 15: Electropherogram of 500 base pair lambda DNA amplification performed in 
less than 10 min on a 1 µL polymer microchip. This was repeated five times with 

identical results. 
 

This amplification was performed in less than 10 min, with a total setup, recovery, 

and run time of less than 12 min.  Five identical runs were performed in series with the 

same outcome, demonstrating the repeatable DNA amplification achievable with our 

device.  

It should be noted that the calibration curve is unique to the microfluidic chip 

design and laser used.  However, these variables are easy to maintain, and we have used 

the same calibration curve on two identical laser thermocycler systems that we have 

constructed to obtain DNA amplification with no adjustments.  If a new microchip design 

or a different laser is used, the calibration curve can be created in approximately 3 h.  

This process has an initial time investment, but greatly reduces the amount of time 

needed for each machine run.  

Conclusions  

The operation of this plug-and-play infrared-mediated PCR system has the 

advantages previously seen in microfluidic PCR systems, but operates more like a 



 31 

conventional PCR instrument in that the user simply loads and places the chip or well 

plate into the instrument, and removes it following amplification for sample post-

processing.  From a precision optical and mechanical design, thermal modeling, control, 

and calibration we were able to show repeatable DNA amplification in less than 10 min 

on a microchip of a volume of less than 1 µL in a system that requires little user interface 

and has a total run time of less than 12 min.  This approach is not restricted to low-cost 

microfluidic volumes (e.g., 1 µL), thus increasing utility.  We have previously cycled 

10 µL with our prototype using standard PCR tubes in place of the microchip.  With 

higher laser power and beam size control, we can cycle these larger volumes faster than 

conventional instruments while maintaining the advantages of open-loop and potentially 

multiplexed temperature control.  Also, scaling up to multiple reaction chambers on one 

microchip can now be achieved without having to simultaneously scale up the 

temperature measurement system.  If the radiation is optically manipulated, there is 

potential for unprecedented scalability and independent temperature control of multiple 

PCR chambers on a single microchip.  The open-loop control scheme allows this to be 

done in a similar total time as the one reaction chamber chip.  

Analysis of Prototype Open-Loop System 

By utilizing infrared heating with open-loop control, as well as repeatable chip 

manufacturing and alignment techniques, our open-loop PCR system was able to achieve 

rapid amplification of DNA with minimal set-up time. However, the amplification 

efficiency of the system was still significantly less than traditional bench top 

thermocyclers (Figure 16).  
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Figure 16: Final concentrations of PCR product from amplifications performed in a 
conventional thermocycler, labeled as control, and performed with the open-loop laser 
system, labeled as laser 1 - 6. The final concentrations of PCR product from the laser 
system were statistically different than the thermocycler control, indicating the laser 

system is not as efficient as current techniques. 
 

To test if the final concentration of PCR products from the two systems was 

statistically different, a two-sample t-test was used.  A null hypothesis that the two means 

were equal was assumed and evaluated at a 1% significance level.  The test produced an 

h = 1 and p = 4.0952e-4, which rejected the null hypothesis that the two means were 

equal.  This test indicated that the final PCR product concentrations from the prototype 

open-loop system were statistically less than conventional thermocyclers.  
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CHAPTER 4  

THERMAL IMPROVEMENTS 

PCR is a temperature-controlled and enzyme-catalyzed biochemical reaction that 

requires temperature accuracy and stability for efficient DNA amplifications.  Non-

optimal temperatures can result in only partial denaturation of the DNA, inhibition of Taq 

polymerase, formation of primer-dimers, or only partial extension of the DNA sequence 

being amplified, which contribute to both reduced PCR yield and the formation of non-

specific PCR products [20].  The prototype open-loop PCR system previously discussed 

represented a milestone for micro PCR systems in terms of speed and ease-of-use. 

However the temperature accuracy and stability was not comparable to conventional 

machines.  The standard deviation of temperatures for the denaturing, annealing, and 

extension cycles were σd = 1.3 °C, σa  = 2.0 °C, and σe = 0.75 °C respectively and the 

average cycle-to-cycle variation for denaturation, annealing, and extension temperatures 

was σd = 0.87 °C, σa  = 0.39 °C, and σe = 0.74 °C respectively.  In addition, a run-to-run 

temperature variation of up to 8 °C was noted.  The multiple sources of error that 

contributed to these effects were divided into five areas to be addressed: temperature 

dynamics of one cycle, temperature dynamics across multiple cycles, variation between 

runs, random fluctuations in measured temperature, and variations in laser power output.  
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Temperature Undershoot and Overshoot 

 The non-optimal temperature dynamics of one PCR cycle was a result of the 

temperature undershoot and overshoot from the desired hold temperature when 

transitioning from one steady-state temperature hold to another (Figure 17). 

 

Figure 17: Experimentally measured temperatures and corresponding laser drive 
voltages for 3 PCR cycles.  Inputting laser power in the form of square waves resulted in 

temperature undershoot and overshoot from desired hold temperatures.  
 

Although the PCR solution was being directly heated by the infrared laser, the PMMA 

chip containing the reaction was also heating and cooling during the transitions from one 

temperature hold to another, causing the relationship between laser power and chamber 

temperature to shift.  Therefore, assuming the system was always in steady state and 

inputting a square-wave steady-state power profile was not an accurate assumption and 

instead caused the temperatures to undershoot and overshoot for each cycle (Figure 17). 



 35 

Optimized Laser Power Profiles 

The solution to this problem was to input dynamic, exponentially increasing and 

decreasing power profiles to minimize the temperature undershoot and overshoot of the 

system.  These power profiles were determined empirically based upon the heating and 

cooling rates of the reaction chip.  To accomplish this, a calibration chip with a 

thermocouple was placed in the system.  The system was cycled through the denaturing, 

annealing, and extension temperatures, with two minute holds at each temperature to 

ensure the system had reached steady state.  The data was then analyzed to determine the 

approximate heating and cooling rates of the system when transitioning from one 

temperature hold to another by measuring the time it took for the chamber temperature to 

reach the steady state value.  Using this information, dynamic, exponentially increasing 

and decreasing power profiles were created in MATLAB of the form, 

voltage = a×log(b×t) + c    (Eq. 2) 

where a, b, and c are constants determined empirically from the heating and cooling rates 

of the system and t is the hold time vector.  The resultant power profile was a piecewise 

continuous function consisting of the exponential powers for each of the three hold 

temperatures between segments of maximum power and no power to achieve maximum 

heating and cooling rates.  

Once an optimized power profile was created, it was tested and the temperature 

stability for the denaturation, annealing, and extension profiles was measured.  Based on 

the system response, the profile was adjusted and the process repeated as necessary to 

obtain steady temperature holds.  While this process required several hours, once created, 

a power profile does not need further adjusting.  These optimal laser power profiles 
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greatly improved the steady-state temperature holds and decreased the standard deviation 

of denaturing, annealing, and extension temperature to σd = 0.16 °C, σa  = 0.18 °C, and 

σe = 0.15 °C respectively (Figure 18). 

 

Figure 18: Experimentally measured temperatures and corresponding laser voltage 
profiles for two PCR cycles. Inputting exponentially increasing and decreasing laser 

power profiles resulted in steady temperature holds, minimizing temperature undershoot 
and overshoot. 

Temperature Dynamics Across Multiple Cycles 

 During a 20 or 30 cycle PCR program, the average temperature for each of the 

denaturing, annealing, and extension steps was found to be increasing by up to 3 °C.  

While these fluctuations varied from run to run, the values generally increased during the 

first 5-10 cycles of PCR, before then settling upon steady-state values (Figure 19). 
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Figure 19: Experimentally measured temperatures for 22 PCR cycles.  As the program 
progressed, the temperature holds for a given laser power input gradually increased over 

the first 8 cycles before reaching steady state conditions. 
 
This indicated that not only was the area around the chamber heating and cooling, 

causing undershoot and overshoot from the desired steady-state temperatures, but that the 

entire chip was also gradually heating up during the first 5-10 cycles, before reaching a 

dynamic steady-state with the environment. 

 To test this theory, a calibration chip was preheated to different temperatures, 

filled with PCR solution, and run on the device.  It was found that the starting 

temperature of the acrylic chip had a major impact on the steady-state temperature of the 

chamber over the first 5-10 cycles, before the chip settled into a state of equilibrium, 

likely causing the gradual temperature increase (Figure 20).  
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Figure 20: Experimentally measured chamber temperature as a function of time for 
different starting temperatures of PMMA calibration chip.  A PMMA chip was preheated 

on a hotplate to various temperatures and run on the device. 
 

Variation between runs 

 In addition to the temperature dynamics varying across multiple cycles, it was 

found that the steady state temperature of the chamber varied between runs as well.  

While this was partly due to chip misalignment, the variation also occurred when the 

same calibration chip was run on the device multiple times (Figure 21).  
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Figure 21: Experimentally measured chamber temperatures for 3 PCR runs.  The same 
open-loop program was run on the same calibration chip.  Variations in environmental 

conditions created variations in steady state temperatures. 
 

The resulting variation in steady-state temperatures was likely a result of the environment 

around the chip changing temperatures between runs.  The increase in environmental 

temperature was caused by conditions in the lab at the time of the experiment and by 

localized heating of the air around the chip due to heat dissipation by a CCD camera, 

microscope, computer, laser driver, laser diode, data acquisition system, and a halogen 

light source. 

ANSYS Simulation 

An ANSYS simulated was created to quantify the effect of environmental 

temperature on steady-state chamber temperature for a given power input.  This 

simulation, created with ANSYS workbench, used a 3D transient thermal solver.  The 

system geometry was created in Solid Works and imported into the ANSYS workbench.  

An internal heat generation region was selected as the reaction chamber, and the power 

profile imported into the model.  The solid bodies were modeled with SOLID87 

elements, surfaces modeled with TARGE170 elements, and contact regions modeled with 
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CONTA174 elements.  The mesh was auto-generated using ANSYS Workbench with a 

minimum edge length of 1.7067 e-5 meters and an average contact surface length of 

0.10204 e-2 meters.  A contact tolerance value of 4.8881 e-4 meters was chosen between 

surfaces.  A time step of 0.1 seconds was chosen and the model was run for 5000 

seconds.  Material properties for acrylic, water, and air were selected for the reaction 

chip, PCR solution, and environment respectively.  The model was then validated by 

running a program with a known response and the predicted response from the model was 

compared to the measured chamber temperature (Figure 22).   

 

Figure 22: Experimentally measured temperatures and predicted temperatures from an 
ANSYS transient thermal model of the system. 

 

After validation, the ANSYS simulation was used to quantify the effect of 

environmental conditions on the chamber temperature.  The simulation of the setup was 

run once with ambient conditions at 25 °C, and once at 30 °C.  It was found that a 5 °C 

change in environmental temperature resulted in an 8 °C change in chamber temperature, 

indicating that the environment around the setup strongly influenced the steady state 

temperature of the chamber (Figure 23). 
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Figure 23: ANSYS simulations of chamber temperature for the same input laser powers 
given environmental temperatures of 25 °C and 30 °C. 

 

Environmental Control 

The results of the experiments indicated that the temperature of the chip as well as 

the environmental conditions around the chip strongly influenced the chamber 

temperature.  Unless the environment could be accurately assumed to be a heat sink with 

a constant temperature, complicated environmental conditions including accounting for 

changing chip temperatures, environmental temperatures, and ambient temperatures 

would have to be included in the determination of the optimal laser power profile, 

significantly increasing the complexity of the procedure, and decreasing the robustness of 

the resulting PCR device (Figure 24). 

 

Figure 24: 1-D heat conduction model of system.  Chamber temperature depends upon 
chip temperature, local environmental temperature, and ambient temperature. 
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The solution to both these source of error was to keep the temperature of the environment 

around the chip constant.  Therefore, water cooled copper heat sinks were added to the 

system.  Sandwiching the PMMA chip between these plates ensured that the environment 

around the chip would remain constant across multiple cycles, and through multiple PCR 

runs, regardless of room temperature or the temperature of the chip when loaded into the 

system.  The implementation of the environmental chamber ensured that the environment 

around the chip could be assumed to be a constant temperature heat sink and only 

changing chip temperatures would have to be accounted for (Figure 25). 

 

Figure 25: 1-D heat conduction model of system with environmental control. Chamber 
temperature depends upon chip temperature and heat sink temperature, which is a 

constant and simplifies the model. 
 
This environmental chamber decreased the standard deviation of average temperatures 

across multiple cycles from σ = 0.54 °C to σ = 0.08 °C and the standard deviation of 

temperatures across multiple runs decreased from σ = 4.5 °C to σ = 0.12 °C (Figure 26). 

 

Figure 26: Experimentally measured temperatures for four PCR runs.  Creating constant 
environmental conditions around the chip allowed for repeatable temperatures. 
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Random fluctuations and perturbations in measured temperature 

 Bubble formation in device channels is a serious problem for microfluidic 

experiments.  This problem is especially critical for micro PCR devices that are subject to 

repeated temperature changes.  Researchers have hypothesized that bubble generation 

occurs due to either the result of flow-induced trapping of air in micro cavities during the 

sample loading process or due to the expansion of micro air pockets within a bonded 

interface upon heating [55].  Despite knowledge about how they form, it is impossible to 

completely eliminate the entrainment of air when thermally bonding or filling a 

microfluidic device such as the PMMA chips we employ in our open-loop devices.  

However the problem can not be ignored as bubble formation in these chips often leads to 

random fluctuations and perturbations in the measured chamber temperature, especially 

when heated above 85 °C (Figure 27).  
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Figure 27: Bubble expansion in reaction chamber at higher temperatures causes 
fluctuations in temperature measurements as well as depletion of the sample during PCR 

runs. 

95 °C 
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These bubbles not only interfere with temperature measurements but also deplete the 

sample during a PCR run, causing dilution of or even the complete depletion of PCR 

product (Figure 27).  One common solution among micro PCR devices is to lower the 

denaturation temperature to 91 °C to lessen the amount of bubbles that form.  However 

lower denaturation temperatures can lead to only partial denaturation of the DNA strand, 

increasing the variability in PCR results [20].  

Chamber Pressurization 

Bubble formation depends upon the resultant magnitude of three forces: the outer 

surroundings force, surface tension force, and gas expansion force (Figure 28).  Bubble 

expansion occurs when the gas expansion force is greater than the surface tension force 

and outer surroundings force and bubble suppression occurs when the force of the outer 

surroundings combined with the surface tension force is greater than the gas expansion 

force.  For a reaction with a constant surface tension, the only option is to increase the 

force of the outer surroundings. 

 

Figure 28: Diagram of bubble showing gas expansion force (Fg), outer surroundings 
force (Fo), and surface tension force (Fs). 

 
To accomplish this, the reaction chamber was pressurized with compressed 

nitrogen to 40 psig.  A pressure manifold was constructed so that the two fill ports of the 
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chip were equally pressurized when loaded into the device preventing the sample from 

shifting in the chamber upon pressurization.  This resulted in the elimination of bubbles 

in the channel over the range of temperatures necessary for PCR (Figure 29). 

 

 

 

Figure 29: Pressurization of the chamber prevented bubble nucleation and expansion 
upon heating resulting in uniform temperature measurements and no sample depletion at 

high temperatures. 
 

95 °C 
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Overheating of Laser Diode 

 The device uses a 1450 nm infrared laser diode to heat the PCR solution.  While 

they are inexpensive and have relatively low power consumption, their performance is 

highly temperature dependent.  Therefore, adequate cooling of the diode is important for 

stable power outputs.  To accomplish this, a copper heat sink was added to the top of the 

laser subassembly, and the same constant temperature water was flowed through this 

assembly as the environmental chamber.  The addition of this a heat sink greatly 

increased the stability of power output from a standard deviation of σ = 17 mW at 560 

mW to a standard deviation of σ = 5.0 mW at 560 mW (Figure 30).  

 

Figure 30: Laser diode power output is highly temperature dependent. With no heat sink, 
power output decays rapidly above 200 mW but with the addition of a water cooled 

copper heat sink remains stable up to 560 mW. 
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CHAPTER 5  

CHIP MANUFACTURING AND ALIGNMENT IMPROVEMENTS  

 The success of a micro PCR device with open-loop control is not limited to 

ensuring the thermal stability of the system.  It is also dependent upon repeatable 

manufacturing and positioning of identical PMMA reaction chips.  Slight differences in 

the alignment of the chip or differences in the chamber reaction volume were found to 

inhibit the system’s ability to perform repeatable, efficient PCR amplifications. 

Chip Machining 

 As previously discussed, the microchips for PCR were fabricated from PMMA 

using a 3-axis vertical milling center (Haas, OM-1A) capable of accurate positioning 

within 10 µm and repeatability of 6 µm.  A machining fixture with a 3 x 4 array of slots 

for chips was created so that up to 12 chips could be machined at once.  The 12 mm x 20 

mm PMMA chip blanks were laser cut from sheets of 1.50 mm cast PMMA (McMaster-

Carr).  While nominally 1.50 mm thick, the casting process creates ripples in the sheet, 

causing variations in thickness across the entire sheet.  These variations were quantified 

and for a batch of 96 PMMA chips, the thicknesses ranged anywhere from 1.66 mm to 

1.79 mm thick (Figure 31).   
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Figure 31: Histogram of a batch of 100 laser cut PMMA chips from a sheet of 1.50 mm 
cast PMMA. Variations in sheet thickness are a normal part of the casting process and 

must be accounted for when fabricating PCR reaction chips. 
 
If chips of different thickness were machined without re-zeroing the tooling, the depth of 

the milled chambers would vary, causing the resulting reaction chamber fill volumes to 

range from 0.8 µl to 1.3 µl.  To correct for this, each batch of chips was measured and 

sorted by thickness, and the machine tooling was then re-zeroed to accurately account for 

the thickness of each batch.  

Chip Alignment 

 In addition to accurate machining depth, a repeatable process for aligning the 

reaction chambers to reference features on the chip was developed.  The prototype open-

loop PCR device discussed in Chapter 3 used a mechanism consisting of 3 kinematic 

constraints to position the chamber relative to two edges of the chip and a leaf spring to 

provide the nesting force (Figure 12).  After assessing the performance of this system 

several drawbacks were noted in this particular constraining mechanism.  The 

repeatability depended upon the accurate placement of milled features on chips relative to 
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two sides.  This meant that the CNC milling machine tools had to be zeroed to the edge 

of the fixture in exactly the same way each time.  Also, the laser-cutting process creates a 

slight bevel on the edge of the chips.  Depending upon how the chips were oriented in the 

milling fixture, the features could shift slightly to one side or the other.  To eliminate 

these sources of error, two alignment pins were incorporated into the device and two 

alignment holes were machined into the chips.  Because these holes were machined at the 

same time that the chamber was machined, the chamber would be located in the same 

place relative to the alignment holes, and the repeatability of this process is only limited 

by the repeatability of the CNC milling machine, which is within 6 µm (Figure 32). 

 

Figure 32: A) Microchip features referenced off of two edges of the chip increase 
variability in chamber placement. B) Microchip features referenced to two alignment 

holes allow for precise, repeatable chamber placement relative to alignment holes. 
 
The bonding fixture incorporated these alignment pins as well, to ensure that the holes 

would not distort during the thermal bonding process.  

Chip Bonding 

 After milling, chips were cleaned in a 3-stage process that consisted of 1) rinsing 

with isopropyl alcohol, 2) rinsing with deionized water, and 3) 18 minutes in an 

ultrasonic cleaner.  After cleaning, chips were blown dry with compressed nitrogen.  It 

was found that thermally bonding two layers of 1.50 mm acrylic together was the best 
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way to fabricate disposable reaction chips capable of withstanding the temperatures (95 

°C) and pressures (40 psig) necessary for PCR (Figure 33).  

 

Figure 33: PCR microchips were fabricated from A) two pieces of 1.75 mm PMMA that 
were B) thermally bonded together. 

 
Similar to developing repeatable machining techniques, a process for repeatable bonding 

had to be developed as well.  Chips were bonded between two polished copper plates that 

were machined with alignment pins for aligning the two halves of the chip and threaded 

holes for bolts to provide the necessary clamping force.  They were polished to a mirror 

finish to ensure the chips would be optically clear, a necessary requirement for real-time 

fluorescence.  The plates were set on a hotplate and bolts tightened to 40 in-oz.  The 

hotplate was then heated to 165 °C for 40 minutes.  After 16 minutes of bonding time, the 

bolts were re-tightened to 36 in-oz.  The temperatures, forces, and time for the bonding 

process were determined empirically to ensure a strong bond between the two layers of 

acrylic without significantly deforming any of the milled features.   

Repeatability of Thermal Bonding Process 

If the thermal bonding process was not repeatable, such that the bonding force, 

temperature, and bonding time varied significantly for different batches of chips, the 

alignment of the different features on the chips would shift relative to each other, 

preventing identical fill volumes and causing misalignment of the reaction chamber under 

the laser.  To provide a repeatable bonding force, a torque screwdriver (Seekonk 

Precision Tools) was used to tighten the screws on the bonding fixture to ± 2 in-oz.  For 

accurate bonding temperatures, a hotplate with digital readout to ± 5 °C was chosen 
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(Corning) and the bonding time was controlled via a digital timer with a resolution of ± 1 

second (Woods).  After bonding, the alignment of chip features was checked on a 

microscope and feature variation was found to be within ±15 µm for 10 batches of chips. 

Chip Filling 

 While PMMA is easily machinable and thermally bondable, as well as able to 

withstand the temperatures and pressures necessary for PCR, it does not have the 

biocompatibility of other materials and has been known to inhibit PCR reactions.  This 

inhibition of reactions has been shown to correlate to both the material properties and 

surface area-to-volume ratio of the device [56].  In addition to decreasing reaction 

efficiency, the fill channels of the reaction chip that were not being irradiated by the laser 

but still filled with PCR solution acted as dead volume since it was not being amplified.  

Dead volume dilutes the final PCR product and can inhibit the reaction by forming 

primer-dimers in the fill channels.  With the current chip geometry, dead volume 

accounted for roughly 50% of the total fill volume of the chip. 

Mineral Oil Filling 

 To reduce the amount of dead volume in the chip, mineral oil was flowed in both 

before and after the sample to occupy the fill channels of the chip during the reaction.  

This allowed for the sample to be confined to the reaction chamber, thus eliminating the 

dead volume (Figure 34). 
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Figure 34: To reduce dead volume and increase amplification efficiency in PCR 
microchip, mineral oil was flowed in before and after the PCR solution so the PCR 

solution was confined to the area being irradiated by the laser. 
 
At the completion of the reaction, the oil and PCR reaction was transferred into a small 

polypropylene PCR tube.  Because mineral oil is hydrophobic, it separates from the PCR 

reaction in the tube and allows for just the PCR product to be extracted for off-line 

product quantification.  In addition, the mineral oil flowed in before the PCR reaction 

coated the walls of the PMMA chip, thus encasing the reaction entirely in mineral oil and 

decreasing the absorption of nucleic acids and Taq polymerase onto the chamber walls.  

This significantly inhibited the detrimental effects of material properties and surface area-

to-volume ratio that has plagued many micro-PCR devices. 
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CHAPTER 6  

DESIGN OF SYSTEM 

 The incorporation of the aforementioned improvements resulted in the addition of 

a water-cooled copper environmental chamber to encase the PMMA chip, alignment pins 

and a pressurization system for the chip, as well as a water-cooled heat sink on top of the 

laser diode.  The system was mounted on top of an inverted microscope to enable 

fluorescence imaging of the chamber for real-time detection purposes.  The entire system 

is shown below (Figure 35). 

 

Figure 35: Overview of real-time PCR system. The environmental chamber and laser 
components were mounted on top of an inverted microscope to allow for imaging of the 

chamber during PCR. 
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Environmental Chamber 

 The copper environmental chamber represented the most significant update to the 

system.  The functional requirements for the environmental chamber were: 

1. Encase the reaction chip 

2. Have a large thermal mass to validate the constant boundary condition assumption 

3. Allow the top of the chamber to be irradiated by the laser 

4. Bottom of chamber to be optically accessible for microscope imaging 

5. Simple and fast chip loading and unloading process 

6. Pressurized reaction chamber 

7. Accurate and repeatable alignment of chip 

8. Accurate and repeatable alignment of laser diode 

9. Must be mountable and able to fit into 11 cm x 16 cm opening on microscope 

stage 

10. PCR reaction chamber must remain within working distance of objective 

(15.7 mm) 

The resulting design consisted of two 1/2 inch thick copper plates that were each 

machined to 80 mm x 80 mm.  The bottom plate had three passages bored into the side.  

The outer two passages were designed as the water cooling passages and drilled on an 

angle to intersect at the far side of the chamber (Figure 36).  The center passage was 

designed to deliver the 40 psig nitrogen to the fill ports of the chip and enable the 

chamber to remain pressurized during device operation.  These pressurization ports were 

machined with slots for rubber O-rings to seal the chip against the plate and prevent 

leakage during operation.  An 8 mm hole was drilled through the center of the plate, 
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which coincided with the center of the reaction chamber and allowed the chamber to be 

imaged.  In addition, a recess with two alignment pins was created in the center of the 

plate.  The recess ensured that the sides of the chip would also maintain a constant 

temperature and the alignment pins ensured accurate and repeatable placement of the 

chips in the device.  The upper plate had one cooling passage drilled through. This 

passage was drilled offset from the center and unlike the lower plate with intersecting 

passages, this passage went straight through (Figure 36). An 8 mm hole was drilled 

through the center to allow the top of the chamber to be irradiated, and holes were drilled 

and tapped to allow the laser cage rod assembly to be mounted to the top plate.  

 

Figure 36: Drawings of A) bottom and B) top plate of environmental chamber. Internal 
water cooling passages and pressure ports are represented by dashed lines.  Pins for 

aligning the chip were added to the bottom plate and holes to mount the laser cage rod 
assembly were located in the top plate. 

 

To allow the plates to be separated for chip placement and removal but also 

maintain alignment between the two plates, a hinge was added to one side and holes 

drilled for two thumb screws on the other.  The hinge allowed for only rotational 

movement between the two plates and the thumb screws, when tightened, provided a 

downward force on the top plate that seated the reaction chip against the rubber O-rings 

in the bottom plate to maintain 40 psig pressure in the chamber (Figure 37).  
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Figure 37: Layout of environmental chamber in A) open and B) closed positions as well 
as C) CAD drawing of system. 
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A constant temperature water bath with pump supplies the cooling water to the 

system.  Manifolds were connected to the inlet and outlet of the pump and polypropylene 

tubing was used to run the water to each of the three heat sinks individually.  Needle 

valves were located upstream of the components so the flow-rate to each component 

could be regulated.  A schematic of the cooling system is shown in Figure 38. 

 

Figure 38: Schematic of cooling system. 

Laser Assembly 

 The laser assembly consists of a 1450 nm infrared laser diode, aspherical 

collimating lens mounted in an x-y translational mount, and a water cooled copper heat 

sink mounted on top of the diode.  To align the laser focal spot to the chamber, an empty 

chip was placed in the device with a piece of toner paper secured to the top.  The laser 

was held at full power for 10 seconds and a hole corresponding to the focal spot of the 

laser was burned into the toner paper.  The laser was turned off, chip removed, and the 

alignment of the focal spot to the chamber was checked under a microscope.  If 

misaligned, the x-y translational mount was adjusted and the process continued until the 

focal spot was located directly over the reaction chamber. 

Laser power output was regulated by the voltage sent to the laser driver.  Using 

Labview we created software for analog open-loop laser driving voltage control. The 
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input is a simple text file containing a column of 0.10 second hold times and a 

corresponding column of drive voltages.  The program reads through each line of the file, 

holding the laser driver at the specified voltage for the specified time. Once complete, the 

drive voltages returns to 0 and the program shuts off.  

 

Figure 39: Top view of the layout of environmental chamber and laser components on 
microscope stage. 

Microscope imagining and data acquisition assembly 

 The laser and environmental chamber assemblies were mounted on top of a Nikon 

Eclipse TE-2000E inverted microscope. A Sutter Lambda LS xenon arc lamp was used 

for the excitation light and filtered through a 480/20 nm bandpass filter. The emission 

light was filtered through a 520/20 nm bandpass filter and a Roper Scientific Cascade 

CCD camera was used to record images of the reaction chamber.  The chamber was 

imaged through a 4x/0.2 N.A. Nikon objective.  Images were gathered using NIS 

Elements BR software and post-processed via a MATLAB algorithm to identify the 

regions of intensity.  A 3 mm thick water filter was added directly above the microscope 
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objective to absorb any stray infrared radiation and prevent it from damaging the 

microscope optics (Figure 40). 

 

Figure 40: Schematic of microscope showing paths for excitation and emission light.  
The laser system was mounted on the stage facing down and a water filter used to prevent 

stray radiation from damaging the optical components.   

Mechanical and Thermal Repeatability 

 After the components were fabricated and installed, the repeatability of the system 

was assessed.  To measure the repeatability of the alignment pins, an empty reaction chip 

was placed in the device, and imaged with the microscope.  The position of the chamber 

was recorded on the screen, and the process repeated 10 times.  The average variation in 

chip placement was 5 µm, or 1 % of the reaction chamber width.  

The focal spot of the laser diode was aligned over the chamber using sheets of 

toner paper as previously mentioned.  This process, once properly adjusted, does not have 
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to be repeated during normal operation of the machine.  However, to assess the combined 

repeatability of the hinge in aligning the top plate to the bottom plate of the 

environmental chamber and the alignment pins in aligning the chips to the bottom plate, 

10 squares of toner paper were prepared and fixed on top of 10 chips.  Each chip was 

then placed in the device and the laser power turned on full for 10 seconds.  The chip was 

removed, and the focal spot was imaged with a microscope to check for alignment and all 

10 focal spots were found to be consistently aligned over the chambers. 

 To assess the thermal stability of the environmental chamber, a reaction chip was 

filled and placed in the device with the laser diode off but with water flowing through the 

environmental chamber. The temperature of the reaction chamber was monitored and 

over a 1 minute time, the standard deviation in temperature was found to be 0.076 °C. 

 



 62 

CHAPTER 7  

RESULTS 

 The combination of thermal and chip manufacturing improvements greatly 

increased the temperature stability and repeatability of the system.  We found the 

temperature variation during reverse-transcription, the annealing step, and the extension 

step to be σRT = 0.076 °C, σa = 0.18 °C, and σe = 0.15 °C respectively with average 

heating and cooling rates of 3.3 °C and 3.86 °C.  This temperature stability is comparable 

to those reported by other closed-loop micro PCR systems.  One such system, by 

Angione et al., recently reported temperature variations of σRT = 0.8 °C, σa = 0.1 °C, and 

σe = 1.3 °C during the reverse-transcription, annealing, and extension steps and heating 

and cooling rates of 1.6 °C and 1.8 °C [57]. 

To quantify the impact of these improvements on PCR yield, real-time 

amplifications of both DNA and RNA were performed.  The system performance would 

be assessed in terms of PCR product yield and repeatability of real-time fluorescence 

curves.  

PCR Amplifications 

PCR Protocol 

After thermal bonding, chips were rinsed with deionized water, dried with 

compressed nitrogen, numbered, and placed in a sterile Petri dish.  A 500 bp amplicon of 

λ phage DNA (USB) was chosen as the target to be amplified and the following primer 

set 5′-GATGAGTTCGTGTTCGTACAACTGG-3′ and 5′-

GGTTATCGAAATCAGCCACAGCGCC-3′ was used.  Primers were obtained from 

eurofins, re-suspended and diluted into 20 mM aliquots according to the manufacturer’s 

protocol.  Bioneer AccuPower PCR PreMix tubes were used for the reaction premix and 

SYBR Green I dye (Lonza) was used for real-time detection.  BSA (USB) was added to 
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the reaction to lessen the Taq polymerase absorption to the walls of the chamber.  The 

reaction was prepared according to the following protocol: 11 µl H2O, 6.0 µl BSA (1 

µg/µl), 0.6 µl SYBR Green I (10x), 0.4 µl forward and reverse primers (20 mM), 2.0 µl 

DNA (varying concentrations) were added into one 20 µl PCR premix tube.  A 5 µl 

aliquot was taken, covered by 15 µl of mineral oil (Fischer Scientific), and run on a 

conventional thermocycler (BioRad, MJ Mini) for 40 cycles.  Each cycle consisted of 95 

°C for 30 s, 68 °C for 60 s, and 72 °C for 60 s. In addition, a 5 minute, 95 °C initial 

denaturation step was done at the beginning of cycling and a 2 minute, 72 °C final 

extension at the end. 

The remaining PCR solution was divided up into 2 µl aliquots, one for each 

reaction to be performed.  The water bath, CCD camera, laser driver, and xenon lamp 

were switched on and allowed to run for 30 minutes.  The constant temperature water 

bath was set at 42.8 °C.  After the 30 minute warm-up, a calibration chip was placed in 

the machine and run through one PCR program to verify the entire system was 

functioning properly.  Pipettes were then filled in a 3-stage process: 1.53 µl of mineral 

oil, followed by 0.94 µl of PCR solution, followed by another 1.53 µl of mineral oil.  The 

solution was flowed into a clean PCR microchip, taking care to ensure the PCR solution 

was centered in the reaction chamber, placed in the device and run through 30 PCR 

cycles.  Each cycle consisted of 93 °C for 10 s, 68 °C for 20 s, and 72 °C for 20 s.  In 

addition, a 60 s initial denaturation was done at the beginning of cycling (Figure 41). 
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Figure 41: Temperature as a function of time for 30 PCR cycles with a 500 bp segment 
of λ phage DNA as the amplicon.  The system is calibrated by creating an optimized laser 
power profiles, measuring the temperature response, and then adjusting the power profile 
as needed. Once created, the same open-loop program can be run multiple times with no 

need for re-calibration between runs. 

Fluorescence Measurements 

 Fluorescence measurements were taken during the extension phase of every PCR 

cycle.  To avoid photobleaching of the SYBR Green dye due to prolonged exposure to 

the excitation light, camera exposure time was limited to 2 seconds and images were 

taken after the first 17 seconds of each extension phase.  After the PCR run was 

complete, the fluorescence images were saved and post-processed to determine the 

change in fluorescence intensity.  An algorithm was written in MATLAB that calculated 

the average intensity of a user-defined region of interest.  The same region of interest was 

used for all images, and the algorithm output was a vector of 30 average intensities over 

the region of interest.  The vector was then normalized so all values ranged from 0 to 1. 
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Standard Curve Construction 

 The process was repeated 3 times for a series of 4 - 10x dilutions of DNA.  The 

normalized fluorescence intensities for each dilution were averaged, and the results for all 

4 dilutions (each averaged from n = 3 runs) plotted together (Figure 42). 

 

 

 

Figure 42: Fluorescence intensity of a PCR sample as a function of cycle number. As the 
concentration of DNA increases, the fluorescence intensity of the sample increases. 

Reactions with fewer starting copies of DNA take more cycles before the fluorescence 
intensity crosses the detection threshold of the system.  

 
The fluorescence threshold was taken as 30 times the standard deviation of the first 6 

PCR cycles, and from this the average cycle threshold value for each dilution was 

determined.  The fluorescence intensities of the highest starting concentrations began to 

exponentially increase immediately; therefore no accurate cycle threshold value could be 

determined from the highest concentration.  For the remaining 3, the base 10 logarithms 

of the starting copy numbers were plotted against the cycle threshold values, and a linear 
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regression fit was performed.  The coefficient of determination from this regression 

analysis was R2 = 0.9933, indicating the linear model fit the data well (Figure 43).  

 

Figure 43: Cycle threshold as a function of starting copies for 3 dilutions of lambda 
phage DNA. The relationship between the log of the starting copy number and cycle 

threshold value is a straight line, as shown by the linear regression fit.  
 

The efficiency of the open-loop PCR system was calculated from the slope of the 

standard curve as: 

E = 100*(10-1/k – 1)    (Eq. 3) 

where E is the efficiency of the system and k is the slope of the linear fit [58]. 

The efficiency of the device was 57%. 

Bioanalyzer Results – Comparison to Thermocycler 

The PCR product from both the laser device and conventional thermocycler 

controls was evaluated with microchannel electrophoresis separation (Agilent, 
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Bioanalyzer) to determine both the base-pair length and final concentration of PCR 

product (Figure 44). 

 

Figure 44: Final concentrations of PCR product for a thermocycler control, labeled as 
control, and amplifications performed with the open-loop laser system, labeled as laser 1 

- 5. The final concentrations of PCR product from both systems were not statistically 
different, indicating the laser system is as efficient as current techniques. 

 
A two-sample t-test was used to determine if the average final concentration of 

PCR product from the five open-loop system amplifications was statistically different 

from the thermocycler control.  A null hypothesis that the two means were equal was 

assumed.  The result of the test was a p value of 0.5823 and an h value of 0, indicating a 

failure to reject the null hypothesis at the 1% significance level.  These results indicated 

that the laser system produced a statistically similar PCR final concentration to the 

thermocycler controls. 

Reverse Transcription Amplifications 

Reverse Transcription Protocol 
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The housekeeping gene GAPDH was chosen as the target to be amplified from 

samples of purified mouse embryonic stem cell RNA using the following primer set 5′-

GCCTTCCGTGTTCCTACC-3′ and 5′-GCCTGCTTCACCACCTTC-3′.  Primers were 

obtained from eurofins, re-suspended and diluted into 10 mM aliquots according to the 

manufacturer’s protocol.  Bioneer AccuPower one-step RT-PCR PreMix tubes were used 

for the reaction premix and SYBR Green I dye (Lonza) was used for real-time detection.  

BSA (USB) was added to the reaction to lessen the Taq polymerase absorption to the 

walls of the chamber.  The reaction was prepared according to the following protocol: 

14.1 µl H2O, 3.0 µl BSA (1 µg/µl), 0.40 µl SYBR Green I (10x), 0.75 µl forward primer 

(10 mM), 0.75 µl reverse primer (10 mM), and 1.0 µl RNA (109 ng/µl) were added into 

one 20 µl RT-PCR premix tube.  A 5 µl aliquot was taken, covered by 15 µl of mineral 

oil (Fischer Scientific), and run on a conventional thermocycler (BioRad, MJ Mini).  The 

sample was first held at 42 °C for 60 minutes for the reverse transcription process 

followed by 40 PCR cycles.  Each cycle consisted of 94 °C for 10 s, 56 °C for 30 s, and 

72 °C for 30 s. In addition, a 5 minute, 94 °C initial denaturation step was done at the 

beginning of cycling. 

The remaining PCR solution was divided up into 2 µl aliquots, one for each 

reaction to be performed.  The water bath, CCD camera, laser driver, and xenon lamp 

were switched on and allowed to warm up for 30 minutes.  The temperature of the water 

bath was set for 42.8 °C which created a 42 °C temperature in the reaction chamber, the 

optimal temperature for reverse transcription.  Pipettes were filled in a 3-stage process: 

1.53 µl of mineral oil, followed by 0.94 µl of PCR solution, followed by another 1.53 µl 

of mineral oil (Figure 34).  The solution was flowed into a clean PCR microchip, taking 

care to ensure the PCR solution was centered in the reaction chamber, and then placed in 

the device.  The chip remained in the device for 30 minutes with the laser off to allow the 

reverse transcription to occur and then run through 30 PCR cycles.  Each cycle consisted 

of 93 °C for 10 s, 56 °C for 20 s, and 72 °C for 20 s.  In addition, a 5 minute, 93 °C initial 
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denaturation was done at the beginning of cycling to inactivate the reverse transcriptase 

and denature the cDNA (Figure 45). 

 

 

Figure 45: Temperature as a function of time for 30 PCR cycles with the gene GAPDH, 
a 100 bp segment of RNA, as the amplicon.  The system is calibrated by creating an 

optimized laser power profiles, measuring the temperature response, and then adjusting 
the power profile as needed. Once created, the same open-loop program can be run 

multiple times with no need for re-calibration between runs. 

Heating and Fluorescence Measurements 

Fluorescence measurements were taken during the extension phase of every PCR 

cycle.  Camera exposure time was set to 2 seconds and images were taken after the first 

17 seconds of each extension phase.  After the PCR run was complete, the fluorescence 

images were saved and post-processed to determine the change in fluorescence intensity.  

The data was post-processed in MATLAB and the intensities were normalized relative to 

the fluorescence intensity of the last cycle.  In addition, all values below the initial 

intensity level were set to 0 (Figure 46). 
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Figure 46: Fluorescence intensity of a PCR sample as a function of cycle number for 
three amplifications of the gene GAPDH with identical amounts of RNA. As the 

concentration of cDNA increases, the fluorescence intensity of the sample increases.  

Bioanalyzer Results – Comparison to Thermocycler 

The PCR product from both the laser device and conventional thermocycler 

controls was evaluated with microchannel electrophoresis separation (Agilent, 

Bioanalyzer) to determine both the base-pair length and final concentration of PCR 

product.  The final concentrations of PCR product were similar for both systems, 

indicating the laser system is as efficient as current techniques (Figure 47).  
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Figure 47: Final concentrations of PCR product for thermocycler controls, labeled as C, 
and amplifications performed with the open-loop laser system, labeled as L. The final 

concentrations of PCR product from both systems were not statistically different, 
indicating the laser system is as efficient as current techniques.  

 

Statistical Analysis 

A two-sample t-test was again used to determine if the average final concentration 

from the three thermocycler control amplifications was statistically different from the six 

amplifications done with the open-loop system.  A hull hypothesis that the two sample 

means were equal was assumed and evaluated at a 1% significance level.  The results 

indicated a failure to reject the null hypothesis at the 1% significance level and a p value 

of 0.8672 so the average PCR product from the thermocycler and open-loop system were 

statistically similar. 
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CHAPTER 8  

CONCLUSIONS AND FUTURE WORK 

 Since the 1990’s, the field of micro PCR has been steadily advancing.  Many 

researchers have focused on developing systems that can perform gene expression 

measurements on hundreds cells at once, or on thousands of genes of interest, or with 

sample-in answer-out capability.  However the fabrication cost, set-up time, or difficulty 

of use has prohibited these instruments from scaling easily in the time domain. In this 

thesis we have described the design, fabrication, and testing of two iterations of devices 

for performing micro PCR with open-loop control.  Combining the benefits of micro PCR 

with the speed and simplicity of open-loop control is a promising way to scale gene 

expression measurements in the time domain.  By implementing an optimized power 

profile, environmental control, a pressurized reaction chamber, and refined chip 

manufacturing, bonding, and filling techniques, we have created a system that can 

amplify targets of DNA or RNA with the same efficiency as conventional thermocyclers, 

1/25 the volume, and in ½ to 1/3 the time a conventional machine takes.  In addition, the 

implementation of fluorescence detection and successful construction of a standards 

curve for λ phage DNA has enabled sample concentrations to be quantified in real-time.  

Future Work 

 There is still work to be done to create a system fully capable of measuring gene 

expression at a high temporal frequency.  This system used purified RNA as the starting 

point.  However, further upstream processing steps such as cell extraction, lysis, and 

RNA purification need to be integrated into the device in order to decrease the labor and 

sample handling involved.  Also, an automated system to clean or replace reaction chips 

between runs is essential when measuring gene expression every hour over multiple days.  

Further work involves better characterization of the laser power profiles.  Currently, the 

profile irradiating the reaction chamber has a Gaussian profile, creating uneven heating in 
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the chamber.  Irradiating the chamber with a flat, even profile would further increase the 

efficiency of the system to possibly exceed the efficiency of conventional thermocyclers. 

Alternative Applications 

 While high-frequency gene expression measurement is one future application for 

the device, another would be as a point-of-care device in developing countries.  To use 

the device as a compact, nucleic acid amplification device, Peltier heaters could replace 

the water-cooled environmental chamber to reduce the size of the device.  In addition, the 

laser power could be split evenly over multiple channels, allowing for simultaneous 

amplifications of multiple samples.  The simple chip filling and loading technique is 

unique among microfluidic devices, and open-loop control combined with inexpensive, 

disposable PMMA chips significantly increases the practicality of micro PCR 

technologies.  
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