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ABSTRACT
Recognition of point mutations in a codon 12 of the K-ras gene, most frequently
observed, is considered to be useful in the early diagnosis of several types of the human
cancers. We have developed a multifunction, disposable, microfluidic module which
detects low-abundant point mutations in human genomic DNA in modular architecture.
Each functional component including a microfluidic PCR reactor, a passive diffusional
micromixer reactor, and a microfluidic LDR reactor was separately designed and
fabricated. Fluidic interconnects were also developed to make a fluidic passage between
the functional components. Polycarbonate substrates were micro-molded, using hot
embossing with micro-milled brass mold inserts to make all microfluidic components.
Developed microassembly using passive alignment features, fabricated on all components,
was used to assemble the functional components with the fluidic interconnects using an
adhesive bonding technique. Thermal simulations were employed to ensure uniform
thermal distributions in the microfluidic PCR and LDR reactors, to isolate the mixing
junction in order to avoid heat–induced bubble formation in the passive micromixer
reactor, and to have minimal thermal crosstalk due to the asymmetric thermal zones in
the PCR and the LDR reactors. A control system was developed to control temperatures
enabling thermal cycling in the microfluidic PCR and LDR reactor. LDR products were
produced using the module within an hour with DNA sample, which had the ratio of
1:200. Total reaction time was about 67 minutes. By applying an enzyme as a purification
of PCR products, a LDR analysis can be optimized and minimized to reduce the false
positive signals and inconstant results generated by PCR products during the LDR. The
purification system allowed us to successfully quantify the amount of mutant alleles in
xiv

the genomic DNA. The high degree of accuracy in this module can also facilitate the
detection of low-frequency point mutation occurred in other functional genes. This
module, fabricated using replication technologies of polymers will be able to supply low
cost, disposable detection tools for known disease-causing mutations and also expand to
other PCR-based detection assays in diagnostic applications.

xv

CHAPTER 1: MICROFLUIDIC SYSTEMS FOR GENETIC ANLAYSIS
Considerable interest has been aroused in in the genome and genetic analysis
because genes make proteins and other biological molecules, which are necessary for life,
The first genomic information was obtained by the Human Genome Project, completed in
2003, using high-throughput, cost-effective DNA sequencing tools and methods (Collins
et al., 2003; Kelly and Woolley, 2005). Although much more remains to be found, it can
provide the knowledge of the functions of DNA and its encoded products. Based on the
newly available information, genome sequence data can be accessed, handled, and
processed by all scientists (Frazier et al., 2003). Extensive databases for genes and
diseases are being utilized to understand the significance of mutations in the human
genome. They also allow researchers to investigate many diseases associated with genetic
or environmental factors.
It is now evident that inherited predisposition or mutations, caused by
environmental agents, are essential to the etiology of a number of severe diseases, such as
cancer, diabetes mellitus, some rheumatic, and mental illnesses (Taylor and Day, 2005).
These diseases are a major burden for global healthcare systems. For example, most
cancers are caused by mutations, which result from the interaction between an
individual’s genetic factors and various external agents, in the human genome that lead to
metastasis (Klein, 2008). It consists of uncontrolled cell growth, invasion of adjoining
parts of the body, and spread to other tissues or organs by the resultant tumor. It is a
major contributor to human mortality. Most cancer deaths are due to lung, stomach,
colorectal, liver, and breast cancer (Jemal et al., 2008). If the medical treatments to
prevent the diseases are available, the early detection of mutations before the onset of
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symptoms will be more important for early therapy to reduce the high risk. A variety of
detection techniques have been developed to test for mutations in individual genes. They
are performed on bench-top machines in test tubes or glass ware. Processing times are
long, reagent volumes are large, and a highly skilled hand and a high cost are required
(Liu, 2006). Therefore, much effort has been concentrated on the development of costeffective, high-throughput techniques for genetic analysis.
A new technology, based on microfluidics, enables fluidic reactions in micro- or
nanoscale channels. It has the potential to replace the bench-top protocols for performing
complex biological and chemical reactions in low-cost and disposable systems,
developed by micro- or nanofabrication technologies. It may be possible to eliminate the
need for an expert operator and to reduce reagent volumes and analysis times.
Microfluidic systems have been developed to manipulate biological elements such as
cells, DNA, RNA, and proteins for chemical and biological analysis (Liu, 2006; Sun and
Kwok, 2006). Many protocols using bench-top machines for the analysis can be
performed in microfluidic systems. As the systems allow inexpensive and highthroughput genetic analysis by reducing the reagent volumes, processing times, and
performing multiple assays simultaneously, they should play a major role in genetic
analysis. Researchers in the field of microfluidics are trying to make systems, appropriate
for the market, to allow people to have the benefit of acquiring genetic information at
low-cost and quick turn-around time (Whitesides, 2006). Highly developed systems,
enabling widespread, sensitive, frequent screening or testing, will lead to early detection
of a variety of diseases. It may change the paradigm of healthcare from treating to
symptoms to anticipating disease in the future (Whitesides, 2006).
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1.1 History Background of Microfluidic System for Genetic Analysis
Many microfluidic devices have been developed on silicon and glass substrates
using relatively well-defined fabrication technologies, such as bulk micromachining and
surface micromachining, derived from the semiconductor industry. The main objective of
the field was device miniaturization at the initial stage of development. The novel
concept of a miniaturized total chemical analysis system was proposed by Manz et al. and
changed the field (Manz et al., 1990). They reported that several devices for chemical
sensing could be fully integrated onto a single substrate and that the miniaturized system
enhanced the performance with faster, more efficient analysis and reduced consumption
of sample and reagents. Since then, there has been a great interest in the development of
microfluidic systems. Significant advances in the integration of multiple biological
reactions have been performed on a single substrate to provide substantial improvement
in genetic analysis (Kelly and Woolley, 2005). A particular example of an integrated
microfluidic device was for infectious disease diagnosis (Pal et al., 2005). Fluidic
components, including a separation column, reaction chambers, mixers, and valves and
thermal components, including heaters and temperature sensors, were integrated on
silicon and glass substrates by bulk micromachining and bonded to each other using UV
curable optical glue. The system enabled the identification of influenza viruses using
sequential biological reactions, such as the polymerase chain reaction (PCR), and
restriction endonuclease digestion (RD), followed by electophoretic separation. The
integration of fluidic and thermal components was shown to be suitable for a variety of
genetic analyses.
Polymers have emerged as important materials for use in microfluidic
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applications. There are a number of advantages associated with polymers. First, raw
polymer materials are inexpensive, when compared with silicon. Second, the use of
polymers as substrates allows low cost, batch fabrication by using replication-based
methods, such as casting, hot embossing, and injection molding. Third, different
polymers offer a wide range of properties that are unavailable in other materials for
biological and chemical applications.
Poly(dimethylsiloxane) (PDMS) is a key material for easy, rapid, and low cost
prototyping of microfluidic devices for research purposes at the early stages of
development. Using a soft lithography (Whitesides et al., 2006), pneumatic valves,
mixers, and pumps have been developed in PDMS using its mechanical properties, which
make it easy for large, reversible deformations. A simple casting method based on the
soft lithography was used (Unger et al., 2000 and Thorsen et al., 2002) to develop the
pueumatic valves and pumps. This contributed to PDMS being a widely used material in
the research on microfluidic applications (Whitesides, 2006). A similar concept was
applied for developing integrated microfluidic devices. A single microfluidic chip was
fabricated using PDMS to perform automated nucleic acid purification including cell
isolation, cell lysis, and DNA or mRNA purification and recovery from small numbers of
bacterial or mammalian cells in nanoliter volumes (Hong et al., 2004). Another
application was chemical cytometry using an integrated three-way valve and picoliter
pipette to control the flow of the fluid (Wu et al., 2004). The PDMS microfluidic device
was used to analyze the chemical contents of a single cell. It incorporated cell handling,
metering and delivery of the chemical reagents, cell lysis and chemical derivatization,
separating derivatized compounds, and detecting them by laser-induced fluorescence in
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picoliter volumes. However, PDMS microfluidics may not be suitable for applications
which require chemically inert materials or high temperatures and pressures, because of a
relatively low maximum operating pressure, gas permeability, and limited chemical
compatibility (Whitesides et al., 2006).
Thermoplastic polymers, such as polycarbonate (PC), poly(methylmethacrylate)
(PMMA), and cyclic olefin copolymer (COC), have also been used in many microfluidic
applications. Using the replication-based fabrication methods, a variety of disposable
thermoplastic polymer microfluidic devices can be mass–produced at low cost. Integrated
systems were developed for genetic analysis in PC (Liu et al., 2002), PMMA (Ueda et al.,
2000) and COC (Koh et al., 2003). Fluidic components were integrated on thermoplastic
polymer substrates both to amplify a specific gene, such as E. coli O157, Salmonella
typhimurium, or E. faecalis, and to detect them using capillary electrophoresis (CE) or
allele-specific oligonucleotide (ASO) hybridization. A fully integrated PC microchip was
reported by researchers at Motorola Inc. (Liu et al., 2004). The device consisted of mixers,
valves, pumps, channels, chambers, heaters, and DNA microarray sensors to perform
sample preparation, PCR amplification, DNA hybridization, and detection for complete
DNA analysis. They demonstrated pathogenic bacteria detection from milliliter whole
blood samples and single nucleotide polymorphism (SNP) analysis from diluted blood.
The field has concentrated on the development of highly integrated microfluidic
systems to enable complex procedures for biological and chemical analysis, to perform
high-throughput processing or point-care-of (POC) testing at low cost, and to reduce the
dependence on external operating resources. Quality applications have also been sought
that attract new or prospective commercial users.
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1.2 Microfluidic Systems
A microfluidic system for complete biological or chemical analysis is known as a
lab-on-a-chip (LOC) or a micro total analysis system (µTAS). Small (10-9 to 10-18 liters)
amounts of fluids are driven through channels with dimensions of tens to hundreds of
micrometers using the combination of micro or nanoscale fabrication technologies and
knowledge of the behavior of fluids on the microscale. For genetic analysis, it is possible
to perform most of the typical laboratory tasks including genetic sample preparation,
amplification, and detection by the integration of various functional components, such as
reactors, mixers, sensors, and actuators. Many applications have been investigated by
researchers including cell handling and analysis, DNA and protein analysis, nucleic acidbased molecular diagnostics, drug discovery, immunoassays, chemical synthesis,
environmental studies, and gas analysis (Vilkner et al., 2004; Haeberle and Zengerle,
2007; Sia and Kricka, 2008).
Major advantages can be obtained by using microfluidic platforms (Liu, 2007).
First, microfluidic systems can reduce both the amount of reagents required for a given
analysis and the dead volumes associated with bench-top machines. It is possible to cut
down analysis expenses by the reduction in the amounts of expensive chemicals and
biological reagents. Second, microfluidic systems can be fabricated in polymers by mass
production technologies like injection molding to become widely available at low cost.
The polymer microfludic systems can be discarded after a single use to avoid sample
contamination. Third, microfluidic systems may have increased efficiency of biochemical
assays under multiplex and parallel operations in shorter total analysis time. Finally,
microfluidic systems make it possible to automate macroscale protocols as a substitute
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for bench-top machines and encapsulate them in portable instruments.
There are two strategies to integrate a variety of functional components in a
microfluidic system (Shaikh et al., 2006): (1) a monolithic approach and (2) a modular
approach. All of the functional components, such as reactors, mixers, sensors, and
actuators are integrated on a single substrate in the monolithic approach. Full monolithic
integration is preferred to minimize device size for extreme cost reduction, but the need
for relatively complex fabrication is increased by putting all of the components within a
small footprint on a single plane. The costs for production may be too high to produce
large numbers of disposable microfluic systems in comparatively small markets.
Applying design changes is more difficult with monolithic microfluidic systems for better
performance or new technologies. Few systems were reported by researchers in the
microfluidic field (Liu et al., 2004 and Pal et al., 2005).
In the modular approach, each component is developed separately and connected
by fluidic interconnects to build a microfluidic system. Modular microfluidic systems
provide flexibility in design and fabrication enabling device-specific material selection,
and the ability to add additional functions, or extra options, to enhance system
performance (Lee et al., 2009). In addition, each component, designed for one
application, can be applied to the design of other applications. To obtain the advantages
of a modular approach, fluidic interconnects must be designed to minimize dead volume,
support easy assembly, and withstand operating pressures. It is one of major challenges
for modular systems.
Increased interest has been shown in the modular approach for the design of
microfluidic systems in the field. Modular architecture was developed for microfluidic
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LOC systems, including passive fluidic components and active electromechanical control
structures for the detection of biochemical species (Shaikh et al., 2005). Passive elements,
such as reactors and channels, were developed on PDMS using soft lithography. Active
elements, such as heaters, mixers, valves, and sensors, were integrated on a silicon
substrate. It was called the microfluidic breadboard (FBB). A single LOC module can be
constructed by assembling the passive chips, made from PDMS, with the FBB. Identical
FBBs were used with different passive chips for intended applications to build LOC
systems. Two separate biochemical applications were demonstrated by the combination
of two different passive chips and the same FBB. Another modular approach was
reported to form customized microfluidic systems (Rhee et al., 2008). Individual
microfluidic components, called microfluidic assembly blocks (MABs) were made from
PDMS and aligned and assembled on either a glass cover slide or a PDMS coated glass
slide, by tweezers with an optional use of high magnification stereoscope. The culture of
E. coli cells was demonstrated in the assembled microfluidic system.
Many kinds of reactors, such as tubes and titer plates, have been used for a variety
of sophisticated biological assays in the laboratory. Microfluidic systems may be
substituted for these instruments in many applications. The combination of multiple
components, which can be manufactured in high volume at low cost, is necessary to
develop microfluidic systems for various applications. The selection between a
monolithic and a modular approach for the design of microfluidic systems will be
determined by the demand. Compared with the development of other industries such as
automobiles or computers, modularization may be the most effective way to reduce both
time and cost in the development of products. The trend may follow the cost-effective
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ways of other fields.
1.3 The Perspective of the Dissertation
A microfluidic module using polymer substrates was developed for genetic
analysis. In particular, mutation detection for clinical diagnostics in genetic analysis was
addressed. There are many different types of mutations in the human genome. Assays
have been developed for known mutations, which cause diseases, by combining several
nucleic acid analysis techniques. Melding multiple techniques for mutation detection in
the laboratory is costly, tedious, and time-consuming. Microfluidic systems will allow
miniaturization and integration of complex functions with higher efficiency, faster speed,
minimal contamination and without the need for experienced technicians. They will be
substituted for current instruments in the laboratory at reduced cost and time, and
increased throughput.
Polymers have been used to develop microfluidic systems for genetic analysis.
Polymer substrates are relatively inexpensive compared to silicon and glass substrates.
They can be used to produce disposable devices by a variety of polymer microfabrication
technologies for either rapid prototyping or mass production to avoid cross-contamination.
The modular architecture for microfluidic systems is suitable for genetic analysis,
especially for mutation detection, because of the need for multiple nucleic acid
processing techniques. In addition, complicated configurations, which require a variety of
microfabrication techniques, can be divided into individual components in the
architecture. A variety of components for each nucleic acid processing technique can be
developed and used to replace original components as adequate components, instead of
changing whole design, if different processing conditions are needed. It may be a good
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strategy for sample introduction and detection in the development of practical
microfluidic systems because there is no standard format for sample preparation and
detection.
Chapter 2 contains the scientific basis for microfluidics and application for
genetic analysis, especially for mutation detection. It also includes polymer
microfabrication methods to fabricate microfluidic devices or systems. In Chapters 3 and
4, the design of a modular microfluidic platform for mutation detection are introduced
and explained. Chapter 5 shows a prototype using microfluidic module for mutation
detection and performance of the developed module. The achievement of enhanced
performance is explained to combine the improvement of the assay with the development
of a microfluidic module in Chapter 6. Chapter 7 summarizes the overall research results
and proposes future work to expand into more applications to use the platform.
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CHAPTER 2: FUNDAMENTALS OF MICROFLUIDICS AND KEY
BIOLOGICAL CONCEPTS FOR GENETIC ANALYSIS
2.1 Introduction
As fluidic control is the basis for microfluidic systems, the knowledge of
fundamental fluid mechanics is necessary for proper system design and operation.
Pressure-driven liquid flows in microfluidic systems are dominated by viscosity. This
results in pressure-driven laminar flow. Fluid mechanics, one of the main subjects in
mechanical engineering, covers a wide range of behavior of liquids and gases at rest and
in motion; laminar flow is a small subset of the overall principles in fluid mechanics. The
basic theory of laminar flow can help understand or solve most problems encountered in
microfluidic systems. The understanding of fluidic behaviors must be combined with
fabrication technologies to enable fluidic handling in the microfluidic systems. As
polymers have been used to fabricate them due to their cost effectiveness, wide ranges of
material properties, and potential for mass production, polymeric microfluidic systems
for genetic analysis have been developed in the field of microfluidics. Polymer
microfabrication technologies, used for the development of the systems, were introduced.
Most of the work in microfluidics has been directed toward replacing bench-top
machines in the laboratory with microfluidic systems. Biological or biomedical
applications will make microfluidics a practical technology. Many biological assays,
developed in the laboratory, have been replicated using microfluidic systems, so the
understanding of biological concepts can help develop either new types of biological
assays or improved protocols for microfluidic systems. This chapter will provide a short
introduction to the necessary theoretical background, required for understanding
pressure-driven laminar flow, to design and operate pressure-driven microfluidic systems.
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In addition, the most vital biological concepts for design of systems to enable mutation
detection under laminar flow in polymer, microfluidic systems will be briefly introduced.
2.2 Basic Fluid Mechanics Theory
2.2.1 The Reynolds Number and Viscosity
The Reynolds number (Re) represents the relationship between viscous and
inertial forces, and is defined in Equation 2.1,
2.1
Where ρ is the density of the fluid, µ is the dynamic viscosity or simply the viscosity of
the fluid, V is the velocity scale of the fluid, L is a characteristic length of the
microchannel, and ν is the kinematic viscosity of the fluid. For example, the Reynolds
numbers for microfluidic devices can be calculated using the physical properties of water,
a typical range of velocities from 1 – 100 mm/s, and typical characteristic lengths of 10 –
100 µm. The resulting Re is between 10-3 and 100. The Re is often used to predict the
transition between laminar and turbulent flow. Some studies showed that the critical Re
for transition in microchannel ranges from 300 to 2000, (Peng et al., 1994 and Harms et
al., 1999). In microfludic systems, the Re is typically less than 100; flows at these low Re
can be reliably considered to be laminar.
2.2.2 Pressure-Driven Flow in Microfluidic Systems
Pressure-driven flow can be achieved either by pushing fluids upstream with a
pressure source or a syringe pump or by using a vacuum pump downstream (Nguyen and
Wu, 2005). It is also possible to use deformable membrane movements with a variety of
actuation forces, such as piezoelectricity, bubble formation, or thermal expansion. The
volumetric flow rate Q (m3/s) in a microchannel is related to the pressure difference
12

L
H
W

Figure 2.1 A schematic diagram of a rectangular microchannel for pressure drop
according to Equation 2.2,
∆

2.2

Where R is the channel resistance (Pa·s/m3). For a rectangular channel, the resistance for
laminar flow of a single phase liquid is given by Equation 2.3 (Fuerstman et al., 2007),
2.3
Where L (m) is the length of the channel, W (m) is the width of the channel, H (m) is the
height of the channel, shown in Figure 2.1, and
12 1

is a dimensionless parameter defined as

192
2

2.4

Equation (2.3) is in error by less than 0.26% if any rectangular channel has W/H < 1.
From the equation, a long channel with a small cross-sectional area requires significant
pressure to drive fluids through the channel at a specified flow rate. As high pressure
inside the channel can lead to detachment of a cover slip from a molded substrate
including channels and reactors; the dimensions of channels should be controlled to avoid
it.
Pressure-driven laminar flow in microchannels has a no slip boundary condition,
which means that the fluid velocity is zero relative to the walls of the channel (See Figure
13

Shear stress profile

Velocity profile

Figure 2.2: No slip boundary condition: velocity and shear stress profile between two
wide, parallel plates in laminar flow
2.2). It defines a smooth parabolic velocity profile within the channel. This profile leads
to a hydrodynamic dispersion effect, which is unacceptable for many separation
applications because of the spreading of the sample plug.
2.2.3 Surface Tension
Capillary action occurs at liquid-gas-solid interface due to surface tension in
microchannels (Munson et al., 2002). First, consider a gas-liquid interface from a freely
suspended spherical droplet shown in Figure 2.3(a). The force developed around the
boundary due to surface tension (σ) must be balanced by the pressure difference (∆p)
acting over the circular area, as shown in Equation 2.5:
2

·

∆ ·

2.5

The resulting pressure drop is given in Equation 2.6:
2

∆

2.6

Where R is the radius of the droplet. The internal pressure of the droplet is larger than the
external pressure of the droplet. In the case of a general curved interface, the pressure
drop is given by Equation 2.7,
1

∆
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Figure 2.3: The effect of surface tension: (a) Forces inside a spherical droplet and (b)
Contact angle effects at liquid-gas-solid interface.
Where R₁ and R₂ are principal radii of curvature.
Next, consider a liquid-solid interface. The force at the interface is a balance
between the surface tension and the contact angle (θ), shown in Figure 2.3(b). The
surface tension and contact angle are sensitive to the physical and chemical conditions at
the interface. If the adhesive forces between a solid surface and liquid molecules are
stronger than the cohesive forces among the liquid molecules at the interface, the liquid
spreads out on the surface of a solid. This action is called wetting. The contact angle is
smaller than 90°. The surface of a solid is hydrophilic. On the other hand, if the cohesive
forces are stronger than the adhesive forces at the interface, the liquid forms a bead or
spherical shape, and the surface is nonwetting. The contact angle is greater than 90°; and
the surface of the solid is hydrophobic. Therefore, the contact angle can be used to
express the relation between the surface tension of the various interfaces, shown in Figure
2.3(b). The relation is given by Equation 2.8:
2.8
Where σSG is the surface tension at the solid-gas interface, σSL is the surface tension at the
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Figure 2.4: Surface tension in a small tube or a microchannel: (a) Free-body diagram
for expressing surface tension in the small tube and (b) Laplace pressure
in microchannel
solid-liquid interface, and σLG is the surface tension at the liquid-gas interface.
The effect of capillary action in a small tube with a circular cross-section are
shown in Figure 2.4 and expressed as in Equation 2.9:
∆

2

2.9

Where r is the radius of tube and equal to R·cosθ and σ is the surface tension at the
interface between liquid and gas. This pressure, called Capillary or Laplace pressure, due
to surface tension can play a major role in microfluidics. It should be considered at the
step of design if a system includes very narrow channels.
2.2.4 Mixing in Laminar Flow
Diffusion in microchannels is the primary source for mixing in pressure-driven
laminar flow with very low Re (Re < 10). It may result in long mixing times, on the order
of minutes, without proper design (Squires and Quake, 2005). Relatively long times for
passive mixing only using diffusion, when compared to the performance obtained using
turbulence or convection, have been recognized in the field of microfluidics. It is evident
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that diffusion must be controlled to obtain rapid mixing in microchannels. For example,
mixing between two confluent fluid streams occurs more rapidly in a narrow channel due
to the shortened diffusion length. However, the pressure drop is usually higher in narrow
channels, so there is a design trade-off.
There are two important parameters in the design of a micromixer for rapid
diffusional mixing. One is the Peclet number (Pe); the other is the aspect ratio of the
rectangular microchannel. The Peclet number, which expresses the relative importance of
diffusion and convection (Nguyen and Wu, 2005), in Equation 2.9,
2.9
Where U is the average velocity of the flow, δ is a characteristic length perpendicular to
the direction of the flow, and D is the diffusion coefficient defined by Equation 2.10:

6

1

,

2.10

Where R is gas constant, T is temperature, r is particle radius, NA is Avogadro’s number,
C is concentration (moles/liter), η is the solution viscosity, and y is the activity coefficient
(moles/liter). In laminar flow with high Pe, it is very difficult for mixing to occur because
the contact time at the interface between the streams of fluid is very short. It is desirable
to have laminar flow with a small Pe, so that the fluids have sufficient residence time to
mix through diffusion at lower flow velocities. After diffusive interfaces are developed,
they broaden downstream with increased contact time (Nguyen and Wu, 2005).
For a given flow rate, the mixing performance must vary with the aspect ratio of a
rectangular microchannel. Microchannels with low aspect ratio are easily fabricated, but
they have smaller contact areas between the fluids for mixing. The relationship between
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the mixer aspect ratio and the mixing length was investigated using simulations (Goody
et al., 2001). The aspect ratio of microchannel was defined as the ratio of the width of
microchannel (W) to the depth of microchannel (H). A minimum aspect ratio must be
obtained to get the smallest mixing length. Although high aspect ratio microchannels
were preferred to decrease the mixing channel length, the pressure drop must also be an
issue.
The relationship between the mixing length and the aspect ratio of a microchannel
was addressed by Nikitopoulos and Maha (Nikitopoulos and Maha, 2007). They
estimated the diffusion time ( ) of an inhomogeneous concentration profile as given in
Equation 2.11,
2.11
The estimate of the necessary channel length for complete mixing,

was satisfied with

the inequality in Equation 2.12
2.12
This leads to the design rule in Equation 2.13,

·

2.13

Where AR is the aspect ratio of the channel defined as the ratio of its depth over its width
(AR = H/W) and Q is the volumetric flow rate which is sum of individual flow rates into
the channel (See Figure 2.5). A high aspect ratio channel results in a shorter channel
length for mixing. However, as the high aspect ratio of a channel leads to the increased
pressure drops in the channel, the AR should be optimized.
Another approach to avoid long mixing times is to create special channel
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Figure 2.5: Two-layer mixing channel
geometries either to produce two or more layers of the inlet streams or to promote chaotic
advection. Both approaches lead not only to an increase in the contact surface between
the different fluids, but also to a decrease in the diffusion length between them for better
mixing. Many configurations in microchannels have been reported in the field.
First, a parallel lamination mixer, which distributed two samples into 32 parallel
streams, was demonstrated to achieve complete mixing in 15 ms (Bessoth et al., 1999).
The same type of mixer was integrated with a NMR microcoil probe to present
information about ubiquitin conformation changes at the amino acid level with NMR
spectroscopy (Kakuta et al., 2003). Second, in-plane passive micromixers using modified
Tesla structures, which produced transverse dispersion, were developed (Hong et al.,
2004). Better mixing performance was achieved as the flow rate increased for higher
Reynolds numbers (Re > 5). Third, three-dimensional serpentine channels were
developed to assemble two microfluidic parts for the fluid stream to split, rotate, and
recombine. The structure was similar to a series of Möbius bands (Chen and Meiners,
2004). Two solutions can be mixed efficiently in the channel in a purely laminar flow at
Reynolds numbers between 0.1 and 2. Third, a series of slanted grooves was put on the
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junction of a basic T-mixer (Johnson et al., 2002). The presence of the grooves induced
some lateral flow within the trapezoid-shaped channel under either electroosmotic or
pressure-driven flow. Fourth, Stroock et al. developed a staggered herringbone mixer
(SHM) (Stroock et al, 2002). Herringbone structures were patterned on the bottom of a
micochannel. Two asymmetric vortices were generated to circulate the fluid upward
under pressure-driven flow for rapid mixing. It can create three-dimensional twisting
flows inside a channel. Good mixing was achieved using a SHM 3 cm long at low Re (0
< Re < 100) and Pe (all flows with Pe < 106).
Several innovative microfluidic mixers have been developed to enhance mixing in
laminar flow. The performance of these mixers is sufficient to achieve both effective and
rapid mixing for many applications in biological and chemical analyses. However, their
fabrication often requires complex process sequences. As the micromixer is one of the
essential components for microfluidic systems, it is preferable to have a simple design, to
ensure easy operation, and to allow a direct interface with other components or
subsystems. The most important criterion in selecting the best design of a micromixer is
that the micromixer must be compatible with requirements of each specific application.
2.3 Polymer Microfabrication Technologies for Microfluidics
Various fabrication technologies for polymer materials to make microstructures in
polymers were categorized into three types by tool (Becker and Gärtner, 2000; 2008).
First, polymers such as SU-8, hydrogels, and elastomers based on perfluoropolyethers
(PFPEs), which react with light, can be patterned by polymerization reactions using
photolithography and stereolithography. Second, polymers can be directly removed by
laser ablation to evaporate them using the concentrated energy of a high intensity laser

20

beam or mechanical micromilling to cut and shape them using small and precise tools.
These techniques can be used for rapid prototyping to test new concepts because
relatively short manufacturing times are needed to make prototypes. Third, replication
methods based on the transfer of a mold structure into the materials plays a major role in
fabrication of polymer microfluidic devices for mass production. A variety of replication
methods have been reported including casting, hot or cold embossing, injection molding,
and thermal forming (Tsao and Devoe, 2009).
2.3.1 Replication Methods
Generally, the casting of elastomeric material like PDMS is known as a very
simple method of pattern transfer (Xia and Whitesides, 1998). The material is mixed with
a curing agent, and poured over a mold without the use of any kind of machine. Cured
PDMS is stripped off of the mold and cut out to form individual devices. Relatively long
cycle times, on the order of several hours, are required for both the degassing and curing
of the mixture during the process (Becker and Gärtner, 2000; Heckele and Schomburg,
2004).
Hot embossing is the most widely used replication process using engineering
polymers for microfluidic devices (Martynova et al., 1997). The process employs a mold
insert mounted in the embossing machine to press the thermoplastics just above their
glass transition temperature in a vacuum chamber (See Figure 2.6). Pressure and
temperature, depending on the design and material, have to be controlled precisely to
decrease the thermal stresses in the polymer and obtain quality structures. The molded
part, which is the mirror image of the mold insert, can be obtained within 15~25 minutes.
Typical cycle times for hot embossing are much longer than for injection molding and
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Figure 2.6: Hot-embossing process: (a) HEX 02 hot embossing system (JENOPTIK
Laser, Optik, Systeme GmbH, Germany) (b) Schematic of the hotembossing process, and (c) Embossed part using the machine, (a)

micro thermal forming. It is suitable for rapid prototyping for research and production on
a small scale for customized microfluidic devices from commercialized machines. The
development of machines is headed toward larger embossing areas and shorter cycling
times (Becker and Gärtner, 2008).
The micro thermal forming process, also called vacuforming to distinguish from
embossing, can be used to fabricate microfluidic devices by pressing a thin polymer foil
onto a master using compressed gas (Becker and Gärtner, 2008). As it is hard to get
precise dimensions, high aspect ratio structures, and sharp angles, compared to hotembossing, it is limited to use microfluidic applications which do not require high
replication accuracy.
Injection molding has been highly developed and widely used to fabricate
polymer parts in industry. Extensive knowledge from industrial production is available
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Figure 2.7: Injection molding machine at LSU (You, 2008): (a) Battenfeld BA
500/200 CDK-SE machine modified for mold inserts to fabricate
microfluidic devices, (b) A mold insert, fabricated on brass, mounted on
the machine, (c) Molded parts from the machine.
from various equipment suppliers. Micro injection molding, which is an enhanced
version of commercial injection molding, allows production of a variety of microfluidic
devices from biocompatible polymers such as PMMA, PC, COC, or polystyrene (PS). A
polymer in granular form is melted through a heated screw in the machine. The polymer
melt is injected into a mold insert which includes microfabricated structures under high
pressures between 60 and 100 MPa (Becker and Gärtner, 2000, 2008). The polymer
solidifies below the glass transition temperature of the material and ejects from the mold.
This process allows rapid fabrication with typical cycle times which are of the order of
1~2 minutes. This is a significant advantage for the future commercial success of
microfluidic systems.
Relatively larger dimensional variation between the molded part and the mold
insert may be obtained from the design of mold insert depending on the surface-to-
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volume ratio and operating conditions under high pressure and temperature (Becker and
Gärtner, 2008). The results of simulations using molding software for industrial use did
not work for the micro injection molding process (You et al., 2006; You, 2008). The
simulations do not reflect physical properties in micro scale dimensions, such as the
surface tension of the microcavities, compressed air in the cavity, or the roughness of the
cavity walls, as boundary conditions. It is necessary to do the careful design of the mold
insert and to optimize molding conditions for each configuration. This may not be
suitable for micro-injection molding to be used for rapid prototyping of complex
microfluidic devices. The complexity of this process should be handled to use the
injection molding for mass production of commercial products.
2.3.2 Replication Mold Fabrication
All replication methods require the fabrication of a mold insert (Becker and
Gärtner, 2000, 2008; Heckele and Schomburg, 2004). Most microfabrication
technologies can be used to make mold inserts, so it is necessary to select the proper
technology for the fabrication of a mold insert. For commercial applications metal mold
inserts are preferred due to a longer life time under molding conditions, such as high
pressures, high temperatures, or high thermal stress. There are three micromachining
techniques for metal mold inserts that are most relevant to microfluidic systems.
The LIGA process generates mold inserts by using photolithography with X-rays
or ultraviolet (UV) light (shown in Figure 2.8−(a)). A mask which contains patterns for
microfluidic devices is placed between the radiation source and a photosensitive material
such as PMMA or SU-8, deposited or attached on a variety of substrates such as silicon,
glass, stainless steel, or nickel. After the exposure of the material on the substrate, the
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Figure 2.8: Metal mold inserts: (a) a nickel mold insert using the LIGA process with
UV lithography and (b) a brass mold insert using mechanical micromilling machine (by courtesy of Dr. Daniel S. Park)
patterns can be developed in a solution. A metal material is deposited on the substrate by
electroplating. The metal structure can be used as a mold insert for replication. High
aspect ratio structures, high accuracy, and comparatively low surface roughness can be
achieved, but the manufacturing process is complicated, high-priced, and time-consuming
(Becker and Gärtner, 2008).
Precision micromachining such as mechanical micromilling or micro electric
discharge machining (Micro-EDM), have been used to produce metal mold inserts, such
as brass or stainless steel (Figure 2.8−(b)). Mechanical micromilling employs micro-sized
milling or drilling tools, on a high speed spindle, to cut the mold material (See Figure
2.9). The micro-EDM uses an electrode as a tool for the spark erosion phenomenon to
remove the material, which must be electrically conductive, from the work piece through
a dielectric medium [www.panasonic.com]. A precise positioning system is utilized to get
acceptable machining accuracy. Along with the CAD/CAM software, complex shapes
can be fabricated. Although there are some limitations related to the aspect ratios of
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Figure 2.9: Mechanical micromilling machine at LSU: (a) KERN MMP high
precision micro milling and drilling machine (KERN Micro- und
Feinwerktechnik GmbH & Co. KG, Germany) and (b)(c)
microstructures milled in brass using the machine (by courtesy of Mr.
Jason Guy)
channel, sharp corners, or high surface roughness, this method is very useful to fabricate
mold inserts for polymer due to comparatively easy and fast process at reasonable cost
(Heckele and Schomburg, 2004).
Silicon micromachining can be used to make a pattern for electroplating metal
mold inserts (Liu, 2007). The substrate can be manufactured by dry or wet etching
processes. The wet etching of silicon is typically anisotropic. Anisotropic etchants attack
the material at different rates in different directions. After creating a pattern using
photolithography in a mask on silicon substrate, the etchant is used to attack the open
areas of the substrate to transfer the pattern. Electroplating is conducted to fill the etched
areas with metal. As the wet etching technique limited depth and high-aspect ratios of
features and rectangular side wall profile of features, dry etching techniques were also
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developed to obtain more directional and anisotropic profiles using reactive ion etching
(RIE) or deep reactive ion etching (DRIE).
Metal mold inserts from micromachined stainless steel or nickel electroplating
using the LIGA process or silicon micromaching are the most suitable methods for mass
production of microfluidic devices. They are not suitable for rapid prototyping at early
stage of development because of long processing time, complex process control, and high
cost (Becker and Gärtner, 2008). Silicon and polymer mold inserts, made rapidly at low
cost with various microfabrication technologies, can substitute for metal mold inserts in
the development of microfluidic devices (Liu, 2007). The quality of the mold insert is
very important in obtaining high quality molded parts because the geometric
configuration of the mold insert is directly transferred to the polymer substrate. The
appropriate choice of fabrication method and the control of process in the method are
needed.
2.3.3 Back-end Processing
Molded parts fabricated by replication methods need one or more follow-up
processing steps to use them for desired operations. The steps are sometimes more
complicated than polymer replication and may represent 80 percent of the total
manufacturing cost (Becker and Gärtner, 2008). They can be divided into functional and
manufacturing processes.
Typical functional processes are to fabricate electrodes for controlling fluid flow
in the case of electrokinetic flow, manipulating different types of particles including cells,
and doing chemical or physical sensing. Surface modification can be done either to
change chemical properties using plasma or UV or physical properties by surface coating
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Figure 2.10: Laser system for prototyping microfluidic devices using glass, plastics,
ceramics, and thin metals: (a) Resonetics RapidX 1000 series laser
system (RESONETICS, Nashua, NH, USA), (b) Workstation using
magnification optics, x-y sample moving stage, and positioning camera
(c) laser-drilled hole in microfluidic device made from PC (Lee et al.,
2007)
or to attach biomolecules such as DNA and protein (Becker and Gärtner, 2008).
Basic manufacturing processes begin with cutting and drilling using traditional
mechanical machine tools (mechanical saw or drilling) or laser ablation, as shown in
Figure 2.10, to separate microfluidic devices from molded polymer substrates and to
make holes for fluidic passages. It is followed by a cleaning process to remove dust or
organic substances, generated from previous fabrication steps, to have a very clean
surface for bonding.
There are different methods for bonding (Tsao and Devoe, 2009). A solvent or an
adhesive can be used to join polymer parts together. Excessive use should be avoided not
to block or damage microchannels in the parts. Thermal fusion bonding is a popular
method for thermoplastic polymers. Two polymer parts can be bonded by pressing them

28

together around the glass transition temperature of polymer. If the temperature is much
higher than the glass transition temperature, it probably loses structural integrity. Careful
selection of the parameters, such as the temperature and pressure, is required to preserve
the structures in the parts. Surface modification using UV or plasma can decrease the
glass transition temperature for easier bonding (Tsao et al. and Bhattacharyya et al.,
2007).
2.4 Essential Biological Concepts
Microfluidic systems can be used to manipulate a variety of substances, such as
cells, DNA, and proteins for biological applications. It is necessary to understand
essential biological and chemical concepts associated with the design, fabrication, and
function of microfluidic systems. In this work, mutation detection is demonstrated using a
microfluidic module. An understanding of the major characteristics of mutation detection
is required.
2.4.1 Mutation
Deoxyribonucleic acid (DNA) is essential for life because it contains the genetic
information for the production of functional molecules, called proteins. Although there
are a variety of changes in DNA, most of these changes have no significant effects or can
be repaired. A permanent structural alteration in the DNA of the human genome is
defined as a mutation. This kind of mutation is generally referred to as disease-causing
sequence changes. In most cases, such DNA changes can be either inherited from a
parent who has a mutation in his or her DNA or induced by either a variety of
environmental agents, which can damage DNA, or errors in DNA replication and repair.
Mutations can be divided into two classes: (1) if a mutation does not change the sequence
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of the gene product, it is known as a silent or synonymous mutation and (2) if the
mutation results in an altered sequence in a polypeptide or functional ribonucleic acid
(RNA), it is known as a nonsilent or nonsynonymous mutation (Taylor and Day, 2005).
As most nonsilent mutations have deleterious effects on gene expression resulting in
diseases like cancer, they should be identified to recognize the risk for disease.
DNA can be damaged by ultraviolet light (UV), nuclear radiation, and certain
chemicals resulting in changed nucleotide bases. The greatest sources of mutations are
spontaneous mistakes in DNA replication and repair (Berg et al., 2007). DNA replication
is initiated by separation of DNA strands by specific enzymes, termed helicases, which
use the energy of ATP hydrolysis to power strand separation. Two double-stranded DNA
molecules are synthesized by DNA polymerase. Even though a number of mistakes may
happen during the replication process, multiple repair pathways are used to correct
damaged DNA. In the absence of the repair systems, the mistakes in the DNA cannot be
fixed. Defects in repair systems are expected to increase the overall frequency of
mutation, which are linked to many cancers that would make life impossible if unrepaired.
Mutations range from large gene alterations to single nucleotide changes. Largescale mutations include chromosomal changes such as deletions, duplications, inversions,
and rearrangements. They are as rare as constitutional mutations, but are often pathogenic
(Taylor and Day, 2005). The most common disease is Down’s syndrome, caused by an
extra copy of chromosome 21 and affecting one in every 800 to 1000 babies.
Klinefelter’s syndrome, Turner syndrome, and Williams’ syndrome are other examples of
the large-scale alterations.
Smaller-scale mutations can be categorized as base substitutions, deletions, or
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insertions (Taylor and Day, 2005). Base substitutions usually involve the replacement of
one base pair with another. Two types of substitutions are possible. A transition is the
replacement of pyrimidine C or T by a pyrimidine or that of purine A or G by a purine. In
contrast, a transversion is the replacement of a pyrimidine by a purine or conversely
(Berg et al., 2007). As a result of substitutions, mutations may be grouped into three
different classes based on the effects on the genetic code: (1) silent mutations, which do
not change the sequence of the gene product because the new codon specifies the same
amino acid; (2) missense mutations, which incorporate incorrect amino acid residues
through the altered codon at a specific point in the gene product; and (3) nonsense
mutations, which alter a codon specifying an amino acid to a stop codon in the mRNA
transcript. One or a few nucleotides are eliminated from a sequence in base deletions and
inserted into a sequence in base insertions. Deletion and insertion mutations are very
common in noncoding DNA, but rare in coding DNA, where they produce frameshifts,
which involve the insertion or deletion of a single nucleotide in mRNA. When a
nucleotide is added to or deleted from the mRNA, the subsequent sequence would
produce an entirely different peptide.
As a point mutation is caused by a single base substitution, the DNA has the same
number of nucleotides, but it has a slightly different sequence. If a point mutation occurs
within the coding region of a gene, it may be a nonsilent mutation that causes an amino
acid change in the translation product. Deletion and insertion mutations are called
frameshift mutations, which are changes in the number of nucleotides because they cause
the codons to be read differently. They may also produce altered protein products. As the
accumulation of all mutations is strongly correlated with cancer, most nonsilent

31

mutations from the smaller-scale mutations are very harmful (Nelson and Cox, 2004).
About 100,000 mutations in 2000 genes have so far been reported as causing disease in
the databases of human genome variation society (Taylor and Day, 2005).
2.4.2 Mutation Detection
The ability to detect mutations at an early stage is essential for decreasing the
danger from serious diseases. Mutation detection before the onset of symptoms can allow
patients and their families to prevent danger. Discovering mutations by scanning a gene is
much more complicated than detecting any specific mutation in the gene. A number of
specific mutation detection techniques for known mutations have been developed and
commercialized. Most of these techniques rely on the polymerase chain reaction (PCR) to
amplify a specific sequence of nucleotides within a double-stranded DNA (dsDNA)
(Taylor and Day, 2005). After amplifying a target sequence with a known sequence
change by the PCR, mutations are detected by various techniques such as restriction
digestion analysis, allele-specific oligonucleotide hybridization, or allele-specific ligation.
Real-time PCR is also used to simultaneously quantify and amplify the target sequence of
a given DNA for the detection of known mutations.
DNA restriction digestion analysis is the simplest method for testing the existence
of mutation (Nelson and Cox, 2004). Restriction digestion uses one or more restriction
enzymes, which are called restriction endonucleases, to selectively cut DNA strands into
shorter fragments at a restriction site of each restriction enzyme. Variation in the DNA
sequence can create or destroy a restriction enzyme digestion site, resulting in a different
pattern of the sizes of DNA fragments identified by specific restriction enzymes. This
method is called a restriction fragment length polymorphism (RFLP). For example, PCR-
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based mutagenesis can generate mutant DNAs using the digestion of PCR-amplified
mutagenic products, using specially designed primers, with specific restriction enzymes
(Makrigiorgos, 2003). Products can be identified using high-density gels such as the
microtiter array diagonal gel electrophoresis for the detection of mutations.
A variety of hybridization methods with specific oligonucleotide probes can be
applied to effectively discriminate between wild-type and mutant sequences (Taylor and
Day, 2005). In the allele-specific oligonucleotide (ASO) hybridization assay, an
oligonucleotide is designed for detecting a specific sequence, and the assay is performed
to test for the presence or absence of a mutation by a hybridization signal. In allelespecific amplification (ASA), a target allele is specifically amplified by the PCR with
primers designed such that their 3’-end is placed at the mutation site if a base of primers
at 3’-end is complementary to that of the specific allele. If there is a mismatch between
the 3’-end of the primer and the specific allele, it is very hard to do the PCR. ASA has
been tested through several approaches such as an amplification refractory mutation
system (ARMS) and TaqMan-ASA with a fluorogenic probe.
Single nucleotide primer extension (PEX) is based on the extension of a primer by
a fluorescence-labeled nucleotide designed to bind to a complementary nucleotide of
target DNA adjacent to the 3’-end of the primer. After the reaction, a separation step is
needed to eliminate the unbound nucleotides. Fluorescence signals can then be analyzed
using an imaging system. The oligonucleotide ligation assay (OLA) provides another
method based on the covalent joining of two adjacent oligonucleotides using a DNA
ligase, when both are annealed to the complementary strand of a target DNA, for
detection of point mutations in DNA and drug resistance-associated mutations in HIV-1
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subtype B. Three oligonuceotides are usually used in OLA: two allele-specific probes
plus a fluorescent common primer, which is modified both with a phosphate at the 5’-end
and with a fluorescent dye at the 3´-end. After a reaction, ligation products are either
separated by electrophoresis or attached in the hybridization assay, and then fluorescent
signals of the products can be quantified.
Real-time PCR allows for “real-time” monitoring of the entire PCR reaction,
which can observe fluorescence emitted during each PCR cycle as an indicator of the
amounts of amplified products. The current chemistries used to monitor the amplification
process include TaqMan probes, Molecular Beacons, Scorpions, and SYBR Green for
generation of a fluorescent signal (Epstein et al., 2002). SYBR Green is a nonspecific
dsDNA binding dye that emits an enhanced fluorescence signals upon on binding to
dsDNA compared to when in solution as PCR proceeds. TaqMan probes, Molecular
Beacons and Scorpions rely on the principle of fluorescence resonance energy transfer
(FRET) for a signal generation. FRET is the non-radiative transfer of energy from an
excited donor fluorophore to an acceptor fluorophore via a dipole-dipole interaction when
those fluorophores are in close proximity, typically within 10 nm. For example, if the
donor fluorophore (CFP) is excited by light of a specific wavelength (436 nm), the
excited fluorophore transfers its excited state energy to the acceptor fluorophore (YFP).
Having been excited by the donor, the acceptor will emit light at its characteristic
wavelength (535 nm). This is monitored by examining the emission intensities of the
donor which is quenched and acceptor which is increased when FRET efficiency is high.
A DNA microarray chip contains thousands of nucleotide sequences attached to a
glass or polymer substrate in a grid pattern (Heller, 2002). The attached sequences,
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matching normal or mutant sequences in a gene or in several genes, act as probes for
allowing massively parallel gene expression and discovery, as well as mutation detection
and mapping of genomic DNA clones. The DNA samples of interest are copied while
labeling each fragment with a fluorescent dye and then deposited on the DNA microarray.
If the samples are complementary to the probes on the chip, they are hybridized to the
corresponding sequences and stick to that location on the chip. On the other hand,
unbound DNAs are washed away. The hybridization signals can be detected by highresolution fluorescent scanning.
There are also other methods that do not require the PCR for mutation detection.
In the Invader assay from Third Wave Technology (Madison, WI), a wild-type
oligonucleotide complementary to the 5’ end of a target DNA, Invader oligonucleotide
complementary to the 3’end of the target DNA, and a Cleavase enzyme are used for the
detection of allelic variants [www.twt.com; Third Wave Technologies, Inc.]. If there is
variation on the target DNA, the Invader and the mutant probe generate an overlapping
structure by at least 1 base pair (bp) on the target. The Cleavase enzyme can recognize
the structure; specifically cleaving the probe that forms the overlapping structure with the
Invader, and release the 5’ end of the probe. If the variation is not present on the target
DNA, no cleavage occurs. In the following reaction, released flaps from the primary
reaction serve as Invader oligos, and FRET probes can be employed to monitor the
cleavage event. A fluorescent signal is generated, because of the separation of a
fluorophore and a quencher molecule, after the cleavage event.
Rolling circle amplification (RCA) is an isothermal amplification method based
on the ligation-dependent circularization of linear oligonucleotides designed to hybridize
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a target sequence (Baner et al., 1998). If properly hybridized, the 5’ and 3’ ends of
oligonucleotide can be joined by DNA ligase. A detection signal can be generated and
amplified by exponential rolling circle amplification (ERCA) of the “padlock” probes
that become circularized upon recognition of a specific nucleic acid sequence. The result
of the RCA can be quantified by the signals of different fluorescent dyes attached to the
primers for wild-type and mutant DNA.
A variety of detection techniques have been developed and standardized with
appropriate internal controls in terms of known mutations. However, complex or
misleading results may be obtained. If there are unknown mutations in the vicinity of a
target region of a DNA sequence, they can affect the hybridization of specific probes, the
joining of primers, and the recognition sites of the target sequence for detection. A
validation step for a developed assay for mutation detection is needed to avoid
misinterpretation of clinical samples.
2.4.3. Methods for Detection of Known Mutations
A microfluidic module can be demonstrated with a specific mutation detection
assay, combining several nucleic acid techniques. An understanding of a complete assay
is required to identify the nucleic acid techniques needed and develop each component in
a microfludic system. The combination of PCR and LDR was selected for a
demonstration in this work. It is one of the assays available to detect low abundant point
mutations in the K-ras gene of the human genome (Khanna et al., 1999). These mutations
are connected with various cancers, including colorectal cancer. The whole process for
mutation detection using the assay as an example will be explained step by step.
The first step for mutation detection is sample preparation to obtain either nucleic
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Figure 2.11: A schematic representation of sample preparation for mutation detection
acids (NA), which are either DNA or ribonucleic acids (RNA), or proteins. The needed
steps to prepare a sample include cell isolation (or capture), cell lysis, and the extraction
and purification to get them as shown in Figure 2.11. (Sun and Kwok, 2006; Lee and
Hsing, 2006).
It is necessary to isolate or capture specific cell types from a collected sample and
at the same time to eliminate all of the other substances from the sample. As an example,
if whole blood is used for the analysis, the white blood cells (WBC), red blood cells
(RBC), and platelets need to be separated for the purpose of analysis. Plasma, which
includes some proteins and other chemicals, can also be separated.
The NAs and proteins can be released after isolating the nucleated cells from the
sample by lysing the desired cells (Sun and Kwok, 2006). The methods for cell lysis can
be broadly classified as chemical or physical. Chemical methods are very common in the
laboratory. The lysis solution contains a detergent, which disrupts the cell membrane and

37

nuclear envelope. For the extraction of DNA, an enzyme of proteinase K, which cuts
apart histones to free the DNA, is added. On the other hand, several physical methods can
be used by mechanical forces, electrical pulses, and heat.
Molecular extraction and purification are required because both the reagents and
cellular debris from the previous steps must be removed to proceed with the next step
(Lee and Hsing, 2006). Sample purification can be achieved by either chemical solutions
or various media such as gel matrix, glass matrix, or membrane. The purified sample may
be used in many applications, such as sequencing, cloning, blotting, restriction digestion,
and PCR. If the next process is very sensitive to the initial sample concentration, the
sample should be balanced at a certain concentration where possible.
This sample preparation is one of the problems in developing microfluidic
systems for an entire biological analysis. The process of sample preparation is
comparatively complicated and the concentrations of biological samples, especially
clinical samples, are often too dilute. These difficulties lead to off-chip sample
preparation in the field. Enabling sample preparation under various conditions should be
investigated further.
The next step for the NA samples is amplification. The PCR, which was invented
by Mullis et al. in 1983, is the most frequently used method in the laboratory and
microfluidics. It is an in vitro technique for amplifying specific sequences of DNA with
an enzyme of DNA polymerase (Mullis et al., 1986). If the flanking sequences of the
target are known, the number of copies can be obtained by PCR. The reaction can be
done by making a mixture containing the following components: (1) the target DNA
sequences from the sample preparation, (2) two primers which flank the region of the
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Figure 2.12: The working principle of the polymerase chain reaction at the first cycle
(Bettelheim, 2007)

target, (3) all four deoxynucleoside (5′-)triphosphates (dNTPs), (4) a reaction buffer, and
(5) a thermostable Taq polymerase. Figure 2.12 shows the first cycle of the PCR after the
sample preparation.
A PCR cycle has two steps or three steps (See Figure 2.13). With three steps, the
first step is denaturation, in which dsDNAs are separated into two single strands by
heating the mixture to 95 . Then, the mixture is cooled down to between 55

and 60

to anneal a large excess of primers on the single strands. After that, the mixture is heated
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Figure 2.13: Temparature profile for PCR using (a) three steps and (b) two steps: The
annealing depends on temperature and extension time depends on the
target product size.

to 72 , the optimal temperature for activation of the Taq DNA polymerase, to allow
polymerization of new strands. In two steps, the first step is the denaturation and the
second step combines annealing with extension between 60

and 65 . These cycles can

be repeated 30 or 40 times, producing nanogram to microgram amounts within 1 or 2
hours. Ideally, after n cycles, the target sequence can be amplified exponentially about
2n–fold.
After the PCR, the product size and intensity can be measured by electrophoresis.
In addition, the amplified products can be purified and roughly quantified if additional
molecular work, such as the RFLP, ASO hybridization assay, and OLA are required.
Using any purification methods by columns or enzymes, the components should not have
any effect on next processing steps, except the products.
The PCR can be used to amplify known sequence changes, called a target
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Figure 2.14: Schematic representation of the LDR

sequence. Other molecular methods can be used to detect the changes. The ligase
detection reaction (LDR) is a kind of oligonucleotide ligation assay (OLA). It can be used
to detect low abundant mutations in DNA (Barany, 1991). For example, point mutations
of the K-ras gene have high diagnostic value for colorectal cancers. An amplified PCR
product, a cocktail of oligonucleotides, and DNA ligase are needed to perform the LDR.
The DNA ligase is designed to ligate oligonucleotides at temperatures that activate the
enzyme (See Figure 2.14). A single base change in a template is detected by two
oligonucleotides that meet with the terminal base of one oligonucleotide pairing with the
base being analyzed. The reaction can be cycled between 95°C for denaturation and 65°C
for both annealing and ligation to amplify the ligation products linearly. Therefore, the
LDR of a primary PCR product can distinguish low-abundant mutant DNA from wildtype DNA.
In the laboratory, amplified PCR samples and two primers are mixed together and

41

heated to 95

for 90 seconds. The enzyme of DNA ligase, is then added and the mixture

heated to 95 . The resulting mixture is cycled by a thermal cycler 20 times between
95°C for 15~30 seconds/cycle and 65

for 2~4 minutes/cycle. The product is analyzed

either by using either electrophoresis or a DNA microarray after stopping the reaction at
4 . The reaction takes over 2 ½ hours.
LDR products can be analyzed by highly sensitive fluorescence detection
technology. A thin sheet of polyacrylamide gel can be made between two glass plates for
separation of the LDR products, and then unligated oligonucleotides, PCR products, and
LDR products would be in different positions under a constant high voltage, about 1500V.
The fluorescence signals of LDR products primed with a dye can be measured by an
optically-tuned laser and detector. DNA microarray technology can also be employed
using small probes to capture the LDR products (Hashimoto et al., 2005). As the probes
are complementary to the discriminating primers, they are hybridized to the appropriate
probes on specific area. LDR products have a fluorescence signal because of the common
primer which contains a fluorescent dye on its 3′-end. The signal can be imaged by a
scanner after the hybridization.
2.5 Conclusions
The delivery and handling of fluids is basic function of a microfluidic system. The
fundamental flow theory of pressure-driven microfluidics was introduced to the practice
of microfluidic system. The mixing in laminar flow should be required to allow the
dynamics of the reactions with different solutions for enabling mutation detection assay,
consisted of multiple nucleic acid techniques. The strategies of mixer design in the
microscale were discussed to avoid unacceptably long mixing times of the order of
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minutes or more. Prior work in very low Re microfluidics were also reviewed. Essential
biology concepts for the detection of known mutations were presented for the
development of microfluidic system. Various detection techniques, which can be
demonstrated in the microfluidic system, were reviewed. An overview of mutation
detection in the laboratory was also provided. As an example, the LDR combined with
the PCR was introduced. Background was provided for the design, fabrication, and
function of microfluidic systems in biological and chemical analyses.
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CHAPTER 3: DEVELOPMENT OF A MODULAR MICROFLUIDIC
ARCHITECTURE FOR GENETIC ANALYSIS
3.1 Introduction
Modules are classifiable parts of a product or system (Whitney, 2004). They can
perform some important function in the product or system. A module consists of a series
of components or elements to do a valuable function.
If detection methods, based on the PCR, to discriminate variant sequences in
wild-type sequences are considered, a complete analysis generally includes the following
steps: sample preparation, amplification, detection, and identification (Taylor and Day,
2005). Therefore, a system should perform all steps to get a result from a sample. The
system can consist of a sequence of modules, which perform each step, in a modular
architecture. The modules, necessary for a system in an analysis, can be developed to
carry out each processing step or a combination of processing steps. They must be
separately considered in their design, manufacture, assembly, and use. Execution of their
assigned functions should be independent of each other.
One of the most challenging parts in developing a microfluidic module or system,
based on assembling the microfluidic components or modules, is to design proper fluidic
interconnects. The fluidic interconnects should provide passage for fluids between
microfluidic components or modules without significant leakage or dead volume. They
play a major role in the performance of the overall system. There are many factors
affecting interconnect design, including low dead volume, high sealing pressure, no
clogging, and easy integration and fabrication processes. Simple methods are preferred to
reduce manufacturing cost. This chapter includes a description of the development of
passive alignment structures for aligning microfluidic components in a module and the
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method of making fluidic interconnects with the aid of the alignment structures.
3.2 Passive Alignment Structures for Microfluidic Modules
3.2.1 Motivation
Assembly is very important for obtaining most end products in industry. They
may consist of different functional units, which are often made from different materials
such as metals, plastics, or rubbers. For example, a number of modules to make a car
using convenient mechanical assemblies, such as the chassis, cockpit, and front-end, were
separately developed and supplied at every automobile company. For microfluidics,
assembly can be applied to either align two plates for a special configuration of structures
or to join a variety of components to develop a microfluidic system. The main objective
of development of assembly techniques for microfluidic systems is related to fluidic
interconnects between functional components. The connections must be designed to
minimize dead volume, support easy assembly, and withstand operating pressure without
significant leakage. The assembly should support these requirements. Passive alignment
structures can be used to align fluidic parts within an acceptable microscale tolerance
range. This helps to enable simple fabrication, easy assembly, and reduced dead volume.
3.2.2. Types of Assembly for Polymeric Microfluidic Systems
There are two methods of alignment: active and passive. Active alignment
employs an automated robotic system to control the relative position with better
positional accuracy compared to passive alignment, including active tools like microgrippers and high-resolution vision systems with microscopes (Hsu, 2005). Although
active alignment enables minimization of misalignment within less than a micrometer,
most of the work requires skilled labor to control the system, time, and high packaging
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costs. Passive alignment uses kinematic pairs, such as a round pin in a hole, a threaded
joint, or an elliptical ball in a cylindrical groove to constrain the relative position of
aligned components without actively monitoring the mismatch between the components.
The alignment accuracy using the passive alignment depends on both the dimensions and
the combination of the features. Alignment accuracy may be lower, compared to active
alignment, but the passive alignment offers simple, fast, and repeatable assembly at
reasonable cost (Whitney, 2004).
3.2.3 Review of Passive Alignment for Assembly of Polymer Microfluidic Devices
A microvalve system, consisting of an actuator, a flow element, and a polyimide
membrane was constructed (Fahrenberg et al., 1995). The actuator and flow elements
were hot embossed in PMMA substrates using brass mold inserts. The flow element
included three 1 mm tall alignment pins, which were 300 µm in diameter; matching holes
were fabricated in the actuator. A membrane with patterned heater coils was bonded to
the actuator with an adhesive; and the flow element was assembled with those elements
through the alignment features including a pin-hole joint. The valve system was operated
by controlled actuator pressures to heat up air using the patterned heaters.
A multi-fiber connector was designed by considering an assembly strategy and
fabricated from injection molded PMMA (Wallrabe et al., 2002). Rippled alignment
structures were put on the lower part of connector that could guide pins at the upper part
of connector for assembly. After two parts were assembled, they were bonded using a
PMMA-based UV-curing adhesive.
Positioning of an optical fiber was used for passive and fixed alignment (Liu et al.,
2004). Rectangular v-grooves were formed to locate the optical fiber precisely, and a leaf
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spring with a flexure hinge was designed to clamp the fiber. This structure could provide
stable contact between the spring and the fiber without the use of adhesive.
Passive alignment structures for modular microfluidic devices were designed by
screw theory to represent and analyze constraints of assembly features and fabricated
from PC using hot-embossing process (You et al., 2006). Considering the dimensional
variation of alignment structures as a consequence of thermal shrinkage of polymer and
incomplete replication of the structures, a combination of three v-groove and sphere
joints was designed to exactly constrain two bodies and used to assemble two PC plates
without any functional units. The misalignment was in the range between 28 µm and 70
µm due to variation of the alignment pin height as a result of incomplete mold filling.
With modified hemisphere-tipped posts by the addition of convex annular structures, the
lateral misalignment was in the range between 6.8 µm and 8.4 µm (Chen, 2009). The
improved accuracy was obtained to achieve better mold filling to put the annular
structures around the hemispherical recess.
A passive alignment system for glass/PDMS microfluidic chips was developed to
assemble a fluidic part on PDMS with other substrates including patterned proteins or
electrodes (Trinkle et al., 2006). A kinematic coupling including a v-groove and ball was
used to align a plate with a mold cavity to pour a PDMS pre-polymer with a stationary
base which set up a patterned mold for PDMS molding on the other substrate. There were
six points of contact between the plate and the base, which exactly constrained the plate
in all six degrees of freedom. The alignment accuracy was better than 5 µm.
3.2.4 Fundamentals of Kinematic Assemblies for the Design of Passive Alignment
Structures
Kinematic assembly can be defined as “A chain of coordinate frames on parts
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designed to achieve certain dimensional relationships, called key characteristics, between
some of the parts or between features on those parts” (Whitney, 2004). From the
definition, an assembly can be modeled mathematically in terms of the coordinate frames.
In statics, a structure is statically indeterminate when all three principles of statics are not
sufficient to determine the internal forces and reactions that the structure encounters. If a
structure is statically determinate, the internal forces and reactions can be calculated
directly from the applied forces and given geometry. Similarly, assemblies can be
designed either to be in statically determinate, called “properly constrained”, or statically
indeterminate, called “improperly constrained”. These statically determinate or kinematic
assemblies are well known for assembly of components and instruments on the
macroscale. In microsystems, the assemblies are needed to construct complex structures
such as three-dimensional channel configurations for mixing in laminar flow or to
embody a variety of microfluidic components. Passive alignment using the kinematic
assemblies on the microscale can accomplish comparatively rapid, accurate, and
repeatable assembly without any additional instruments or jigs.
Screw theory can be used to design and analyze assembly features, allowing the
representation of interactions between contacting surfaces. A screw can express the threedimensional motion of a rigid body or a force and a moment exerted on it. There are two
types of screws: a twist and a wrench. Instantaneous rotational and translational motions
of a rigid body are expressed by a twist. The force and torque exerted on a rigid body can
be represented by a wrench along an axis. Twist matrices and wrench matrices can be
obtained through the combined action of several alignment features in the assembly.
Resultant twist and wrench matrices are calculated by taking the intersection of
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twists or wrenches from several features (Whitney, 2004). The resultant twist matrix is
the intersection of the twist matrices, which describes the net motion related to a set of
joints. The resultant wrench matrix is the intersection of the wrench matrices, which
expresses the forces and torques that the joints apply to the body. The number of
underconstrained and overconstrained degrees of freedoms can be determined through
interpretation of the resultant twist and wrench matrices. The result can be used to obtain
kinematically constrained assemblies. A well-defined toolkit of features with each twist
matrix, which can be used directly in engineering design, was presented by Whitney
(Whitney, 2004).
3.3. Design and Analysis of Passive Alignment Structures Using Screw Theory
3.3.1 The Design Issues for Passive Alignment Structures
Before the design of alignment features, it was determined whether each feature
could be manufactured by available fabrication methods. Thermoplastics, such as PC and
PMMA, are selected to produce passive alignment features for microfluidic modules.
Many polymer microfabrication methods were reviewed in Chapter 2. At LSU, two
processes for polymer replication in thermoplastics are available. One is hot embossing
and the other is injection molding (Figures shown in Chapter 2). The injection molding
machine was being developed for producing microstructures. Hot embossing was
available to do both single-sided and double-sided molding, which can produce structures
on both sides of polymer sheet at one time. Hot embossing was selected for the
production of parts for the microfluidic module. Mold inserts were required to produce
polymer parts using the embossing machine. The mold insert can be made by X-ray
LIGA, UV-LIGA or mechanical micromachining. As it takes a comparatively long time
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to use the LIGA methods for mold inserts, the micromilling machine was used to make
molds for rapid prototyping.
3.3.2 Design and Analysis of Passive Alignment Structures
To assemble two microfluidic components to be made of polymers for the
intended genetic analysis, kinematic assemblies can be used. A combination of features
can be designed and analyzed using screw theory. Many potential features are defined in
the toolkit (Whitney, 2004). Features shown in Figure 3.1, based on the manufacturability,
were selected to join two rigid plates. These included a hemispherical pin-in-hole, a

Hemispherical pin in hole

x
Feature 1

Feature 2

x

y

y
X
d₁

L4

d₂
Hemispherical pin in slot

Y

L1

L3

L2

Feature 3: Plate‐plate lap joint

y
Z

y

z

z

Figure 3.1: Assembly of the combination of multiple hemispherical pin in slot and
plate-plate lab joint
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hemispherical pin-in-slot, and a plate-plate lap joint.
Motion and constraint analysis can apply to multiple assembly features that join
two parts to examine the state of constraint. The twist matrices for each feature are shown
in Equations 3.1–3.3:

THemipin Hole

 wx 0

0 wy
 
0 0

 0 0

 d y wx 

0
0
0
d x wy 
wz d y wz  d x wz
0 

0
0
0
v z 

(3.1)

0

THemipinSlot

 wx 0

 0 wy
0 0

0 0

 0 0

 d y wx 

0
0
d x wy 
0 
d y wz  d x wz

0
0 
vy

0
0
v z 

(3. 2)

Tplate plate

0

0
wz
0
0

0

0

0

0

 0 0 0 v x 0 0


  0 0 0 0 vy 0
 0 0 w 0 0 0
z



(3.3)

Each matrix defines for the possible instantaneous motions, allowed by each
feature. In Equation 3.1, the first row represents rotation about the feature’s x axis, with
resulting translation along the feature’s –z axis; the second row represents rotation about
the feature’s y axis with resulting translation along feature’s z axis; the third row
represents rotation about the feature’s z axis with resulting translation along the feature’s
x and –y axis, respectively; the fourth row represents translation along the feature’s z axis.
In Equation 3.2, one more motion is included in the matrix. It represents translation along
the feature’s y axis. In Equation 3.3, the first row represents translation along the
feature’s x axis; the second row represents translation along the feature’s y axis; and the
third row represents rotation about feature’s z axis without resulting translations.
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Using that the X and Y components of vectors:
7

and

8

,

, and

are

, obtained by the dimensions of a fluidic interconnect.

 x   y   z  1 and vx   y   z  1 were assumed. The twist matrices for each feature
can be obtained. The twist matrices are shown in Equations 3.4– 3.6:

TF 1 Hemipin Hole

1 0 0
0 1 0

0 0 1

0 0 0

0
0  7
0
0 8 
7 8
0

0
0 1

(3.4)

TF 2 HemipinSlot

1 0
0 1

 0 0

0 0
0 0

0  21
0
0 8 
21  8 0 

0
1 0
0
0 1 

(3.5)

TF 3 Plate Plate

0
0
1
0
0

0

0 0 0 1 0 0 
 0 0 0 0 1 0 
0 0 1 0 0 0

(3.6)

The wrench matrices, which describe the resultant force and moment acting on
each feature, can be found by taking the reciprocals of twist matrices because the vector
dot product of the twist and the wrench equals zero. They are shown in Equations 3.7–3.9:
1 0 0 0 0  7 
WF 1 Hemipin Hole  

0 1 0 0 0 8 

(3.7)

WF 2 HemipinSlot   1 0 0 0 0  21

(3.8)

WF 3 Plate Plate

0
 0
0

0 1 0 0
0 0 1 0
0

0 0 1

0
0 
0 

(3.9)

The motion analysis can be done by intersecting all of the twist matrices. The
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resultant twist matrix (TR) for the assembly, which consists of the intersection of the
twist matrices, can be obtained:

TRHemipinSlots  Plate  



(3.10)

This null twist matrix indicates that there are no unconstrained degrees of freedom of
motion. Therefore, these parts are unable to move relative to each other.
The constraint analysis can be done by intersecting all of the wrench matrices.
The resultant wrench matrix (WR) for the assembly using the same method is

WRHemipinSlots  Plate  



(3.11)

There is no force or moment that is provided by all four features. However, all resultant
wrenches should be checked because the different combinations of features can constrain
a particular degree of freedom. Therefore, all subsets consisting of two or three assembly
features were systemically checked as follows:

WRsubset1   (WF 0 , WF1 )

(3.12)

WRsubset2   (WRsubset1, WF 3 )

(3.13)

WRsubset3   (WRsubset2 , WF 4 )

(3.14)

All subsets were checked by Equations 3.12–3.14 with Equations 3.7–3.9. As all of the
wrench spaces were null, there was no overconstraint in the assembly. From both the
motion analysis and the constraint analysis, the assembly was exactly constrained. This
design can be used to locate a part at any particular desired position with respect to
another part.
3.3.3 Design of Fluidic Interconnects Using Passive Alignment
The alignment features, designed and analyzed by screw theory, can be used for
the development of fluidic interconnects for microfluidic module. They can be used to
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align reservoirs fabricated on each component before bonding. As discussed in Chapter 2,
there are different bonding techniques: One is to use an adhesive such as epoxy, SU-8
spray, or very thin two-sided tape; another is to use a solvent such as methylene chloride
or trichloroethane for polycarbonate; the other is to use thermal fusion bonding. However,
the thermal bonding was excluded from making the fluidic connection because of the
potential for thermal deformation, occurred between previously thermally-bonded
components, may be difficult to control. It also cannot be applied to different materials.
Either an adhesive or solvent bonding was chosen to build the fluidic connections. These

(a)

Top part

(b)

Hemispherical pin in slot

Hemispherical pin in hole

Bottom part

(c)

Figure 3.2: Solid models for the design of the passive alignment structures: (a)
Fluidic interconnect using the alignment features; (b) Enlarged picture
of fluidic part in the top part; (c) Enlarged picture of fluidic features in
the bottom component.
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processes should be handled at the design and fabrication step because microchannels or
reactors can be damaged by the blocking of overflowing adhesive and melting of the
interface in excessive use. The design process is explained in Figure 3.2.
The design concept for the fluidic interconnects was that a reservoir of top part
with a 850 µm of diameter, which had a 29 nL volume was aligned with a reservoir on
bottom component with a 500 µm of diameter, which had a 10 nL volume by passive
alignment features and bonded by adhesive or solvent. The fluidic passage between the
reservoirs was made by the laser machine. A total dead volume of 118.5 nL was expected
at the fluidic interconnects with 4.5 mm thickness in the design. The positive structures,
which were 220 µm wide and 200 µm tall, were placed around the reservoir on the top
component (See Figure 3.2(b)). Negative structures, 600 µm wide and 400 µm deep,
were placed around the reservoir on the bottom piece (See Figure 3.2(c)). This
configuration provides a gap like a trench for the overflow of adhesive. It was very
helpful for controlling the coating thickness of the adhesive on the surface around the
reservoir.
3.4. Fabrication of Passive Alignment Structures in a Polymer Substrate
The geometry of the design was displayed using the AutoCAD 2D drawing
(AutoCAD 2005; AutoCAD Inc., CA, USA). The file was transferred to a brass mold
insert for hot embossing using micromilling. The hemispherical pins were manufactured
by a ball end mill, which had 794 µm in diameter. The nominal depth was 397 µm on the
brass mold insert. Other structures were manufactured using an end mill, which had 200
µm in diameter. The ball end mill had variation of diameter between 0 and minus 25 µm,
the diameters of both the holes and slots were selected as 770 µm (See Figure 3.3(a)).
The height was 450 µm with 3° draft angle on the brass mold insert (See Figure 3.3(b)).
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Hemispherical pin in hole

(a)

Hemispherical pin in slot

(b)
Figure 3.3: Pictures of micromilled brass mold inserts: Micromilled structures for (a)
hemispherical pin structures and (b) hole and slot structures
These features were used to align the reservoir of top part with the reservoir of bottom
part in modular microfluidic architecture.
3.5 Assembly Using Adhesive Bonding
An adhesive or a solvent was used to bond two parts aligned by the passive
alignment features. The adhesive-based or solvent-based interconnects can handle built-in
pressures, caused by pressure-driven flows, in the fluidic passage. However, clogging or
melting of fluidic passages is a major problem in the use of the adhesive or solvent for
fluidic interconnects. Care must be taken in applying an adhesive or a solvent to the area
of interconnection during fabrication.
The sample was cleaned by IPA and water and put in an oven (VWR 1602, VWR
Scientific, Inc., PA, USA) at 90°C for 1 hour (Step 1). A removable label was punched by

a standard paper hole punch. A round circle label with about 3 mm diameter was acquired
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Reservoir

Trenches
2.7mm
2.7mm

Labels

Laser drilled hole

Step 2: Reservoir protection

Step 1: Sample preparation

Assembled part

Glass plates

SU-8 or Methylene
chloride

Step 4: Press and Curing

Step 3: Adhesive or solvent deposition

Figure 3.4: The process of bonding for fluidic interconnection using an adhesive or a
solvent
and cut by scissors to remove the round template. The label was attached to the reservoir
(Step 2). If the solvent was used, the same size of round circle of aluminum foil was
attached on the label by double-sided tape to act as a mask. A SU-8 MicroSprayTM
(Microchem Corp., MA, USA) was used to spray the surfaces using 6 to 9 times to make
overlapping patterns. After waiting 5 minutes, the mask was removed (Step 3). If a
solvent was used, methylene chloride solution in a Nalgene aerosol spray bottle (Thermo
Fisher Scientific Inc., NY, USA) was sprayed on the surfaces using similar patterns.
The important thing was that the alignment structures were shielded by the aluminum foil
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masks to protect them. Two parts were assembled using the passive alignment features.
The assembled parts were clamped between two borosilicate glass plates (McMaster, GA,
USA) with 305 mm long, 305 mm wide, and 9.525 mm thick and cured for bonding (Step
4).
3.6. Development of a Modular Microfluidic Architecture for Mutation Detection
The fluidic interconnects using passive alignment structures were developed to
enable a modular approach for designing microfluidic modules. This was an important
step because it ensured the transfer of fluids without leakage and contamination. It is
especially important for continuous-flow components to construct a module because any
significant leakage can lead to breakdown of the module. It is also feasible for developing
widespread interchangeable microfluidic components for a variety of microfluidic
modules.
Mutation detection, a subset of genetic analysis, was demonstrated using a
microfluidic module, including the fluidic interconnects. As mutation detection for
known sequence changes generally consists of a couple of nucleic acid processes, it is
required to do a couple of molecular works to continue them. The modular microfluidic
architecture allows division of a complex biological assay and fabrication methods into
individual elements and enables individual component optimization without system
fabrication. The mutation detection has advantages if done with a modular architecture.
As shown in Figure 3.5, the LDR coupled with the PCR was selected to detect point
mutations in K-ras gene of human genome as a demonstration. The assay can be divided
as follows: (1) PCR to amplify target variations, (2) Mixing to make a mixture of PCR
products and LDR reagents including two oligonucleotides, a reaction buffer, and an
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Figure 3.5: Conceptual schematic of the LDR coupled to the PCR assay for mutation
detection
enzyme of DNA ligase, and (3) LDR to detect point mutations by the event of ligation
using the oligonucletides on the target sequence.
To enable the assay using a microfluidic module, continuous-flow microfluidic
components were developed separately. They were assembled with the developed
microfluidic interconnects (MI) and spacers in a vertical direction (See Figure 3.6). This
stacked format can promote a small footprint when compared to assembly of the
continuous-flow microfludic components in a single plane or a breadboard approach
(Shaikh et al., 2005).
The continuous-flow device offers the flexibility to change the speed of each
reaction without complex control issues. However, thermal cycling conditions, such as
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PCR microfluidic reactor
MI

Spacer
Passive diffusional micromixer reactor

Spacer

MI
LDR microfluidic reactor

Figure 3.6: A schematic representation of modular microfluidic architecture for
continuous-flow microfluidic components.
the number of cycle and the ratio of residence time in multiple temperature zones, are
fixed at the design step. As there is no single continuous flow design which is applicable
for all sample conditions, a few designs to cover different sample conditions have to be
developed, instead of changing the total design of a module or system. It was a major
advantage in the use of the modular microfluidic architecture for mutation detection.
3.7 Conclusions
Microassembly is the assembly of objects with microscale features under
microscale tolerances (Yang and Nelson, 2004). Passive alignment features, including a
hemispherical pin-in-hole, a hemispherical pin-in-slot, and a plate-plate lap joint, were
developed using screw theory for the interconnection of continuous-flow microfluidic
components in a microfluidic module. They were used to design microfluidic
interconnects, patterned on a brass mold using micromilling, and used for the assembly of
two microfluidic components to make fluid passage in the module. Using adhesive or
solvent bonding techniques, the alignment features allowed the assembly of two microscale fluidic reservoirs. The detailed process was presented. This assembly technique can
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be applied to develop the modular microfluidic architecture, vertically stacked, for
mutation detection.
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CHAPTER 4: DEVELOPMENT OF FUNCTIONAL COMPONENTS
FOR MUTATION DETECTION
4.1 Introduction
The development of fluidic interconnects can provide a microscale interface
between various microfluidic components. It can also enable development of a system
which consists of multiple devices for performing an intended analysis. The PCR/LDR
analysis, one of the mutation detection assays available, was demonstrated using a
modular microfluidic platform. Individual microfluidic devices were developed and
assembled with the incorporation of microfluidic interconnects. A microfluidic PCR
reactor for the amplification of a target sequence of genomic DNA, a passive diffusional
micromixer reactor for mixing the LDR reagents with the PCR products, and a
microfluidic LDR reactor for detection of sequence changes in the PCR products were
separately designed and developed. In the following sections, the design process of each
continuous-flow microfluidic component is presented.
4.2 Polymer Micromixers for Microfluidic Systems
4.2.1 Motivation
Mixing using pressure-driven flow in microfluidic systems is one of major issues
because of the low Reynolds numbers, which lead to laminar flow; therefore, mixing is
dominated by diffusion. Mixing is a necessary step to initiate biochemical processes,
which typically require certain biochemical conditions in the mixture of reagents. In the
laboratory where sample volumes are larger, mixing is simple, fast, and more effective
with the use of turbulence. Mixing is done off-chip and input to microfluidic devices for a
variety of biochemical reactions in a simple manner. However, microfluidic systems
require on-chip mixing to perform a multiple biochemical reactions sequentially. This
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approach reduces contamination, which frequently occurs in the laboratory, as an issue
while preparing the reagents between reactions. For mutation detection, a sequence of
nucleic acid techniques was required. For example, on-chip mixing was required to
perform the PCR/LDR analysis. LDR requires DNA fragments to be amplified in the
PCR, as well as mixing with additional reagents including two oligonuleotides, a reaction
buffer, DI water, and an enzyme of DNA ligase. On-chip reaction times for PCR are
generally less than an hour (Zhang and Xing, 2007). Although the fastest reactions in
continuous format were done within a few minutes (Hashimoto et al., 2004 and Chen et
al., 2008), the yield of products were lower than ones with increased reaction times. The
yield of the products depends on the size of template and amplified product in the PCR,
as well as the reaction conditions including the thermal cycling and reagent conditions.
Times on the order of tens of minutes are needed to get sufficient amounts of product for
the next reaction. Although very fast mixing times can decrease the total processing times
for on-chip reactions, mixing times on the order of tens of seconds for biochemical
reactions may be acceptable, when compared to the on-chip reaction times.
4.2.2 Types of Micromixers for Microfluidic Systems
There are two types of micromixers: active and passive (Nguyen and Wu, 2005).
Active micromixers use an external energy source to introduce a disturbance to the flow
and improve mixing. Active mixers either have moving parts or use externally applied
forcing

functions,

such

as

pressure,

electrokinetic

fields,

ultrasound,

or

magnetohydrodynamic fields, to provide effective and rapid mixing in microfluidic
systems. They can be very difficult to fabricate, integrate, and operate, and increase the
complexity of the microfluidic systems. In addition, unintended heating, bubble
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formation, and high voltage electrical fields sometimes generated by active mixers may
reduce the mixing performance or damage the biological samples on the microscale
(Nguyen and Wu, 2005).
Passive micromixers do not require the application of an external energy source
except for the primary flow driving force as they depend on diffusion or chaotic
advection for mixing. The mixing is achieved by the utilization of internal flow geometry
without any moving parts. The main focus is on the development of passive mixing to
overcome the difficulties of active micromixers. Most of efforts on the passive mixing
strive to enhance the mixing performance by reducing the molecular diffusion length
through a variety of special geometric configurations.
4.2.3 Fundamentals for the Design of a Passive Diffusional Micromixer
A passive micromixer was selected and designed to avoid a more complicated
fabrication process and the additional control effort needed to drive an active mixer. The
mixer was required to make a mixture for input to the LDR following the PCR. In the
laboratory, the mixture consists of the PCR products, two oligonucleotides − common

Table 4.1: LDR protocol for a bench-top thermal cycler in the laboratory
Materials

Volume

PCR product

2 µl

Oligonucleotides

2 µl

10X Reaction Buffer

2 µl

Taq DNA ligase

1 µl

Nuclease Free Water

13 µl
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and discriminative, a reaction buffer, DNA ligase, and nuclease free water (See Table
4.1).
After the PCR, the PCR products must be isolated and added to the other reagents
for the LDR. It is important for the mixer to make a mixture with the required
concentrations to perform the LDR. The desired volumes of each reagent should be
combined in the mixer. For the design of micromixer, the materials can be divided as the
PCR product, the oligonucleotides, and the other substances since same reagents can be
premixed offchip. The mixing ratio was selected to obtain shorter diffusion lengths to
decrease the complete mixing time.
The preference for purely diffusive mixing depends on the specific application
because diffusive mixing needs times on the order of minutes or more to be effective
(Squires and Quake, 2005). There are methods to decrease the mixing time. Design of an
optimal diffusion-based micromixer was explained well by Nikitopoulos and Maha
(Nikitopoulos and Maha, 2007) and it was implemented in this work. Considering a

Figure 4.1: Flow rate ratios for the optimum performance as a function of the
channel aspect ratio for odd number of layers ( : optimum value). For
all even number of layers,
1 (Nikitopoulos and Maha, 2007)
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stream to be composed of the contact of two substreams in a channel, the estimates of
both the mixture production time (

) and the necessary mixing channel length (L) are

shown in Equations 4.1 and 4.2:
1
4
1
4
⁄

Where

4.1
4.2

·

is the diffusion width fraction;

is the width of the widest

internal stream layer or twice the width of the widest wall-bounded layer, which is the
largest (wsmax=2, maximum) to the width of the channel. The necessary mixing channel
length depends on the diffusion width fraction, the total flow rate, and the aspect ratio of
the channel. The diffusion width fraction is an important parameter for optimizing the
performance of the mixer (

,

. A layered mixer, which can make multiple

streams, reduces the diffusion width fraction. The minimum value,

is 1⁄

1

where n is the number of layers. The ratio of the volumetric flow rates for two layers is
shown in Equation 4.3:

Table 4.2: Layer volumetric flow rates in % of total mixture volumetric flow rate for
optimum performance of a 3−layer mixer as a function of the aspect ratio
(AR) (Nikitopoulos and Maha, 2007)
Type

Ψ0

AR

Q1(%)

Q2(%)

Q3(%)

3-layer

1.14
1.41
1.76
2.03
2.14
2.18
2.19

0.1
0.25
0.5
1
2
4
10

23.3
20.7
18.1
16.5
15.9
15.7
15.7

53.4
58.5
63.8
67.0
68.1
68.5
68.7

23.3
20.7
18.1
16.5
15.9
15.7
15.7
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4.3
The ratio of the optimum flow rate is 1 if the number of layers in the channel is even;
however, if the number of layers in the channel is odd, it is a function of the channel
aspect ratio (See Figure 4.1). For a 3-layer mixer, the theoretical optimal proportion of
the volumetric flow rate is given in Table 4.2 to aid the design of the passive diffusional
micromixer. From the table, the dimensions, the operating flow rates, and the pressure
drops for the micromixer were calculated.
There are two strategies for designing a micromixer. One is that the desired
volume of a mixture (V) with a minimum production time is chosen with an acceptable
pressure drop in the device. The other is that the desired volume of a mixture (V) with a
minimum pressure drop is selected with an acceptable production time. The relationship
between the total mixture flow rate (Q) and the mixing channel geometry can be simply
expressed as Equation 4.4:
∆
12

4.4

Where g(AR) is a function of the aspect ratio alone. These equations provide a simple
basis for the appropriate design of multi-layer passive mixers. To determine the optimum
design parameters in terms of

/

, the ratio of the operation flow ratio to the optimum

flow ratio was used for a 3-layer mixer.
4.2.4 Design of Passive Diffusional Micromixer
A passive mixer, which could generate up to three layers at a cross-junction, was
designed to make a mixture with the flow ratio of 1:1:3 with the maxium total flow rate
of 0.7 µL/min, from the protocol in Table 4.3. This protocol was changed from the 1:9
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Table 4.3: LDR protocol for the design and operation of micromixer
Materials

Volume

PCR product

4 µl

Oligonucleotides

4 µl

10X Reaction Buffer

2 µl

Taq DNA ligase

1 µl

Nuclease Free Water

9 µl

flow ratio for mixing from the protocol in Table 4.1 to reduce the time required for
complete mixing. The layers were: (1) PCR products supplied from a microfluidic PCR
reactor, (2) two oligonucleotides in nuclease free water, and (3) the rest of the materials.
Each reagent was injected by a syringe pump to make a mixture using the proposed flow
rate.
The mixing channel was 43 mm long and had an aspect ratio of 0.33 (w: 180 µm,
d: 60 µm). The Reynolds number was approximately 0.065 in the mixing channel with
the physical properties of water at 20ºC and 1 atm pressure. From Figure 4.1 and Table
4.2, Ψ0 was 1.527 for the AR ≈ 0.33. The total flow rate can be divided for the optimum
performance of 3−layer mixer resulting as: 0.14 µL/min at Inlet 1, 0.14 µL/min at Inlet 2,
and 0.42 µL/min at Inlet 3. The final design is shown in Figure 4.2. A preheating time
for the LDR mixture was considered in the design of 3-layer mixer. The time needed for
preheating above 90°C to melt DNA fragments in the mixture may help to increase the
efficiency of the final LDR product; it was considered as a parameter for selection of the
diffusion length. However, it was limited to a maximum of 1 minute because
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0.14 µL/min
0.42 µL/min
0.7 µL/min

40 µm

0.14 µL/min

180 µm

96 µm

40 µm

Figure 4.2: The layout of a 3-layer diffusional micromixer
commercially-available thermostable DNA ligase suffers a significant loss of
performance, with yield reduced by approximately 33%, when heated at 95°C for
between 1 min and 5 min [www.neb.com]. About 40 seconds of residence time between
50°C and 85°C are used both to heat all of the reagents and to allow complete mixing to
obtain better performance in the mixing channel. Diffusion should be enhanced at
increased temperatures since a higher kinetic energy leads to a higher diffusion velocity.
Therefore, the increase in the diffusion coefficient was expected to be between ~2.5 fold
and ~3.5 fold over the temperature range.
The necessary channel lengths were calculated for different substances using the
diffusivities of various tracers, shown in Table 4.4. The lengths were 2 mm with only
solute ions, 98 mm with only small proteins, and 1964 mm with only viruses if the
temperature effect was not considered. The diffusion constants for the DNA fragments in
water were obtained from the literature (Heule and Manz, 2004). A 43bp oligomer was
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Table 4.4: Typical diffusivities for various tracers in water at room temperature
(Squires and Quake, 2005)
Particle

Typical size

Diffusion coefficient

Solute ion

10-1 nm

2 X 103 µm2/s

Small protein

5 nm

40 µm2/s

Virus

100 nm

2 µm2/s

Bacterium

1 µm

0.2 µm2/s

Mammalian/human cell

10 µm

0.02 µm2/s

47~53 µm2/s and a 6000 bp DNA fragment was 8.1 µm2/s. The diffusion constants of the
PCR products (395 bp) and the oligonucleotides (20bp and 47bp) ranged between 10
µm2/s and 50 µm2/s because they depended on the size of the product. However, the
values can be used as a reference only because these values may vary according to the
actual sample conditions such as buffers, pH, and the DNA sequence. If the temperature
effect is considered, the LDR reagents except the PCR products should be completely
diffused within the mixing channel length at the maximum flow rate in water.
The mixing time was not the challenging aspect in the design and may not affect
total system performance because the mixer was designed for the maximum flow rate.
The flow rate can be decreased to decrease the necessary mixing channel length. This
would increase the residence time in the mixing channel over the temperature range. In
addition, the mixture was kept at 95°C for 10 seconds to confirm the separation of the
PCR products before the LDR in the microfluidic LDR reactor.
4.3 Microfluidic Reactors for Genetic Analysis
Different kinds of microfluidic reactors have been used to do on-chip PCR and
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LDR (Barrett, 2004; Hashimoto et al., 2005; Zhang and Xing, 2007). PCR is not only a
fundamental tool in molecular biology, but also the most investigated biological reaction
in microfluidic systems (Zhang and Xing, 2007). The PCR consists of three steps:
denaturation around 95°C, annealing between 50°C and 65°C, and extension between
68°C and 72°C. Total reaction times for the PCR depend on the amplification time per
cycle, cycle number, and amplicon length. On-chip PCR reaction times range between 5
minutes and 100 minutes (Zhang and Xing, 2007). LDR is one of the methods for
detecting point mutations and includes two steps for denaturation between 90°C and
95°C and both annealing and ligation at 64°C. Total reaction times for the LDR depend
on the annealing and ligation time per cycle and cycle number. The fastest on-chip LDR
reaction time was 4.1 minutes for 13 cycles (Hashimoto et al., 2007) These reactions use
the same kinds of microfluidic reactors due to the need for thermal cycling.
4.3.1 Types of Microfluidic Reactors for Genetic Analysis
There are two basic formats of microfluidic reactor: micro chamber and
continuous flow. The micro chamber format is similar from an operational point of view
to a conventional laboratory instrument. The reaction mixture remains stationary in the
chamber during temperature cycling, so any number of cycles and the duration of each
step can be selected. The main advantage of the micro chamber format is the small
thermal capacitance of the device, compared to the thermal block in the laboratory
instrument, but optimization of the thermal capacitance is required to achieve high
temperature ramp rates and low power consumption. In the continuous flow format, a
sample is pumped through a channel passing through multiple fixed temperature zones;
the transition time between temperature zones relies on the sample flow rate and the time
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needed to reach thermal equilibrium with the sample. Although this format requires
relatively large sample volumes to fill the entire channel with the mixture, it provides
relatively fast reaction times without dependence of the thermal capacitance.
4.3.2. Design Considerations for Continuous Flow Microfluidic Reactors
The continuous flow (CF) format was selected for the microfluidic reactors, for
both PCR and LDR, to pursue relatively high speed reactions without complex control
issues. There are two types of microchannels which can be used in CF format: (1) a
serpentine microchannel or (2) a spiral microchannel (See Figure 4.3). The temperature
zones are linearly arranged in the serpentine microchannel CF format. If this format is
applied to the PCR, the PCR sample is passed through a channel on the unnecessary
extension zone between the denaturation and annealing zones. Although it can help
smooth the change of temperature between them, it may also enable binding of single
stranded DNAs, called primers, with their complementary fragments after denaturation,
Outlet

Inlet

Outlet
Inlet

(b)

(a)

Figure 4.3: Two types of microfluidic reactors for PCR in CF format: (a) The
serpentine channel and (b) The spiral channel. The sample is
introduced at the inlet and pumped unidirectionally towards the outlet
(Red: denaturation zone, Purple: extension zone, Green: annealing
zone)
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which may reduce PCR efficiency.
The spiral microchannel CF format does not have the same problem because the
temperature zones are arranged differently. However, both the cycling time, gradually
increased with the addition of the cycle number, and transition time, required for the
sample to reach thermal equilibrium, need to be considered at the design step. The
serpentine and spiral CF format may provide high-throughput performance and parallel
reactions. The serpentine channel in the CF format was selected as a microfluidic reactor
for both the PCR and LDR. The serpentine channel in the CF format as a microfluidic
reactor should be satisfied the following conditions: (1) minimal pressure drops for
pressure-driven flow; (2) reduced total volume of the microfluidic reactor, (3) thermal
isolation allowed among each temperature zones, (4) use commercially-available heating
and sensing elements, (5) sufficient cycles to produce detectable amounts of PCR or LDR
output, and (6) compatible with other components such as pumps, mixers, and valves.
4.4 The Design of a PCR Microfluidic Reactor in CF Format
4.4.1 Sample Preparation for the Development of a Microfluidic PCR Reactor
Mutations of the K-ras gene of the human genome are related to a colorectal
cancer and important for early detection because of occurrence in the progression from
adenoma to carcinoma (Fearon and Vogelstein, 1990). Mutations in K-ras have been
identified in 30%~40% of colorectal cancers (Oliveira et al., 2004). The amino acid
changes, called substitutions, are occurred at codon 12, 13 and 61 in the K-ras gene. The
frequency of the amino acid changes is higher at codon 12. There are three different kinds
of substitution: (1) glycine to aspartate (G12D), (2) glycine to valine (G12V), and (3)
glycine to alanine (G12A). Cell lines such as HT29 (wild-type), LS180 (G12D), SW1116
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(G12A), and SW620 (G12V) were acquired from the American Type Culture Collection
(ATCC) (Manassas, VA, USA) and cultured to get genomic DNA in a laboratory using
the same method reported by Hashimoto et al. (Hashimoto et al., 2005). A mammalian
genomic DNA miniprep kit (Sigma-Aldrich; G1N10, St. Louis, MO, USA) was used to
extract each genomic DNA from the cultured cells. After the extraction, the amount of
genomic DNA was quantified by the NanoDrop ND-1000 spectrophotometer (v3.0.1)
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Each genomic DNA was stored in
tubes at –20°C in a freezer until use.
4.4.2 Design of Primers for Sample Amplification Using PCR
The primers are used to amplify specific regions of genomic DNA. The primer
design is very important to getting sufficient amounts of products. There are important
design considerations such as primer length related to specificity, melting temperature,
annealing temperature, and primer secondary structures. As all of these factors should be
considered, primer design is a very complicated process. A number of primer design tools
are available to assist the complex process. It is better to use the primer design tools to
reduce time and cost.
Oligonucleotide primers for the PCR at codon 12 of the K-ras gene were designed
using the Primer3 utility [http://frodo.wi.mit.edu/], one of available primer design tools.
Table 4.5 shows the oligonucleotide sequences and their melting temperatures. The
melting temperatures (Tm) are calculated by oligo analyzer [http://www.idtdna.com/
analyzer/Applications/OligoAnalyzer/]

using

the

following

conditions:

oligo

concentration, 1 µM; Na+ concentration, 50 mM. The products, which have the size of
395 base pairs (bp) can be achieved from the primers after the first cycle of PCR.
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Table 4.5: The design of oligonucleotide primers
Oligomers

Sequences (5’ – 3’)

Tm (°C)

K-ras coding-exon
1 forward

CTCCCAAGGAAAGTAAAGTTCCCATA

58

K-ras coding-exon
1 reverse

GGTACTGGTGGAGTATTTGATAGTGT

57.5

4.4.3 PCR Conditions for the Development of a Microfluidic Reactor
PCR steps such as denaturation, annealing, and extension are temperature
sensitive. The common choice is 95°C for denaturation and 72°C for extension. The
annealing temperature depends on the design of the primers and the concentration of the
reagents. The pair of oligonucleotide primers should be annealed simultaneously at
similar temperature conditions because the melting temperature of the primers is almost
the same. The melting temperature is related to annealing temperature, which may be a
good estimate of the appropriate annealing temperature. However, the Tm may not be
exact because the conditions in the calculation are different from reaction conditions for
specific samples. The reaction condition should be investigated.
A parametric approach was taken to determine the best PCR conditions. To get
good product efficiency, reagent and thermal cycling conditions can be controlled if there
is good primer design. However, there are too many parameters in reagent conditions to
achieve good performance. The common laboratory protocol was employed. Each PCR
amplification using a bench-top cycler was performed in 25 µL volume per reaction using
40 ng of DNA, 200 nM of each oligonucleotide primer, 200 µM dNTPs in 50 mM KCl,
1.5 mM MgCl2, 20 mM Tris-HCl (pH 8.4), and 1 U Taq DNA polymerase. The
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concentration ratio of the mutant-to-wild type DNA ranged from 0:1 (control) to 1:100.
After a thermal cycling PCR products were loaded on 2% agarose-ethidium bromide gels
and visualized using UV fluorescence (Bio-Rad, Hercules, CA, USA). The reaction
condition was used to obtain a thermal cycling condition for good PCR performance.
To investigate the cycling conditions for the PCR, the experience and data,
obtained from other protocols for the PCR, were used to set starting conditions. The idea
came from the protocol of the PhireTM hot start DNA polymerase (FINNZYMES, Inc.,
MA, USA). They recommended that the PCR uses a 3-step protocol on a bench-top
thermal cycler: 5 seconds at 98°C for denaturation, 5 seconds between 60°C and 72°C for
annealing, and 20 seconds at 72°C for 1 kb extension if the DNA polymerase was used
for 395 bp PCR products. The enzyme was tested with the protocol with a change of
annealing time from 5 seconds to 20 seconds with an increment of 5 seconds. It worked
very nicely. From the tests, some observations were made. First, the 395 bp products
were easily separated in a very short time at 98°C. Second, 20 seconds were enough time
to extend the primer to get the product at 72°C. Third, the annealing time and temperature
were obtained using a parametric approach because the size of PCR product, DNA
template, and reagent conditions were different. However, the products without
purification after the PCR could not proceed to the LDR if the DNA polymerase enzyme
was employed. The problem may be caused by the PCR reaction buffer conditions which
were not compatible with the LDR reaction condition. The enzyme could not be used for
this experiment and an alternative was sought. The Platinum® Taq DNA polymerase
(Invitrogen, Carlsbad, CA) was chosen because good PCR performance was achieved
using the same protocol.
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Figure 4.4: The importance of selecting the annealing temperature for the PCR: (a)
64°C and (b) 60°C (1−1:100 of mutant G12D to WT, 2−1:100 of
mutant G12V to WT, 3−1:100 of mutant G12A to WT, 4−0:1 of WT
only (Negative control 1), and 5−no template (Negative control 2)
The importance of the annealing temperature during the PCR is presented in
Figure 4.4. The cycling conditions were 5 seconds at 98°C for denaturation, 20 seconds at
(a) 64°C and (b) 60°C for annealing, and 20 seconds at 72°C for extension with
preheating at 98°C for 30 seconds and final extension of 40 seconds at 72°C. The mixture
was cycled in 32 times using the bench-top thermal cycler. In the experiment, the only
variable was the annealing temperature. The result showed that the proper annealing
temperature is essential to get higher product efficiency.
Figure 4.5 shows the relationship between residence time during annealing and
the final product efficiency. The residence time for annealing was changed from 10
seconds to 20 seconds with an increment of 5 seconds at 60°C. Denaturation and
extension conditions were fixed at 5 seconds at 98°C and 10 seconds at 72°C,
respectively. A total of 34 cycles were performed in all cases. The result showed that the
final product efficiency was increased with the additional annealing time for each cycle.
As annealing time was increased, there was no significant increase in PCR product yield.
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Figure 4.5: The importance of selecting the annealing temperature for the PCR: (a)
64°C and (b) 60°C (1−1:100 of mutant G12D to WT, 2−1:100 of
mutant G12V to WT, 3−1:100 of mutant G12A to WT, 4−0:1 of WT
only (Negative control 1), and 5−no template (Negative control 2)

The PCR cycling condition was confirmed, from the results, as shown in Table 4.6.
Enzyme absorption has been known as one of the potential problems in the use of
polymer microfluidic reactors for enzymatic reactions such PCR and LDR. For the given
cycling conditions, the amount of enzyme was varied (Figure 4.6). To control the amount,
50 µL reactions were made for this test using a bench-top cycler. Three different
reactions were made using each setup. There were no significant changes of product
efficiency from the third set of experiments to the fifth experiment of a set. A minimum
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Table 4.6: Thermal cycling condition for PCR microfluidic reactor, acquired from
bench-top machine, in 32 cycles
PCR steps

Temperature

Residence Time

Denaturation

98°C

5 seconds

Annealing

60°C

20 seconds

Extension

72°C

10 seconds

amount of DNA polymerase was needed for the reaction, related to the product yield.
Excessive use of DNA polymerase should not have any significant effect on the reaction.
Additional DNA polymerase was used for the PCR in the polymer microfluidic reactors
to counter depletion due to enzyme absorption.
The reagent conditions were confirmed from the experimental results. The PCR
mixture consisted of 40 ng of DNA, 200 nM of each oligonucleotide primer, 200 µM
dNTPs in 50 mM KCl, 1.5 mM MgCl2, 20 mM Tris-HCl (pH 8.4), and 1 U Platinum®
Taq DNA polymerase (Invitrogen, Carlsbad, CA) in 25 µL total volume.
4.4.4 Development of Microfluidic PCR Reactor in CF Format
A long serpentine microchannel was designed to do the PCR. Design parameters
included flow rate, residence time, cycling number, and the area of the temperature zones.

1
0.625 unit

2
0.9375 unit

3
1.25 unit

4
1.875 unit

5
2.5 unit

Figure 4.6: Product yield of PCR related to the amounts of DNA polymerase
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The maximum flow rate was 0.14 µL/min to drive PCR reagents into the microfluidic
reactor, obtained from the mixer design. The ratio of residence time for three steps was
defined as 1:4:2 (denaturation:annealing:extension) from the thermal cycling studies. The
transition time between each temperature zone was about 2~3 seconds because of the
short residence times. There were 34 cycles employed. Two cycles were added to
increase the yield of the PCR product for the following LDR. The increase of cycle
number may be more effective rather than the increase of residence time for annealing
and extension if sufficient reagents are supplied for more cycles. The area of each
temperature zone was determined by the size of the available commercial heaters (Minco
Inc. MN, USA). The smallest heater had a heating zone with a footprint of 6.45 mm by
6.45 mm. The 6.5 mm were base dimension for each temperature zone. The design is
shown in Figure 4.7. The channel dimensions were selected using this information. As
the residence time for denaturation was typically shorter than that for annealing and
extension in the PCR, appropriate channel configurations needed to be considered. In
order to avoid extreme lengths of the channel, which lead to a large footprint and high

6.5 mm

6.5 mm

60°C
zone

72°C
zone

Figure 4.7 Layout of the microfluidic PCR reactor
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98°C
zone

PCR reagent
injection port

pressure drops in a CF format, the channels for the annealing and extension zones were
designed appropriately 3.75 times or 1.5 times wider than the channel for denaturation,
respectively. This ensured that the three thermal zones were of equal surface area, which
contributed to more consistent thermal management, and a standard, more compact
footprint for the heating elements. The channel widths were 40 µm for denaturation, 150
µm for annealing, and 60 µm for extension with the depth of 60 µm. The length was
calculated with the channel width and depth and the maximum flow rate, 0.14 µL/min.
Channels were connected by a section with 7° taper angle for smooth transition to avoid
any recirculation effects due to the width changes between channels. Each cycle took 45
seconds including the transition time. Total reaction time was about 27 minutes including
both the preheating and final extension times. The reactor volume was about 4 µL.
4.5 The Design of Microfluidic LDR Reactor in CF Format
4.5.1 LDR Conditions for the Development of Microfluidic Reactor
LDR has two steps: denaturation at 95°C and both annealing and ligation at 65°C.
The temperature for annealing and ligation, which depends on the design of the
oligonucleotides, is very important because the oligonuleotides should discriminate a
sequence change from a normal sequence. There is one important characterstic of the
activity of the Taq DNA Ligase. The Taq DNA Ligase suffers a significant loss of
activity at temperature, by approximately 38% at 55°C and 84% at 75°C [www.neb.com].
The best designed oligonucleotides can do the annealing and ligation close to 65°C. This
set of oligonucleotides was used in previous studies (Hashimoto et al., 2005), shown in
Table 4.7.
A parametric approach was taken to determine the LDR thermal cycling
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Table 4.7 The design of Oligonucleotides used for the LDR
Oligomers

Sequences

Tm (°C)c

K-ras c12 com-2

5′–paTGGCGTAGGCAAGAGTGCCT–
IRDye800b–3′

63.5

cZip1-K-ras
c12.2WtG

5′–GCTGAGGTCGATGCTGAGGTCGCAA
AACTTGTGGTAGTTGGAGCTGG–3′

71.3

cZip3-K-ras c12.2D

5′– GCTGCGATCGATGGTCAGGTGCTGA
AACTTGTGGTAGTTGGAGCTGA –3′

71.1

cZip5-K-ras c12.2A

5′– GCTGTACCCGATCGCAAGGTGGTCA
AACTTGTGGTAGTTGGAGCTGC –3′

71.4

cZip11-K-ras c12.2V

5′– CGCAAGGTAGGTGCTGTACCCGCAA
AACTTGTGGTAGTTGGAGCTGT –3′

71.3

a

Phosphorylated.
λex = 787 nm and λem = 812 nm
c
Melting temperature is calculated by oligo analyzer (http://www.idtdna.com/analyzer/
Applications/OligoAnalyzer/) using the following conditions: oligo concentration, 1 µM;
Na+ concentration, 50 mM.
b

conditions. Design parameters were residence time for annealing and ligation and the
total cycle number. Each PCR product from the different types of genomic DNA was
prepared for LDR analysis. After the PCR, each product was purified using Wizard® SV
Gel and PCR Clean‐Up System (A9282; Promega Corp., Madison, WI, USA). The
amounts of purified products were measured. LDR analysis was performed to get the
conditions for 20 L reactions using the 4 L of PCR product, 30 nM discriminating
primers (7.5 nM each), 20 nM com-2 fluorescently labeled primer in 20 mM Tris-HCl
(pH 7.6), 25 mM KCl, 10 mM MgCl2, 10 mM DTT, 1 mM NAD+, 0.1% Triton X-100,
and 2 U Taq DNA ligase (New England Biolabs Inc., Beverly, MA).
Each LDR mixture was preheated at 95 °C for 30 seconds and then subjected to
20 cycles. After the LDR, the LDR products were denatured for 53 sec at 95 °C and then
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Figure 4.8: The LDR product yield as a function of residence time for annealing and
ligation using PCR products with the ratio of 1:100 (mutant to wildtype) − (1) G12D mutation, (2) G12V mutation, (3) G12A mutation
mixed with 5x loading buffer (83% formamide, 8.3 mM EDTA, and 0.17% Blue
Dextran), prior to polyacrylamide gel electrophoresis. The LDR products were separated
by electrophoresis on KBPLUS 6.5% Gel Matrix (Li-COR Biotechnology, Lincoln, NE).
The gel solution with 10% (w/v) ammonium persulfate and TEMED was injected into the
gel cassette (21cm x 25cm). After polymerization of the polyacrylamide gel, the slab gel
was placed in the Global IR2 DNA analysis system (Li-COR Biotechnology, Lincoln, NE)
and run at 1500 V for 2 hr.
LDR was performed at different temperature cycling conditions: (a) 7 seconds at
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95°C / 7 seconds at 64°C, (b) 7 seconds at 95°C / 14 seconds at 64°C, and (c) 7 seconds
at 95°C / 28 seconds at 64°C (See Figure 4.8). The result showed that a longer residence
time per cycle at 64°C increased the LDR product yield. However, it may be limited at a
certain time because the amount of target sequences was used up by annealing and
ligation events of two oligonucletides.
The total number of cycles was an important parameter. The LDR product yield
can be linearly increased as the cycle number was increased because the number of
templates was fixed at every cycle, which is different from the PCR. The dependence on
cycle number to get a high yield of the LDR product is shown in Figure 4.9. Addition of
cycles can increase the LDR product yield. It may be limited because of the Taq DNA

145 bp

145 bp

120 bp

120 bp

75 bp

75 bp

50 bp

50 bp

(b)

(a)

Figure 4.9: The LDR product yield as a function of cycling number using PCR
products with the ratio of 1:100 (mutant to wild-type) – (a) 12 cycles
and (b) 20 cycles (1− G12D mutation, 2− G12V mutation, 3− G12A
mutation, and 4− WT only)
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ligase. The activity of the enzyme may be decreased. The amount of the enzyme is also
reduced. From the parametric approach, the thermal cycling condition was confirmed as:
7 seconds at 95°C and 28 seconds at 64°C with 20 cycles.
4.5.2 Development of a Microfluidic LDR Reactor in CF Format
A long serpentine microchannel was designed to do the LDR in the same manner
as the PCR reactor design. Maximum flow rate was 0.7 µL/min to drive the LDR mixture
from the micromixer into the microfluidic reactor. The ratio of the residence times for the
two steps was defined as 1:4 (denaturation: annealing and ligation) from the thermal
cycling conditions. The transition time between each temperature zone was about 2
seconds because of the short residence times. A total of 20 cycles was included. The area
of each temperature zone was decided by the size of the commercial heaters (Minco Inc.
MN, USA). The area of each temperature zone was 12.5 mm by 28.0 mm. The 12.5 mm
was base dimension for each temperature zone. The design is shown in Figure 4.10.
The channel widths were 72 µm for denaturation, 224 µm for annealing and
ligation with the depth of 72 µm. The length was calculated with the channel width and

12.5 mm

64°C zone

Figure 4.10 Layout of microfluidic LDR reactor
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depth and the maximum flow rate, 0.7 µL/min. Each channel was connected with
channels with a 7° taper angle configuration. Each cycle took 37 seconds including the
transition time. Total reaction time was about 13 minutes including preheating time. The
reactor volume was about 9 µL.
4.6 The Adjustment of PCR and LDR Conditions
The purified PCR products were used to confirm the thermal cycling conditions
for the LDR. However, the purification step for the PCR products was not included in the
design of the system. An important consideration was that the unpurified PCR products
yielded different kinds of side products that may affect the yield of the LDR products. To
evaluate the effect of the side products, the genomic DNAs were amplified under the
same conditions and the PCR product was used to do LDR without purification. The
sample which had the ratio of 1:100 (mutant to wild-type) was not detected. The
detectable ratio was changed from 1:100 to 1:20. The fluorescent signal was detected in
Figure 4.11–(a). The result showed that the generation of side products disturbed the
production of the LDR products; therefore, more genomic DNA including mutations was
needed to obtain the detectable fluorescent signals.
The side products were generated by the activity of the DNA polymerase in the
LDR reactor. The other primers, used in the PCR, and the two oligonucleotides, used in
the LDR were extended by the polymerase in the LDR. To decrease the activity of
polymerase the amount of polymerase may be controlled before the PCR; however, the
absorption of polymerase on the surface of microchannel in the microfluidic PCR reactor
can be expected during the reaction, which may make this not be good option. Another
possibility was to control the amount of deoxynucleosides (dNTPs), which are the
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monomers that the DNA polymerase uses to form DNA. An excessive amount of dNTPs
was used in the solution for the PCR and it was controlled.
Figure 4.11–(b) showed that the fluorescent signals of the LDR products were
increased when a half the amount of dNTPs were used in the PCR. The fluorescent
signals of the side products were also decreased. The remnant dNTPs may not be enough
to do extension of DNA fragments during the LDR. It was a good option to decrease the
effect of the side products if decreased amount of dNTPs should not make any effect the
PCR.
The reagent conditions were changed for the PCR to be used in the LDR without
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Figure 4.11: The effects of side products occurred in the LDR by the control of
dNTP amounts – (a) 200 µM and (b) 100 µM (1−1:20 of mutant
G12D to WT, 2−1:20 of mutant G12V to WT, 3−1:20 of mutant
G12A to WT, and 4−0:1 of WT only (purified PCR products were
used)
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purification. The PCR mixture consisted of 40 ng DNA, 200 nM of each oligonucleotide
primer, 100 µM dNTPs in 50 mM KCl, 1.5 mM MgCl2, 20 mM Tris-HCl (pH 8.4), and 1
U Platinum® Taq DNA polymerase (Invitrogen, Carlsbad, CA) in 25 µL total volume.
4.7 Conclusions
The micromixer is one of the typical components needed to build a microfluidic
systems. It is preferable to have a simple design, to ensure easy operation, and to allow a
direct interface with other components or subsystems. A 3-layer passive micromixer,
based on diffusion, was designed to make a mixture for the LDR between PCR and LDR
reactions in pressure-driven flow. The dimensions of the mixing channel were selected
for optimum performance with a flow rate ratio, 1:1:3. Both the PCR and the LDR
experiments using a bench-top thermal cycler in the laboratory were conducted to
establish reagent and cycling conditions for design of the microfluidic PCR and LDR
reactors. Based on the mixer design and experimental results, microfluidic PCR and LDR
reactors were designed in a continuous flow format. The microfluidic PCR reactor,
passive diffusional micromixer, and microfluidic LDR reactor were developed separately
for the detection of point mutations in a microfluidic module.
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CHAPTER 5: A MULTI–FUNCTION, DISPOSABLE, MICROFLUIDIC
MODULE FOR MUTATION DETECTION
5.1 Introduction
The development of microfluidic interconnects enabled the connection of
components in the modular microfluidic platform to do serial biochemical processing in a
network of microchannels with low contamination. Based on an understanding of
biochemical assays for mutation detection, microfluidic components were designed for
each reaction step. Although the dimensions of the microchannels were selected to enable
each reaction, several factors should be considered to realize the chosen assay in a
modular platform. First, thermal aspects of the microfluidic module, assembled from the
microfluidic PCR reactor, a passive micro mixer reactor, and the microfluidic LDR
reactor, should be investigated for thermal management, because of the different
temperature requirements at each level. Second, a system for precise temperature control
should be developed. Third, the design should be fabricated using available
microfabrication technologies. This chapter will discuss the thermal system analysis
using finite element analysis, the development of a temperature control system, and the
results of the microfabrication process.
5.2 Thermal System Analysis
5.2.1 The Motivation for Thermal System Analysis
Biochemical reactions for amplification and ligation require thermal cycling at
different temperatures and times for the analysis, so thermal management was an
important design criterion. The temperature during each step of the cycle must be one of
the reaction conditions to obtain higher purity and better yield of the amplified or ligated
products. The CFPCR and CFLDR components needed multiple temperature zones for
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thermal cycling, respectively, to avoid temperature control works for repeated cycles of
temperature shifts. The passive micromixer component also demanded thermal isolation
to avoid bubble formation at mixing junctions and thermal activation to enhance mixing
in the diffusion channel. For the proposed modular microfluidic architecture, the
microfluidic components, including the microfluidic interconnects, were stacked. Heat
transfer must be considered not only in the lateral direction, but also in the vertical
direction. As thermal cross-talk between multiple temperature zones and within each
component can affect the performance of each analysis, thermal system analysis should
be investigated in the design of each functional component and a thermal control system
used for better performance.
5.2.2 A Review of Thermal Isolation Techniques for Microfluidic Devices
When designing a microfluidic device or a microfluidic system including multiple
components for various enzymatic reactions, it may be required to do thermal mangement
to increase the performance of the system. Most of the work has focused on the
development of thermal isolation techniques to prevent undesired heat dispersion in
microfluidic devices. Most of the thermal isolation structures were developed for siliconbased micro chamber reactors. Grooves, which had a width of 1 mm with various depths
of 100 µm, 146 µm, 224 µm, and 280 µm in silicon substrate with 300 µm thickness,
were patterned around PCR chambers to minimize the horizontal heat conduction (Yoon
et al., 2002). They helped not only increase heating and cooling rates up to 36°C/s and
22°C/s, respectively, but also decrease the overall power consumption by about 25%.
Two thermal isolation techniques were investigated: selective conduction by a thermal
conduit technique and selective insulation by a silicon back–dicing technique (Yang et al.,
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2005). To use the thermal conduit technique, specific regions were etched out, and filled
with high thermal conductivity material like copper, which has a thermal conductivity
kcopper, of

398 W/m·°C. In the silicon back-dicing technique, deep channels were

fabricated on the backside of the silicon substrate by a computer controlled dicing system.
Combining the two techniques, thermal performance was improved by adjusting the
geometric parameters. These were inexpensive alternatives to the silicon back-etching
technique. A conductive polymer flip-chip bonding technique was reported to isolate
PCR chambers thermally with independent controls in a multi-chamber array (Zou et al.,
2005). The individual PCR chips on the top and platinum temperature sensors and heaters
on the bottom were fabricated on silicon substrates, and the micro-PCR chip array was
bonded to a printed circuit board (PCB) substrate. The air gap between the silicon wafer
and the PCB was used to achieve thermal isolation.
Interest has moved on to the development of thermal isolation for continuousflow microfluidic devices. A novel thermal isolation technology using a parylene-crosslinking structure to make air gaps inside a silicon-based CFPCR chip was developed
(Shih et al., 2006). The structure could support thermally isolated temperature zones on a
silicon substrate including the 150 µm width air gaps inside the chip. It provided
excellent on-chip thermal isolation efficiency. Grooves were added between temperature
zones to prevent lateral heat dispersion from higher temperature zones to lower
temperature ones in a CFPCR microfluidic reactor (Chen et al., 2008). A thinner PC
substrate was used to fabricate the reactor and reduce thermal capacitance. Copper
heating blocks were employed for uniform temperature distribution on each discrete
temperature zone for the PCR. The finite element analyses and IR camera validation were
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done to investigate the thermal distribution in the reactor. The grooves, which were 1.2
mm deep and 1.0 mm wide, were fabricated on the backside of a 2 mm thick
polycarbonate substrate. The simulations showed a 13.3°C/mm cooling gradient between
95°C and 55°C with the groove; however, the IR camera result showed a 4°C/mm
cooling gradient. A transition distance of 8 mm was needed to prevent the effects of
lateral heat conduction. Even though a 1 mm transition length was employed in the PCR
experiments, the amplification efficiency was increased by three to four times, compared
to the efficiency of the same CFPCR device, without the thermal managemental
structures.
5.2.3 Thermal Isolation for a Microfluidic Module
There are a couple of things to consider before finite element thermal analysis.
The PCR had three temperature zones: 98°C for denaturation, 60°C for annealing, and
72°C for extension. The LDR had two temperature zones: 94°C for denaturation and
64°C for annealing and ligation. The areas of each temperature zone were decided when
designing the microfluidic CFPCR and CFLDR reactors.
First, the spacing for the transition between each temperature zone for the design
of microfluidic reactors must be decided to decrease thermal crosstalk between
temperature zones in lateral direction before the thermal analysis. Transition channels in
the spacing were designed to provide on appropriate transition time, which depended on
the sample flow rate and the pressure drop inside microchannel. The maximum flow rate
to drive a mixture of PCR reagents in the microfluidic PCR reactor was 0.14 µL/min. The
size of microchannel for denaturation was 40 µm (W) by 60 µm (D). The changes of
width and length were necessary to determine the transition time in the spacing. They can
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Table 5.1: Data for the selection of microchannel dimensions at transition on the
given spacing of 3 mm in the microfluidic PCR reactor: the width of (a)
40 µm, (b) 30 µm, and (c) 60 µm (The pressure drops were calculated
using the Equations 2.2~2.4)

Transition time (s)

Width (µm)

Length (mm)

Pressure drop (Pa)

Volume (nL)

1

40

0.97

11.9

2.33

2

40

1.94

23.8

4.66

3

40

2.92

35.7

7.01

4

40

3.89

47.7

9.34

(a)

Transition time (s)

Width (µm)

Length (mm)

Pressure drop (Pa)

Volume (nL)

1

30

1.30

31.7

2.34

2

30

2.59

63.4

4.66

3

30

3.89

95.2

7.01

4

30

5.19

126.9

9.34

(b)

Transition time (s)

Width (µm)

Length (mm)

Pressure drop (Pa)

Volume (nL)

1

60

0.65

3.3

2.34

2

60

1.30

6.62

4.66

3

60

1.94

9.92

7.01

4

60

2.59

13.23

9.34

(c)
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also change the pressure drop of channel. The available options were calculated based on
the information, shown in Table 5.1. Results of previous studies were referred to in the
selection of the spacing (Chen et al., 2008). Based on the measurement of the average
cooling gradient, 4°C/mm, across the 95°C to 55°C, the spacing were estimated to be
following: 6.5 mm between 98°C and 72°C and 3 mm between 72°C and 60°C. As longer
transition times were expected using the estimated length of 6.5 mm, the spacing of 3 mm
was selected for the two transition zones. The effects of the shorter transition length
between the 98°C and 72°C, compared to the estimated length, should be reflected in the
design of each microfluidic reactor.
The critical step in the PCR may be annealing because two small DNA fragments,
the forward and reverse primers, are attached at specific positions to amplify a target
region including the point mutation. The annealing step is highly sensitive to temperature,
so precise temperature control was needed. Spacing of 3 mm was chosen to avoid
undesirable thermal cross-talk between the 72°C and 60°C zones. It also applied to the
other transition regions to decrease the longer transition time or higher pressure drop with
given flow rate, 0.14µL/min, which was comparatively low. Although it may be less
temperature sensitive, compared to the annealing, the end effects close to the 98°C
temperature zone on the 72°C temperature zone should be considered. The decrease of
the temperature may be an option if significant the end effects occurred. The choice of
the microchannel width was also important because a shorter transition time must be
balanced with an appropriate pressure drop, so as not to rupture the channel during
pumping. The width of 40 µm was selected to allow approximately 3 seconds for
transition in the spacing using the data in the Table 5.1. A pressure drop of 36 Pa at each
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Table 5.2: Data for the selection of microchannel dimensions at transition on the
given spacing of 3 mm in the microfluidic LDR reactor: the width of (a)
72 µm, (b) 54 µm, and (c) 90 µm (The pressure drops were calculated
using the Equations 2.2~2.4)
Transition time (s)

Width (µm)

Length (mm)

Pressure drop (Pa)

Volume (nL)

1

72

2.25

27.7

11.66

2

72

4.50

55.4

23.33

3

72

6.75

83.1

35.00

4

72

9.00

110.8

46.66

(a)
Transition time (s)

Width (µm)

Length (mm)

Pressure drop (Pa)

Volume (nL)

1

54

3.00

67.8

11.66

2

54

6.00

135.6

23.33

3

54

9.00

203.4

35.00

(b)
Transition time (s)

Width (µm)

Length (mm)

Pressure drop (Pa)

Volume (nL)

1

90

1.80

14.54

11.66

2

90

3.60

29.09

23.33

3

90

5.40

43.63

35.00

4

90

7.20

58.18

46.66

(c)
transition channel was calculated. The dimensions were employed for all transition
channels connecting to the channels in each temperature zone with a 7º taper angle.
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The flow rate for the microfluidic LDR reactor was 0.7 µL/min. The size of
microchannel for denaturation was 72 µm (W) by 72 µm (D). The changes of width and
length were used to determine the transition time. The available options are shown in
Table 5.2. The transition length could also be estimated as 7.5 mm between 94°C and
64°C. As the longer transition length leads to a the larger footprint for the microfluidic
reactor, the 3 mm transition length and 72 µm width were selected for transition channels.
The available options for reducing the effect were to decrease the set point temperature,
64°C, to increase the residence time in the annealing and ligation temperature zone, or to
separate the channel for annealing and ligation from the edge closest to the 94°C zone.
Second, the thickness of the substrates was selected. Each microfluidic reactor
was fabricated in a PC substrate using hot embossing. The target thickness of reactors
was 3 mm to consider fabrication process. The thickness of the microfluidic interconnects
was a very important parameter in controlling vertical heat dispersion inside the thermal
system because a larger surface area exposed to cooling air could be obtained. From the
manufacturing process, the microfluidic interconnects, which were 2.5 mm, 3 mm, 3.5
mm, 4.5 mm, and 6 mm thickness, could be fabricated using double-sided hot embossing.
Thicker microfluidic interconnects produced larger dead volumes and longer residence
times, so the appropriate thickness was selected from the thermal analysis. The most
important criterion for the selection of the thickness was that there were no significant
effects due to the vertical heat dispersion, and that the individual temperature control for
the PCR and LDR temperatures could be obtained. Another important factor was that the
same thickness of thermal insulation was used between microfluidic components. This
thickness was also controlled by the thickness of the microfluidic interconnects. The
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thermal insulation may promote the lateral heat dispersion rather than the vertical heat
dispersion in the modular format, as shown in Figure 5.1. A thickness of 4.5 mm was
selected for the thermal analysis.
Third, the length of the microfluidic interconnects was selected because the
mixing junction to be isolated from undesired heat dispersion was needed. The width of
the interconnects, 28 mm, was fixed by the heater dimensions. The increased temperature
on the mixing channel helped to decrease the diffusion length, but may harm mixing
performance because of bubble formation at the mixing junction above a certain
temperature. The isolation of the mixing junction was considered in the design. The
position of the mixing junction did not overlay on all of the temperature zones for the
PCR and LDR in the assembled module. The mixing junction was also located as far
from the 95°C zones as possible, and close to the 65°C zone. To increase the rate of
convective heat transfer, the length of the microfluidic interconnects was selected as 16

3mm

3mm
60°C

72°C

98°C

PCR microfluidic reactor
4.5 mm

MI

Thermal Isolation

3mm
Spacer

Passive diffusional micromixer reactor
4.5 mm

Spacer

Thermal Isolation
LDR microfluidic reactor

64°C

3mm

3mm
MI
3mm

94°C

Figure 5.1: A schematic representation of the assembled prototype module for
mutation detection using the combined PCR/LDR analysis
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mm for the isolation of the mixing junction. This could be increased if an adequate
reduction of temperature around the mixing junction was not obtained. The length of the
interconnects on the opposite side was selected as 8 mm to decrease the footprint of
module.
5.2.4 Boundary Conditions for Thermal Analysis of the Microfluidic Module
Steady–state thermal analysis was used to determine the temperature distributions
and related thermal quantities in the assembled module. The effects of steady–state
thermal loads, such as convection, radiation, conduction, heat flow rates, and constant
temperature, on the module were evaluated. These boundary and initial conditions, must
be supplied for the thermal analysis. First, half thermal symmetry was used to reduce the
size of the model. If no boundary condition was applied on the surface cut at the center, it
was assumed to be a zero heat flux adiabatic or insulated boundary condition. Second,
constant temperature boundaries were applied on each temperature zone because of the
precise temperature control using feedback control. Third, natural convection was applied
Boundary Conditions

Figure 5.2: Boundary conditions for thermal analysis using the finite element method
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on all exterior surfaces of the module. The convection film coefficient and the bulk fluid
temperature at the surface were specified. Fourth, the gaps between the functional
components were used for thermal insulation. The resulting boundary conditions are
shown schematically in Figure 5.2.
The convection film coefficients were determined in a conservative manner. Only
natural convection heat transfer over the surfaces was considered. The heat transfer
coefficient, which can be expected in natural convection for electronic cooling with air
ranged from 5 W/m2·K to 12 W/m2·K [www.electronics-cooling.com]. The simulations
used the following coefficients: 5 W/m2·K, 8.5 W/m2·K, and 12 W/m2·K. However, the
natural convection heat transfer over the surface of the microfluidic LDR reactor may be
limited because it will not be as widely open to the air, compared to the microfluidic PCR
reactor. Half of each coefficient was applied to the surface, shown in the Figure 5.2 as red
arrows.
The gap between devices was for thermal insulation to reduce vertical heat
transfer. A layer of air may be as effective as any of the common thermal insulation

Table 5.3: Thermal conductivities of insulating materials at a mean temperature of
24°C (Cengel Y.A., 2003)
Material

Thermal Conductivity, k (W/m·°C)

Air at 25°C

0.02551

Rubber (rigid)

0.032

Polyurethane form

0.023~0.026

Glass fiber form

0.038~0.039

Silica aerogel (loose Fill)

0.025
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materials of the same thickness because the thermal conductivity of air is relatively low
when compared to the conductivities of most of the insulating materials, as shown in
Table 5.3. The dominant heat transfer through the air space is radiation combined with
conduction or convection. Natural convection was considered to analyze the heat transfer
in the layer. In the small air space between components, less than 6 mm, convection can
be neglected because the Rayleigh number, which is the product of the Grashof and
Prandtl numbers as shown in Equation 5.1, is smaller than 1708. If the number is larger
than 1708, the buoyant force overcomes the fluid resistance and initiates natural
convection currents (Cengel Y. A., 2003)
Pr

5.1

Where g is gravitational acceleration (m/s2), β is the coefficient of volume expansion
(1/K; β=1/T for ideal gas), ν is the kinematic viscosity of the fluid (m/s2), Lc is the
distance between the hot and cold surfaces, and T1 and T2 are the temperatures of the hot
and cold surfaces (°C), respectively.
The effective emissivity of two parallel plates with emissivities ε₁ and ε₂ is given
in Equation 5.2,
1
1

1

1

5.2

The emissivity of LEXAN polycarbonate sheet surface is about 0.9. Therefore, the
effective emissivity of two parallel PC surfaces facing each other was calculated using
Equation 5.2. The effective emissivity was 0.818. The net rate of radiation heat transfer
between the two plates can be determined using Equation 5.3
·
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5.3

Where σ is the Stefan-Boltzmann constant (5.67 X 10-8 W/m2 · K4), A is the surface area,
and T₁ and T₂ are the temperature of the top and bottom surface, respectively.
By using the thermal resistance analogy, the radiation between the two plates can
be rearranged as

5.4
Where

is the radiation heat transfer coefficient, and

is the thermal resistance of

a surface against radiation. They can be expressed as
5.5
and
1

1
·

5.6

These equations show that the radiation depends on the temperature difference and is not
a function of the thickness of the air space between the components.
The heat conduction through the air space without radiation can be expressed as
in Equation 5.7:
·

5.7

Where the conduction resistance is shown in Equation 5.8:
·

5.8

The total thermal resistance across the air layer can be expressed as in Equation
5.9, since the resistances are in parallel,
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1

1

1

5.9

Therefore,
·
·

·

5.10

Where L is the thickness of air space and kcombined is the thermal conductivity of the air
space. From the Figure 5.3, the combined thermal conductivities are approximately one
third of the thermal conductivity of polycarbonate, 0.2 W/m2·K. The radiation effect
became larger than conduction at an air space thickness of 4.5 mm as the temperature was
increased. Although the air space may offer insulation, minimizing the combined
radiation and conduction heat transfer across the space should provide better insulation.
Radiation heat transfer through the same thickness of air space can be decreased.
It was possible to reduce the emissivity of the PC surfaces by coating them with a low–

kair
kcombined –3.0 mm
kcombined –4.5 mm
kcombined –6.0 mm

Figure 5.3: Thermal conductivities according to the thickness of air layer between
two PC surfaces, calculated using Equation 5.10.
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emissivity material. From the Equation 5.2, if the PC surfaces were coated with a film
which had an emissivity of 0.1, the effective emissivity can be reduced from 0.818 to
0.053. Radiation heat transfer should go down by a factor of 15 for the same surface
temperature. Even if only one of the surfaces was coated, the effective emissivity can be
decreased to 0.1. Therefore, the radiation heat transfer can be decreased by use low
emissivity material.
Metallic thin film tapes, such as aluminum foil tape (80 µm thickness) or copper
foil tape (70µm thickness), which have low emissivity, were considered. They had very
low emissivity, about 0.04 and ensured easy fabrication. The tapes with acrylic or
silicone adhesive backing can withstand up to 150°C. If the tapes were attached to the top
and bottom surfaces, the effective emissivity was reduced to 0.02. If only one of the
surfaces was taped, the effective emissivity was 0.04. From the Figure 5.4, the radiation
effect became much smaller than conduction one at 4.5 mm thickness of air space at

kair
kcombined –3.0 mm
kcombined –4.5 mm
kcombined –6.0 mm

Figure 5.4: Thermal conductivities according to the thickness of the air layer
between a PC surface and an aluminum foil surface, calculated using
Equation 5.10.
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different temperatures. The radiation effect would be minimized by using low-emissivity
materials.
5.2.5 Thermal Simulation Results for the Microfluidic Module
The purpose of the thermal simulations was to estimate the temperature
distribution profiles in each thermal zone in the microfluidc PCR and LDR reactors and
the mixing channel of the passive micromixer reactor. The results were used to guide the
design and operation of the module for the intended analyses. The temperature
distribution profiles in the microfluidic PCR reactor are shown in Figure 5.5 and 5.6.
There were nine cases corresponding to different boundary conditions, including the
changes of convection heat transfer coefficients and the thermal insulation materials. The
boundary conditions related to the constant temperatures were the same in all cases. The
temperature profiles were obtained at the center line of PCR microfluidic reactor.
Figure 5.5 shows that significant temperature variation in the annealing zone with
a constant temperature, 60°C. The end effects, at the edges of the temperature zones,
made a gradient in temperature. The temperature difference was increased at the distance,
0 mm and 6.5 mm, compared to the target temperature of 60°C, as the coefficient of
convection heat transfer increased. An important observation was that a flat temperature
profile could not be achieved over the entire range of the annealing zone. The position of
the channels for annealing should be avoided close to the distance of 0 mm in the design.
If 1 mm margin from the distance of 0 mm and 0.5 mm margin from the distance of 6.5
mm were considered in the design, the end effect should be minimized. The decrease of
the annealing temperature within 0.5ºC may reduce the end effects close to the distance
of 6.5 mm. If the channels for annealing were put between 1 mm and 6 mm, the
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temperature distribution could be arranged between 58.5ºC and 60.5ºC in all cases. This
range of temperature was acceptable for annealing. Three different profiles for the varied
insulation materials were also depicted in Figures 5.5, 5.6, and 5.7. There were no
significant differences. In the case of no airspace with hconv of 5 W/ m2·K (Red line), the
profile was shifted up by 0.5 ºC higher than other profiles. The offset was decreased as
the convection heat transfer coefficient increased.

(b)

(a)
6.5 mm

Annealing zone

distance, 6.5 mm
distance, 0 mm
Center line

(d)

(c)

Figure 5.5: Temperature profiles at the center position on annealing zone in
microfluidic PCR reactor: (a) h = 5 W/ m2·K, (b) h = 8 W/ m2·K, (c) h =
12 W/ m2·K (Red: No air space (PC only)), Blue: Air space between PC
surfaces, and Green: Air space between PC surface and aluminum foil
surface), and (d) Layout of the annealing zone
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(b)

(a)

6.5 mm

distance, 0 mm
distance, 6.5 mm

(c)

Extension zone

Center line

(d)

Figure 5.6: Temperature profiles at the center position on extension temperature
zone in microfluidic PCR reactor: (a) h = 5 W/ m2·K, (b) h = 8 W/ m2·K,
(c) h = 12 W/ m2·K (Red: No air space (PC only)), Blue: Air space
between PC surfaces, and Green: Air space between PC surface and
aluminum foil surface) and (d) Layout of the extension zone
Temperature variation was also found in the extension zone in Figure 5.6. Larger
effect was expected with the use of 3 mm spacing between the denaturation and extension
zones. The temperature profiles showed that the 3 mm spacing was not enough to reduce
the heat conduction between the 98 ºC and 72 ºC zones. The end effect at a distance of
6.5 mm, close to 98 ºC, was larger than one at the distance of 0 mm, close to 60 ºC.
As the rate of DNA synthesis by Taq DNA polymerase was highest at 72 ºC, the
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constant temperature of 72 ºC was applied. However, extension may occur at the
annealing temperatures with very slow extension rates, because of the activity of the Taq
DNA polymerase, if the primers annealed perfectly. As 72 ºC may not be a critical
temperature, no precise temperature control was needed. The temperature range between
70 ºC and 72 ºC was applied to the area because of the larger temperature variation.
Temperatures over 72 ºC were not preferred because 72 ºC was assumed to be highest
temperature for annealed primers on the template. If temperatures less than 72 ºC were

Channel location

Channel location

(a)

(b)

Denaturation zone

6.5 mm

Channel location
Center line

distance, 0 mm
distance, 6.5 mm

(d)

(c)

Figure 5.7: Temperature profiles on denaturation zone at the center line in the
microfluidic PCR reactor: (a) h = 5 W/ m2·K, (b) h = 8 W/ m2·K, and
(c) 12 W/ m2·K (Red: No air space (PC only), Blue: Air space between
PC surfaces, and Green: Air space between PC surface and aluminum
foil surface), and (d) Layout of the denaturation zone
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preferred, a decrease of the extension temperature within 1 ºC can be used to remain
below 72 ºC. There were no significant differences among the insulation materials. In the
case of no airspace, deviation increased slightly compared to other cases due to the
increased heat transfer coefficient of convection.
The temperature distribution profiles in the denaturation zone are shown in Figure
5.7. Even if the constant temperature of 98ºC was used, the highest temperature in the
profiles did not reach to 98ºC. The residence length that temperature was over 96 ºC
decreased as the coefficients due to convection increased. There were temperature
distribution differences among the thermal insulation materials. The airspace between the
PC surface and the aluminum foil surface should be helpful in reducing the temperature
variation in their denaturation at any given distance. If a margin of 0.5 mm from the
distance, 0 mm and 1.0 mm margin from the distance of 6.5 mm were considered in the
design, the reagents for PCR could be preheated above at least 95ºC. If the inlet (Violet
line) and the preheating channel (Violet dashed line) were located with the given distance
range, the preheating conditions for the Taq DNA polymerase can also be achieved.
Figures 5.8 and 5.9 showed that temperature changes from the center to the
margins in the direction perpendicular to the center line, displayed in Figures 5.5, 5.6,
and 5.7, in the microfluidic PCR reactor. The margins were 1.2 mm and 2.1 mm.
Temperatures except the ones at distances of 0 mm and 6.5 mm on the center line were
subtracted by the temperatures at distance 1.2 mm and 2.1 mm from the edge in the
direction perpendicular to the center line in the direction perpendicular to the center line
for all cases. The calculated temperatures were averaged. As the coefficient of convective
heat transfer increased, considerable changes were found.
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(a)

(b)

(c)

Figure 5.8: Average variation of temperature on each temperature zone from the
center to 1.2 mm margin in the direction perpendicular to the center line
in the microfluidic PCR reactor: (a) annealing (60ºC zone), (b)
extension (72ºC zone), and (c) denaturation (98ºC zone)
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(a)

(b)

(c)

Figure 5.9: Average variation of temperature on each temperature zone from the
center to 2.1 mm margin in the direction perpendicular to the center line
in the microfluidic PCR reactor: (a) annealing (60ºC zone), (b)
extension (72ºC zone), and (c) denaturation (98ºC zone)
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The variation over 1ºC may not be guaranteed for the equal temperature
uniformity on each channel for annealing, required active temperature control. As the
reference temperatures for these calculations were the temperature at the center line in the
mirofluidic PCR reactor, larger deviations offered less temperature uniformity within
each temperature zone. The temperature deviation in a zone was used as a design
parameter. A larger margin provided less temperature variation. As comparatively long
distances in the direction perpendicular to the center line were selected to locate channels
in each temperature zone, larger margins should be secured to minimize the effects on the
design. The modified airspace between the PC surface and aluminum foil surface may be
helpful for reducing the temperature variation in all temperature zone as the margin is
increased. In the design of the microfluidic PCR reactor, the dimensions of each channel
were determined to consider the effects, displayed in Figures 5.5, 5.6, and 5.7. The
channel for annealing was away from the edges. The margins were 1 mm from the
distance of 0 mm and 0.5 mm from the distance of 6.5 mm. The channel for extension
had the margin of 0.5 mm from both edges. The channel for denaturation was located on
between 0 mm and 3.6 mm. The preheating channel was at the distance of 4.1 mm; the
inlet was at the distance of 5.5 mm. The margin of 2.44 mm was employed in the
direction perpendicular to the center line in the microfluidic PCR reactor. The airspace
between the aluminum foil surface and the PC surface was considered to obtain better
thermal uniformity.
Temperature distribution profiles in the microfluidic LDR reactor are displayed in
Figure 5.10. Larger deviations were observed in the temperature profile in the annealing
and ligation zone, shown in Figures 5.10 (a)(c)(e).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.10: Temperature profiles at the center position on annealing and ligation
zone and denaturation zone in the microfluidic LDR reactor: (a)(b) h =
5 W/ m2·K, (c)(d) h = 8 W/ m2·K, (e)(f) h = 12 W/ m2·K (Red: Air
space between PC surfaces, and Blue: Air space between PC surface
and aluminum foil surface Green: No air space (PC only))
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Denaturation zone

Annealing and ligation zone
12.5 mm

12.5 mm

Center line

2 mm margin

distance, 0 mm

distance, 12.5 mm
distance, 0 mm

distance, 12.5 mm

Figure 5.11 Layout of microchannel in the microfluidic LDR reactor
Before the thermal analysis, the deviations were expected because of the reduced
coefficient of convective heat transfer and 3 mm spacing between two temperature zones.
The set point temperature of 64ºC was applied to the annealing and ligation zone. A
reduced rate of ligation was obtained when the temperature exceeded 65ºC due to a
decrease of annealing events.
A decreased discrimination rate was obtained as the annealing temperature
decreased. It was very critical. From the experiments, the temperature range between 63
ºC and 65 ºC was acceptable for annealing and ligation. The positions of channels for the
annealing and ligation should be avoided close to the distance 0 mm and 12.5 mm (See
Figure 5.11). If a 2 mm margin from the distance of 0 mm and a 0.5 mm margin from the
distance of 12.5 mm were considered in the design, the temperature profiles were located
in the temperature range.
From Figures 5.10 (b)(d)(f), the temperature variations were observed. The
denaturation for the LDR was to separate very short DNA fragments. A temperature
range between 90ºC and 95ºC was acceptable for 5 seconds. There was no significant
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(a)

(b)

Figure 5.12: Average variation of temperature on each temperature zone from the
center to 1.5 mm margin in the direction perpendicular to the center
line in the microfluidic LDR reactor: (a) annealing and ligation (64ºC
zone) and (b) denaturation (94ºC zone)
design parameter because all of the profiles were in the allowable range. There were
temperature distribution differences among the thermal insulation materials. The airspace
between the PC surface and aluminum foil surface was helpful to decrease heat
dispersion in a vertical direction; therefore, temperatures were close to the applied
temperature of 94ºC.
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(a)

(b)

Figure 5.13: Average variation of temperature on each temperature zone from the
center to 3.0 mm margin in the direction perpendicular to the center line
in the microfluidic LDR reactor: (a) annealing and ligation (64ºC zone)
and (b) denaturation (94ºC zone)
Figures 5.12 and 5.13 show the temperature variation from the center to the
margins in the direction perpendicular to the center line in the microfluidic LDR reactor.
The margins were 1.5 mm and 3.0 mm. The method of calculation was the same in the
previous one. Larger margins should be used when designing the reactor. The modified
airspace between the PC surface and aluminum foil surface with a 3 mm margin had a
variation less than 1ºC in all cases. If a margin over 3 mm was used with the modified air
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space, the effect in this direction could be neglected.
In the design of the microfluidic LDR reactor, the dimensions of each channel
were determined to consider the effects, displayed in Figure 5.6. The channel for
annealing and ligation was away from the edges. The margins were 2 mm from the
distance, 0 mm and 0.5 mm from the distance, 12.5 mm. The channel for denaturation
was located on between 0 mm and 8.0 mm. The preheating channel was at 8.4 mm
distance. 3.64 mm was employed as the margin in the direction perpendicular to the
center line in the PCR microfluidic reactor. The airspace between the aluminum foil
surface and the PC surface to help heat dispersion inside the air space was determined
from the results.
Figure 5.15 shows temperature profiles at the center line of the passive
micromixer reactor, as shown in Figure 5.14. The mixing junction should be isolated
from undesired heat dispersion to avoid bubble formation. As the mixing performance
can be enhanced with increased temperature, the preheating of each reagent was also
considered as a function for the reactor. A threshold of 45ºC was assumed to prevent the
bubble formation at the mixing junction.

16 mm

Mixing junction

Region of mixing or diffusion channel

Figure 5.14 Layout of passive diffusional micromixer reactor
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Center line

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.15: Temperature profiles at the center position of the mixing junction and
the channel in the passive micromixer reactor: (a)(b) h = 5 W/ m2·K,
(c)(d) h = 8 W/ m2·K, (e)(f) h = 12 W/ m2·K (Red: No air space (PC
only), Blue: Air space between PC surfaces, and Green: Air space
between PC surface and aluminum foil surface)
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From Figures 5.15 (a)(c)(e), temperature profiles, configured with the air spaces,
offered better thermal isolation of the mixing junction. The size of the mixing junction
area, 16 mm by 28 mm was acceptable. As the profiles were evaluated at the center line,
the end effects can be used to locate the mixing junction, which can be positioned close
to the edge perpendicular to the center line. The mixing channel was in the temperature
range between 40ºC and 75ºC (See Figures 5.15 (b)(d)(f)). Complete mixing can be
promoted in a shorter time with the help of the increased temperatures over the range.
Since the airspace was preferred for maintaining temperatures at the mixing
junction, there were two options: (1) the air space between two PC surfaces and (2) the
air space between the PC surface and the aluminum foil surface. The temperature
difference between them was just 3 ºC. The air space between the PC surface and
aluminum foil surface offered better isolation of the mixing junction. In addition, as
better temperature uniformity was obtained with the air space in both the microfluidic
PCR and LDR reactors, it was used to fabricate the assembled module from the thermal
analysis.
5.3 Thermal System Control
Thermal system control was an important aspect of the successful mutation
detection because enzymatic reactions were temperature sensitive. From the thermal
simulations the temperature distributions on each microfluidic reactor were estimated.
They were used to design each microfluidic component. The main objective was to
develop a control system to maintain the designed temperatures in the microfluidic PCR
and LDR reactors and ensure the constant temperature conditions, assumed for the
simulations. The development of the temperature control system using a commercial
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controller will be explained in this section.
5.3.1 Introduction to Control System
Two fundamental configurations for performing controls are open–loop control
and closed–loop control (Franklin et al., 2002). Open–loop control uses a controller to
generate the desired output in response to the input, shown in Figure 5.16(a). Closed–
loop control, known as feedback control, uses a measurement of the output to produce the
desired response in comparison to the output signal (See Figure 5.15(b)). When designing
a control system, the two configurations can be considered. Open–loop control is useful
for simple or well-defined systems which have very precise relationships. For example,
consider a DC motor rotating a disk at a constant speed. If the load on disk is constant,
the motor can rotate the disk at the speed proportional to the applied motor voltage.
Open–loop control can be used in this case. If the load on the disk is varying, the voltage
of the motor should be adjusted depending on the load because of the difference between

(a)

(b)
Figure 5.16: Block diagram of control systems: (a) Open–loop control system and
(b) Closed–loop system
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the input and the output. Closed–loop control must be necessary because it can respond to
errors between them.
5.3.2 Fundamentals of Feedback Control for the Thermal System.
The use of feedback should improve the control system performance if accurate
measurements can be obtained. A simple feedback control system consists of an actuator
to modulate the system, a sensor to measure a signal to be compared with the input, and a
controller to change the output using logic to reduce the errors between the input and the
output. For thermal control systems, the process variable is a temperature and the input is
a set point temperature. The output can be measured by a thermocouple. The thermal
input of the system is changed by an actuator for heating or cooling of the system, such as
a heater or a thermoelectric cooler. The controller is operated by logic such as an on–off
or Proportional–Integral–Derivative (PID) control algorithm.
On-off feedback control is a very simple method for controlling a thermal system.
The simple instance is that the surface temperature of the polymer substrate should be
kept at a certain temperature, as shown in Figure 5.17. The input is the set point
temperature. When the surface temperature, measured by the thermocouple, is lower than
the set point, the heater is turned on at fixed power. If the surface temperature is higher
that the set point temperature, the heater is turned off completely. The heater can be

Surface temperature
Polymer substrate

Copper sheet

Thermocouple
Heating element
Figure 5.17 Simple demonstration of thermal control for a microfluidic device
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turned on and off very frequently as the surface temperature approaches the set point
temperature. As nonlinear temperature profile is caused by the repeated action, an on-off
control system includes a tolerance value to make a small band around the set point
temperature, within which control action does not occur, for the prevention of too
frequent action. The width of the band is programmable during the design of the control
system.
The PID algorithm is the most common control method used in industry for
process control such as heating and cooling systems, flow control system, and pressure
control system. A process variable and a set point are specified for the PID control.
Considering the same instance as for on-off control, the surface temperature is the
process variable and the set point is the desired value for the variable to be controlled.
Heater output can be determined by a PID controller. It can make the process variable to
move towards the set point value. Many PID controllers have been widely used for a
variety of industrial processes because they have good performance over a wide range of
applications and functional simplicity of design and operation. (Dorf and Bishop, 2005).
To use a PID controller, the three parameters must be determined to obtain the intended
responses: proportional gain (Kp), integral gain (KI), and derivative gain (KD). They will
be explained in the following section.
5.3.3 The PID Controller
The PID controller uses the error as an input, obtained by Equation 5.11, to
compare the set point (SP) to the process variable (PV):
5.11
Where the error is a function of time. The output can be produced by the PID controller
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to combine a proportional, an integral, and a derivative action, shown in Equation 5.12:
5.12
The proportional action can be represented, shown in Equation 5.13:
5.13
The increase of the proportional gain (Kp) can achieve faster response of system. A large
value of the proportional gain can cause larger overshoot and smaller steady-state error
into the system, according to the order of system. As the thermal system is usually 1st
order, they may less likely occurred. There is an upper limit to get a well–damped stable
response. The difference between the input and output at steady state response, called the
steady state error, is usually obtained.
The integral action can be represented by
5.14
The control output from integral action can be changed until the summation of the error
over given time is zero. This fact can slow down the response of system and eliminate the
steady-state error occurred from the proportional action. In fact the integral term will not
stop changing until its input is zero. The integral gain (KI) can be determined to obtain a
stable steady-state response because too large gain results in larger overshoot.
The derivative action can be represented by
5.14
The change of derivative gain (Kd) has an effect on the rate of change of the control
output. It can be used to mitigate the overshooting and stability problem. As a larger
value can decrease overshoot, the derivative action may be limited or neglected if the
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system is faced with instability originated from signal noise amplification in the
differentiation of the error. The final form to express the PID controller is
5.15
5.3.4 Design of the Temperature Control System
Continuous flow-based PCR amplification and LDR detection in the microfluidic
reactor occurs as the sample flows through a long channel by pumping action and
temperature zones defined by two and three heaters. The temperature zones must be
controlled to maintain the intended temperatures at each step in the reactor. A PID
controller was employed to control each temperature zone. The block diagram of the PID
control system was represented in Figure 5.18. The process variable was temperature.
The thermocouple was used to measure the process variable and provided feedback to the
control system. The set point was the desired temperature for the process variable. The
compensator using the PID algorithm used the difference between the process variable
and the set point to determine the output of heater, which affected the temperature. The
control loop repeated continuously at a fixed rate.
Disturbance

Temperature Control System
Set
Point

+

Error
−

Compensator
(PID Controller)

Process
Variable

Heater
Output

System
(Module)

Sensor
Feedback

Figure 5.18: Block diagram of temperature control system for the microfluidic
module
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A NI FieldPoint system and LabVIEW with PID control toolkit (National
Instruments Inc., Austin, TX, USA) were used to control temperatures for the
microfluidic module. As the FieldPoint was a modular distributed I/O system, it was
easily configured to run the PID control loops. A NI FP-1000, network interface module
was connected with a NI FP-TC-120 thermocouple module (8 channels) and a FP-PWM520 pulse output module (8 channels) to control the five temperature zones in the module
(See Figure 5.19). Each temperature zone consisted of a thermocouple, a resistive heater,
and a micromilled copper plate with a thickness of 1 mm. They were assembled as shown
in Figure 5.17. The thermocouple was connected to the TC-120 module. The resistive
heater was connected to the PWM-520 module. The power supply was also connected to
the PWM module for heater output. Each assembled parts was attached on each
temperature zone. The assembled units were operated using the LabVIEW with PID
control toolkit. Although five units were needed for this application, the system can be
expanded up to eight controllers. In addition, the network interface can allow
communication with up 9 modules. The system can use thirty two controllers in a time.
The principle of operation was very simple. If 95ºC was the desired temperature

(a)

(b)

(c)

Figure 5.19: NI FieldPoint system: (a) NI FP-1000 network interface, (b) FP-TC-120
thermocouple input module, and (c) FP-PWM-520 output module
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(set point) and 50ºC was the measured temperature (process variable), the PID controller
(compensator) turned on the heater. The range of output was controlled by the controller
between 0 and 100, which represented the percent of power being sent to the heater. An
increase in temperature was resulted in. On the other hand, if the desired temperature was
higher than the measured temperature, the PID controller turned off the heater. This
operation was programmed by the LabVIEW with the PID control toolkit.
As the PID controller does not know the correct output that will bring the process
to the set point, it must be tuned for the particular process loop. The response of the PID
controller can be determined by the values entered for the PID gains. They must be
properly chosen.
In LabVIEW, a block diagram, shown in Figure 5.20, was constructed to
demonstrate a typical closed control loop for temperature control. The temperature data,
measured at the analog input using the thermocouple module, was sent through the PID
controller. The parameters of the PID controller, such as the set point, output range, PID

Figure 5.20 Block diagram for PID temperature control in the LabVIEW
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gains, and sampling time, was determined before the operation of loop. Based on the
difference between the input and the set point, the output was sent to the analog output
using the PWM module. The control loop was then repeated until crashes occurred in the
program or the application was stopped by an operator. No PWM output was also ordered
when the loop was stopped. It was only for one temperature zone. The temperature data
were displayed for real time monitoring and saved as an Excel (Microsoft Corp.,
Redmond, WA) file during the operation. As five temperature zones needed to be
controlled, the same diagram was arrayed in the same panel. The PID gains were decided
using a manual procedure. The set point was 100°C and sampling rate was 0.1. After the
integral (KI) and derivative (KD) gains were set to zero, the proportional gain (KP) was
increased in small increments. When the temperature profile began to oscillate, the KP
was obtained. The gain, KI was also increased in small increments with the selected KP
until any offset was corrected in sufficient time. To obtain the gain, KD, the same
procedure can be used. For the temperature control for the CF microfluidic reactors the
overshoot response may not be desirable; however the steady-state error must be
eliminated within an appropriate time period. The final gains were obtained, as follows:
KP = 10, KI = 0.12, and KD = 0. When the KD was put in the controller, instability was
often observed. As the desired response was obtained without the D gain, a PI controller
was employed to control each temperature zone on the module. The accuracy was within
±0.1°C.
5.4 Fabrication of the Microfluidic Module
Each microfluidic reactor included a long channel, designed in Chapter 4, and
hole and slot alignment features, designed in Chapter 3, to be assembled with another part,
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which included hemispherical pins, to align the microchannels. The covers were designed
to seal the microfluidic reactors to generate functionality and to decrease lateral heat
conduction between each temperature zone. They included grooves on one side and
hemispherical pins to be paired with the hole and slot alignment features, also designed in
Chapter 4, in the reactors on other side. The features were employed to align the area of
transition channels on each component with the grooves on the covers. They also used to
match an outlet of component with an inlet of the cover without any blockage or leakage.
The grooves were designed to allow better temperature uniformity in a given area
between temperature zones. The grooves were 3 mm wide and 2 mm deep.
The reactors were fabricated in polycarbonate (PC) using hot embossing with a
brass mold insert. The covers were also fabricated in PC using double-sided hot
embossing (See Figure 5.21). The layout of each component was first designed using
AutoCAD 2005 (Autodesk, Inc., San rafael CA, USA). A micromilling machine (KERN
MMP, KERN Micro- und Feinwerktechnik GmbH & Co. Eschenlohe, Germany)

(b)

(c)

(a)

Figure 5.21: Images of the fabrication process: (a) Schematic of the double-sided
hot-embossing process, Mold inserts mounted (b) at the top and (c) at
the bottom on the machine
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patterned the designed structures on the 6˝ brass mold for the reactors and on two 4.75˝
brass mold for the covers. The different structure heights can be adjusted by
programming using GibbsCAM software (Gibbs & Associates, Moorpark, CA, USA). PC
substrates with 2 mm thickness were used to fabricate the reactors. After the embossed
parts were cut by a saw, the back side was planarzed using a fly cutting machine
(Optimum 120, Precitech, Keene, NH, USA) to decrease the thickness of components
from 2mm to 0.5 mm. The process cleared the hole and slot features through the
microfluidic reactor. PC substrates with 3 mm thickness were used for double-sided hot
embossing of the covers (See Figure 5.22).
Several considerations were needed before hot embossing. First, alignment
accuracy between the top side and bottom side of the embossed parts was expected to be
within ±100μm. Second, the quality of the structures on the bottom side of embossed
parts was lower than on the top side of the embossed parts because of manual demolding.
Third, the warping or bending of embossed parts may occur due to the height of the
grooves or relatively high pressure operating condition for double-sided hot embossing.

PCR

MIXER

PCR

LDR

(a)

MIXER

LDR

(b)

Figure 5.22: Fabrication of the functional components for the microfluidic module:
(a) microfluidic reactors and (b) thermally assembled components
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The top mold insert consisted of the grooves, hemispherical pins, and fluidic connection
structures. The bottom mold insert included hemispherical pins to be assembled with the
microfluidic reactors. Both mold inserts were put in the machine and used to produce
parts.
After hot embossing, a through hole in each embossed part was made by the laser
(RESONETICS, Nashua, NH, USA). The reactors and cover parts were cleaned using
following steps. First, they were put in a 1% detergent solution and cleaned up in
ultrasonic cleaner during 1 minute. Second, they were rinsed with isopropyl alcohol (IPA)
and deionized (DI) water in sequence. Third, they were cured in an oven at 85ºC for
overnight. Each reactor with 0.5 mm thickness was thermally bonded with each cover
with 3 mm thickness, using the guidance of the passive alignment features. They were
sandwiched under borosilicate glass plates (McMaster, Atlanta, GA) and put in a
convection oven (VWR 1602, VWR Scientific, Inc., PA) at 151ºC for 2 hours. After thermal
bonding there was no leakage or blockage between the outlet of component and the inlet
of cover part if each hemispherical pin was matched with a hole or a slot, as shown in

(b)

(a)

Figure 5.23: Images of the alignment features assembled and thermally bonded to
make each microfluidic component, which consisted of a microfluidic
reactor and a cover part – (a) the hemispherical pin in hole, (b) the
hemispherical pin in slot, and plate-plate lap joint
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Figure 5.23.
Figure 5.24-(a) showed that the laser drilled hole in the cover was matched with
the outlet of the microfluidic PCR reactor using the passive alignment structures to align
them for the thermal bonding. The alignment was evaluated to measure the distance from
the center of the laser drilled hole to the center of the outlet of the reactor. The accuracy
was less than ±80μm if the two parts were successfully aligned before the thermal
bonding.
Thin aluminum foils (3M Corp., MN) were attached to the top and bottom areas
of the mixing channel to modify the surface for the minimization of radiation heat
transfer, shown in Figure 5.22-(b). All components were ready to assemble with the
microfluidic interconnects to make a microfluidic module. The interconnects, designed in
Chapter 3, were also fabricated by double-sided hot embossing. A hole with about a 150
μm in diameter was fabricated by laser drilling to make a flow passage in each
component. They were cleaned with the same procedure used for the reactors and the

(b)

(a)

Figure 5.24: Images of the PCR microfluidic component – (a) the outlet of
microfluidic reactor for the PCR assembled with the hole of cover part
using thermal bonding and (b) Enlarged picture of the fluidic passage
in the component.
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Figure 5.25: A disposable, multi-function microfluidic module for mutation
detection – (1) PCR microfluidic reactor, (2) Passive micromixer
reactor, (3) LDR microfluidic reactor, (4) (5) microfluidic
interconnection components with 4.5 mm thickness
covers and baked at 85ºC for 30 minutes to remove any residual of water in components.
A SU-8 MicroSprayTM (Microchem Corp., Newton, MA, USA) was used to make
a coating on each microfluidic interconnect. The hole was partially sealed using a label
during spraying of the SU-8 for protection. After the components were assembled with
each reactor by the help of the passive alignment features, they were clamped between
the glass plates and cured. The detailed procedure of adhesive bonding was explained in
the Chapter 3. The module, assembled with all parts, is shown in Figure 5.25. The final
thickness was approximately 18.7 mm.
5.5 Experimental Results Using the Microfluidic Module for Mutation Detection
The microfluidic module was tested for mutation detection using the LDR
following amplification by the PCR. The final design of each reactor was shown in
Figure 5.26. Before testing the module, capillary tubing was connected to the ports, S1,
S2, S3, and the Outlet. Tubing (Polymicro Technologies, Pheonix, AZ, USA), which had
75 μm of inner diameter, was used for the S1 and S2. Tubing, which had 100 μm of inner
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(a)

S1
S3

(b)

S2
Outlet

(c)

Figure 5.26: Layout of a microfluidic module in a stacked format: (a) PCR
microfluidic reactor, (b) Passive micromixer reactor, and (c) LDR
microfluidic reactor
diameter, was employed for the S3 and Outlet. They were sealed with an epoxy to avoid
any leakage of reagents. A solution including bovine serum albumin (BSA) was used for
a leakage test of the module. The solution was also helped decrease enzyme absorption
on the surfaces of the microchannels in the module. The concentration of BSA, used for
the test, was 1 μg/μL. After each use it was completely purged by air and dried in an oven
at 45ºC for 1 hour.
Temperature control units were also fabricated and installed on the module.
Kapton heaters (HK5569; HK5574, Minco, Inc., Minneapolis, MN) and a thermocouple
(HYP0, Omega Engineering Inc. Stamford, CT) were assembled with a 1 mm thick
copper sheet, which was the same area as the heater, to make heating units for each
temperature zone. A microchannel was manufactured at the center of each copper sheet
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by micromilling to mount the thermocouple. The dimensions of the channel was 0.22 mm
wide, 0.22 mm deep and 14 mm long. Heating units were attached to both the PCR
microfluidic reactor and the LDR microfluidic reactor. They were connected to the
Fieldpoint system. The LabVIEW program using a PI algorithm was employed for
temperature control. Figure 5.27 shows that a microfluidic module, installed with the
tubing and heating units, was mounted on the stage, assembled with thermal isolation
materials (Microtherm Inc., TN) to test the performance.
PCR reagents, including the genomic DNA, were premixed off-chip and injected
by a syringe pump (NE500 OEM Application Syringe Pump; New Era Pump Systems,
Wantagh, NY, USA) with a volume flow rate of 0.14μL/min at the port S1 in the PCR
microfluidic module (See Figure 5.18-(a)). The PCR mixture consisted of 40 ng DNA,
200 nM of each oligonucleotide primer, 100 µM dNTPs in 50 mM KCl, 1.5 mM MgCl2,
20 mM Tris-HCl (pH 8.4), and 1.5 U Platinum® Taq DNA polymerase (Invitrogen,
Carlsbad, CA) in 25 µl total volume. The concentration ratio of the mutant-to-wild type

S3

S2

Outlet

S1
Thermal isolation material

Figure 5.27: A disposable, multi-function microfluidic module mounted on a heating
stage, with installed tubing and heating units
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DNA ranged from 0:1 (control) to 1:40. After circulating among the temperature zones
98°C, 60°C, and 72°C for 34 cycles (~27 min), the PCR products, two short, allelespecific synthetic primers were injected at the port S2, Taq DNA ligase with a reaction
buffer injected at the port S3 were mixed at the thermally-isolated junction at a 1:1:3
flow ratio. The primers were prepared in nuclease free water with 150 nM of
discriminating primers (50 nM each) and 100 nM of com-2 fluorescently labeled primer
in a total volume 8 μL. It was injected at 0.14 μL/min. The Taq DNA ligase was also
prepared with the nuclease free water. It consisted of 3.5 U Taq DNA ligase, 4 μL
reaction buffer, and water in 24 μL volume. It was injected at 0.42 μL/min. Although a
small volume of sample was needed for the analysis, the sample was prepared in a larger
total volume to decrease the effect of sample loss, occurring when handling small
amounts of reagent, and to consider the dead volume of tubing, syringe, and connectors
between them. The mixture was passed through a mixing channel in the passive
microfluidic reactor. The final concentration for the LDR should be met after the mixing

Figure 5.28: Electrophoresis image of the PCR products generated from the PCR
microfluidic reactor in the module
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in the LDR microfluidic reactor: 30 nM discriminating primers (10 nM each), 20 nM
com-2 fluorescently labeled primer in 20 mM Tris-HCl (pH 7.6), 25 mM KCl, 10 mM
MgCl2, 10 mM DTT, 1 mM NAD+, 0.1% Triton X-100, and 2 U Taq DNA ligase. It was
preheated before the LDR. The mixture was thermally-cycled between 94°C and 64°C in
the LDR microfluidic reactor. The final sample was collected in a tube connected with
tubing at the Outlet port. Total reaction time was about 41 minutes, which consisted of 27
minutes for the PCR, 1.5 minutes for the mixing, and 12.5 minutes for the LDR.
The performance of the PCR was tested. All of the heaters worked for all
temperature zones in the module. The sample inlets, S3 and Outlet were closed. Three
mixtures were prepared with different concentration of DNA from 1:0 to 1:40 in 25μL
volume. Each 25μL of PCR mixture was continuously pushed at the port S1 at 0.14

145 bp

120 bp

75 bp

50 bp

Figure 5.29: Gel electrophoresis image of the LDR products generated from the
module
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μL/min. Each sample was collected in a tube connected to the tubing at the port S2. The
result showed that there was no significant difference of the amounts of PCR product
among the mixtures, which had different concentrations of DNA. (See Figure 5.28)
The microfluidic module was operated using the above procedure to test the
performance. The result was shown in Figure 5.29. The signal of the LDR products was
obtained from the 1:10 ratio of the DNA sample and the 1:40 ratio of the DNA sample,
including the G12V mutation obtained from the SW620 cell line in the red box. The
false-positive products were barely visible in the image (See a yellow circle in Figure
5.29). The carryover products were also shown above the blue line. Increased ratios of
DNA samples were tested using the module, but very weak or no signal was found. The
image was also analyzed to roughly quantify the LDR product using ImageQuant
software (Amersham Biosciences, Piscataway, NJ), as shown in Figure 5.30. From the

Figure 5.30: Graph obtained from image quantitative analysis of LDR product using
the ImageQuant
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results, mutation detection was achieved using the microfluidic module.
5.6 Conclusions
As biochemical reactions required thermal cycling for the analysis in the module,
thermal management was an important design criterion. The components were stacked to
build a module. Thermal cross-talk, between temperature zones and within each
components can affect the performance of each analysis. Finite element-based thermal
simulations using ANSYS v.11.0 (ANSYS Inc., Canonsburg, PA) were employed to
ensure uniform thermal distributions in the PCR and LDR reactors, isolation of the
mixing junction in order to avoid heat–induced bubble formation in the mixing channel,
and minimal thermal cross-talk due to the asymmetric thermal zones in the PCR and the
LDR reactors. From the simulations, a 4.5 mm air gap between components and 3 mm
spacing between each temperature zone, through thermal grooves, 2 mm in depth with 3
mm wide, were required to minimize thermal cross-talk in the module. Temperature
control units were assembled and connected to the Fieldpoint system (National
Instruments, Inc., Austin, TX, USA), with a program using PI controllers in LabVIEW. It
provided to control and to monitor the temperatures in the module. The module was
assembled with all microfluidic components, fabricated using hot embossing, in vertical
stacked format using the SU-8 bonding technique. It was tested using the 1:10 ratio of the
DNA sample and the 1:40 ratio of the DNA samples for mutation detection. The products
to discriminate mutant DNA including point mutation were generated in 41 minutes using
the microfluidic module.
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CHAPTER 6: DEVELOPMENT OF MUTATION DETECTION ASSAY
USING A MODULAR MICROFLUIDIC ARCHITECTURE
6.1 Introduction
A combined PCR/LDR assay can efficiently discriminate low-abundant mutant
DNA from high copy numbers of wild-type DNA (Barany, 1991; Khanna et al., 1999;
McNamara et al., 2004; Hashimoto et al., 2005; Hashimoto et al., 2006; Hashimoto et al.,
2007; Sinville et al., 2008). After the PCR amplification of the target locus, the PCR
product is mixed with discriminating and common oligonucleotides that flank the point
mutation. The discriminating oligonucleotide has a base at its 3’ end that corresponds
with the single-base substitution site. When the two oligonucleotides are perfectly basepaired with PCR products (i.e. amplified target loci), the thermostable DNA ligase
specifically interconnects two contiguous oligonucleotides (i.e. the discriminating and
common oligomers). In addition, this technique is able to do multiplexed assays.
This assay was demonstrated using a microfluidic module. Although it can detect
the single-base substitutions in the K-ras gene, which can lead to colorectal cancer, using
the microfluidic module within about 40 minutes, the ratio of mutant to wild-type DNA
needs to be improved for use in clinical diagnostics. The problem may be related to the
PCR and LDR conditions, which were not optimized. It may also be caused by reagents
including Taq polymerase, excess primers and dNTPs, used for the generation of the PCR
products, as they can interfere with optimal LDR process. Although modified PCR/LDR
devices were developed (Hashimoto et al., 2007; Sinville et al., 2008), they cannot solve
the problem completely. A process to remove the effect of the reagents for the LDR may
be essential for use as a clinical tool due to the need for more accurate, identical, and
repeatable reactions with increased discrimination ratio. A purification process was
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developed to function in a microfluidic channel or reactor. The process will be explained
in this chapter.
6.2 Development of a PCR/LDR Assay for Microfluidic Module
Although relatively small amounts of genomic DNA (~40 ng) were used for the
PCR, a discrimination ratio of 1:40 was achieved using the PCR/LDR assay without any
process for optimal LDR condition in the previous chapter. This problem may be caused
by the reaction of the Taq DNA polymerase during the LDR. Side products in the gel
electrophoresis image supported this (See Figure 5.29). The side products were generated
by the ligation of a fluorescently-labeled oligomer with a DNA fragment, caused by the
extension of the primer by the Taq DNA polymerase, as shown in Figure 6.1. The chance
for the annealing of the discriminating oligomers was reduced. The Taq DNA ligase can
also be used up producing the side products, decreasing the discrimination ratio.

Figure 6.1: A schematic representation of generation of side products, shown in the
image of gel electrophoresis for the analysis of LDR product
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More events, caused by the work of DNA polymerase during the LDR, occurred.
Although they were not shown in the gel electrophoresis images, they may decrease the
chance to make the LDR products. The events were investigated to find a proper solution
for an optimal LDR process. After the PCR, 395 bp products were generated. The excess
primers, dNTPs, and Taq DNA polymerase were left in the solution and mixed with the
LDR reagents. The DNA polymerase can continue working in the LDR reaction buffer
and cycling conditions, as shown Figure 6.1.
Three possible molecular events occurred due to the activity of the DNA
polymerase. They may not be detected in the analysis of the LDR product. First, excess

Figure 6.2: Three molecular events to make side products by the activity of DNA
polymerase during the LDR
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primers, attached to the PCR products, were extended by the DNA polymerase before
annealing with the two oligonucleotides for LDR (See Figure 6.2(a)). This can increase
the number of PCR products for the LDR. This increases the number of PCR products
without a mutated base, rather than the number of PCR products with the mutated base.
Second, one of the oligonucleotides for the LDR for discriminating a single substitution
base was also extended by the DNA polymerase (See Figure 6.2(b)). It was very hard to
do the extension of discriminating oligomers if there was a mismatch of one base at the
3’-end of the discriminating oligomers. However, it can decrease the chance for ligation
with a labeled oligomer when the base at 3’ was matched. If the temperature for
annealing and ligation was too low, this event may be a significant concern due to the
low specificity of the discriminating oligomer. Third, the products, generated by the
second event, can be amplified during the LDR cycling (See Figure 6.2(c)). If undesired
mutant sequences were produced, an incorrect detection signal can be obtained. These
events can occur during the LDR, decreasing the discrimination ratio, but also increasing
the probability of false positives.
In the laboratory, different methods can be used to purify the PCR products for
the next molecular process. First, amplified products can be heated to around 95ºC for an
hour to deactivate the DNA polymerase. Second, they can be purified using a medium
such as a column or bead, which can capture the PCR products. All substances except the
amplified products are removed by a washing step, while they are attached to the medium.
Third, they can be cleaned up using an enzyme to remove unconsumed primers and
dNTPs remaining in the PCR product. The DNA polymerase cannot extend primers
without dNTPs at the next processing step. These techniques were investigated for use in
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microfluidic components. Bubble formation can easily occur in heating the products
around 95ºC for even a short time period, on the order of minutes, in a microchannel or
microchamber. The solution may also evaporate during the relatively long exposure time
at high temperature. A column or beads can be used in a microchannel or microreactor as
capture media. The only problem may be a loss of amplified products. If the sample,
which has much more amounts of wild-type DNA than mutant DNA, was used, a small
loss of mutant DNA can lead to the failure of detection. There were two issues with the
use of an enzyme: (1) increased reaction times and (2) temperatures up to 80 ºC. These
are for the necessary deactivation step of enzyme. The third method was selected to add a
function to the previously developed microfluidic module.
Figure 6.3 shows the process development diagram for the PCR/LDR analysis,
starting with genomic DNA. The purification of the PCR products is now included to
avoid the effect of the Taq DNA polymerase on the LDR between the PCR step and the
mixing step. A commercially-available enzyme, EXOSAP-IT® (USB corp., Cleveland,
OH, USA) was composed of Exonuclease I and Shrimp Alkaline Phosphates which was
broadly utilized for DNA sequencing and single nucleotide polymorphism analysis
(Berger et al., 2001; Dugan et al., 2002; Mu et al., 2002; Watanabe et al., 2002; Caldwell
et al., 2004; Eckhardt et al., 2006). The complex enzyme digests any remaining excess
forward and reverse primers and dNTPs from the PCR product mixture. The proposed
processing conditions for the enzyme was 15 minutes at 38ºC for activation of the
enzyme and 15 minutes at 80ºC for deactivation of the enzyme. As the time for activation
of the enzyme can be decreased to control the amount of primers and dNTPs for the LDR,
the reaction time was only 25 minutes. Therefore, although the polymerization function
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of the Taq polymerase was still active like in previous PCR/LDR assays, the solution
treated with ExoSAP-IT® did not contain any sources of polymerization with
discriminating oligomers or the forward and reverse primers. Compared with previous
purification methods for the PCR products, the application of ExoSAP-IT® was
remarkable for its accuracy and repeatability for the microfluidic device.
6.3 Development of Microfluidic Reactors for the Modified PCR/LDR Assay
The advantages of the modular approach were increased flexibility in design and

Figure 6.3: Processing diagram for PCR/LDR analysis including post-PCR process
for the multi-function, microfluidic module
143

fabrication and the ability to add additional functions, or extra options to enhance system
performance. To gain the advantages, the same stacked microfluidic format was
employed. The design of the two microfluidic reactors was changed to enable the
modified PCR/LDR assay. Experiments using a bench-top machine in the laboratory
were conducted to obtain the conditions for the microfluidic reactors.
6.3.1 The Conditions for the Modified PCR/LDR Assay
PCR analysis was performed using four different genomic DNAs as templates.
The cell lines used to isolate the DNA samples of known K-ras genotype were as
follows: HT29, wild-type; LS180, G12D; SW1116, G12A; SW620, G12V (Hashimoto et
al., 2006). The concentration and quality of each genomic DNA template was estimated
using the NanoDrop ND-1000 spectrophotometer v. 3.0.1 (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).
The same oligonucleotide primers were used for the PCR amplification at codon
12 of the K-ras gene on chromosome 12. Each PCR amplification was performed in 25
µL reactions using 50 ng DNA, 200 nM of each oligonucleotide primer, 200 µM dNTPs
in 50 mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl (pH 8.4), and 1 U Platinum® Taq DNA
polymerase. Each sample was subjected to an initial denaturation step of 30 sec at 98 °C,
followed by 35 cycles of PCR at 5 sec of denaturation at 98 °C, 25 sec of annealing and
extension at 60 °C, followed by a final extension step of 30 sec at 60 °C. The PCR
products were loaded on 2% agarose-ethidium bromide gels and visualized using UV
fluorescence (Bio-Rad, Hercules, CA, USA). To confirm base substitutions (C, T, G, and
A) of four different known K-ras genotypes from each genomic DNA (HT29, LS180,
SW1116, and SW620, respectively), individual PCR products were gel purified using the
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Wizard® gel purification kit (Promega, Madison, WI, USA) and cloned into vectors using
the TOPO-TA Cloning® kit (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. DNA sequencing was performed using dideoxy chaintermination sequencing (Sanger and Coulson, 1975) on an Applied Biosystems
ABI3130XL automated DNA sequencer (Applied Biosystems Inc., Foster City, CA,
USA).
The concentration of wild-type DNA was fixed as 50 ng per reaction. The
confirmed genomic DNA samples were mixed in the concentration ratios of the mutantto-wild type DNA ranging from 0:1 (control) to 1:200. Each mixed DNA sample was

Table 6.1 Oligonucleotides used in the modified PCR/LDR analysis
Sequences

Tm (°C)c

K-ras coding-exon 1
forward

5′–CTCCCAAGGAAAGTAAAGTTCCCATA–3′

58

K-ras coding-exon 1
reverse

5′–GGTACTGGTGGAGTATTTGATAGTGT–3′

57.5

K-ras c12 com-2a

5′–pbTGGCGTAGGCAAGAGTGCCT–
IRDye800c–3′

63.5

dOligo-K-ras c12.2Da

5′–GCTGATGGCAGGTGCTGAAACTTGTG
GTAGTTGGAGCTGA–3′

69.7

dOligo-K-ras c12.2Aa

5′–TGACGTGACGAAACTTGTGGTAGTTGG
AGCTG –3′

66.8

dOligo-K-ras c12.2Va

5′–TGACGTGGCTGAGGTCGGTCGCAGAT
GCTGAAAACTTGTGGTAGTTGGAGCTGT–3′

72.9

Oligomers

a

Oligonucleotides are derived from Hashimoto et al. (Hashimoto et al., 2005)
Phosphorylated.
c
λex = 787 nm and λem = 812 nm
d
Melting temperature is calculated by oligo analyzer (http://www.idtdna.com/analyzer/
Applications/OligoAnalyzer/) using the following conditions: oligo concentration, 1 µM;
Na+ concentration, 50 mM.
b
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subjected to PCR under the same conditions described above. To purify the amplified
PCR products, ExoSAP-IT® (USB, Cleveland, OH) was used. Each PCR product was
performed in 10 L reactions using 5 L PCR product, 2 L ExoSAP-IT®, and 3 L
ddH2O. Each mixture was incubated at 37 °C for 10 min to digest remaining forward and
reverse primers and nucleotides (i.e. dNTPs) into nucleosides and inorganic phosphates,
followed by an inactivation of ExoSAP-IT at 80 °C for 15 min.
LDR analysis was performed in 20 L reactions using 10 L of enzymatically
purified post-PCR product, 22.5 nM discriminating oligomers (7.5 nM each, Table 6.1),
20 nM com-2 fluorescently labeled oligomer in 20 mM Tris-HCl (pH 7.6), 25 mM KCl,
10 mM MgCl2, 10 mM DTT, 1 mM NAD+, 0.1% Triton X-100, and 2 U Taq DNA ligase
(New England Biolabs Inc., Beverly, MA). Each LDR mixture was preheated at 95 °C
for 30 sec and then subjected to 20 cycles of LDR using the following temperatures: 64
°C for 28 sec and 95 °C for 7 sec. Prior to polyacrylamide gel electrophoresis, the LDR
products were denatured for 23 sec at 95 °C and then mixed with a 5x loading buffer
(83% formamide, 8.3 mM EDTA, and 0.17% Blue Dextran). The LDR products were
separated by electrophoresis on KBPLUS 6.5% Gel Matrix (Li-COR Biotechnology,
Lincoln, NE). The gel solution with 10% (w/v) ammonium persulfate and TEMED was
injected into a gel cassette. After polymerization of the polyacrylamide gel, the slab gel
was placed in the Global IR2 DNA analysis system (Li-COR Biotechnology, Lincoln,
NE) and run at 1500 V for 2 hr. The fluorescence bands were integrated over each
separation lane with ImageQuant software (Amersham Biosciences, Piscataway, NJ).
These conditions were used to obtain proper parameters for the design of the
microfluidic reactors. Figure 6.4 shows that the post-PCR process works for the removal
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Figure 6.4: Comparison of the LDR products: (a) with post-PCR process and (b)
without the post-PCR process using a bench-top cycler (1−1:50 of
mutant G12V to WT, 2−1:100 of mutant G12V to WT, 3−1:200 of
mutant G12V to WT, 4−0:1 of WT only, 5−No templates)

of side products in the gel electrophoresis image for the analysis of LDR product under
the same conditions. The discrimination ratio was increased to change the amount of
genomic DNA and the volume of the PCR product for the LDR, the cycle number, and
PCR cycling conditions without considering the post-PCR process. Even though the point
mutations are detected with increased discrimination ratio in both cases, a false positive
signal was obtained in Figure 6.4 (b-(4)). The irregular false positive signals were from
test samples without purification. It may not be acceptable to use an assay that includes
an unstable condition for clinical diagnostics.
6.3.2 The Design and Fabrication of Microfluidic Reactors for the Modified
PCR/LDR Assay
The module was comprised of a microfluidic PCR reactor, a passive diffusional
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micromixer reactor, and a microfluidic LDR reactor. This was the same architecture we
used in Chapter 5. The overall design of each functional component is illustrated in
Figure 6.5. The changes in the microfluidic PCR reactor were to do the PCR between two
temperature zones, 98ºC and 60ºC, to add a micromixer, connected to a PCR channel and
an incubation channel for activation of the enzyme for purification, shown in Figure
6.5−(1)–(a). The PCR channel depth was 60 µm. The width change of channel was used
to control the residence time in each temperature zone, 6.5 mm by 28 mm, with a
proposed maximum flow rate of 0.18µL/min. The PCR channel width was 40 µm for 6.5
seconds at 98°C and 120 µm for 26 seconds at 60°C. The ratio of residence times was 1:4.
The channel length was calculated, based on the flow rate. The transition channel was
designed to reduce heat conduction between the two temperature zones with a groove,
which had the same size previously used, on back side. The dimensions of the channel
were 40 µm wide, 60 µm deep and 3 mm long. The time for the transition was 2.4
seconds. Each channel was connected with a 7° taper angle configuration.
The channel for the PCR was connected to a diffusional micromixer. The mixing
channel was designed to combine the PCR products with an enzyme at a 1:1 flow rate
ratio. The channel width and depth were 40µm and 60µm. The length of the channel was
34.4 mm. The position of the channel was in the temperature transition zone between
60°C and 37°C, shown in Fig. 6.5−(1)–(b). The temperature effect on mixing was
expected during the production of the purified mixture. The shorter mixing time was not
considered in the design because a relatively long incubation time in a long channel was
required for the next step. In addition, the enzyme only worked with the excess primers
and dNTPs in the mixture. These materials have comparatively large diffusion
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S1+S2+S3
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Figure 6.5: Layout of a microfluidic module in a stacked format: (a) microfluidic
PCR reactor, (b) Passive diffusional micromixer reactor, and (c)
microfluidic LDR reactor
coefficients. As the diffusion constants of the excess materials were larger than those of
the PCR products, a shorter diffusion length for complete mixing was also expected with
the temperature zone at 37°C. An incubation channel was connected to the mixing
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channel, shown in Fig. 6.5−(1)−(c). The dimensions were 180 µm wide, 100 µm deep
and 240 mm long. The residence time was about 10 minutes with the design flow rate.
The passive diffusional micromixer reactor was designed to make a mixture for
the LDR, as shown in Figure 6.5−(2). The sample produced in the PCR microfluidic
reactor was required to be deactivated at around 80ºC for 15 minutes before mixing with
the LDR reagents. A long channel was designed in the temperature zone, as shown in
Figure 6.5−(2)−(d), to accomplish this. The dimensions of the channel were 180 µm wide,
100 µm deep and 300 mm long. The channel was connected with a mixing channel to
make the LDR mixture at the junction with a 1:1 flow rate ratio in Figure 6.5−(2)−(f).
The mixing channel was designed to allow complete mixing, shown in Figure 6.5−(2)−(f)
and (e). Its dimensions were 60 µm wide, 60 µm deep and 160 mm long. The residence
time in the mixing channel was about 50 seconds on the temperature range between 40 ºC
and 80 ºC.
The microfluidic LDR reactor was also designed as a long channel. Thermal
cycling was conducted between 94°C for denaturation and 64°C for annealing and
ligation in Figure 6.5−(3)−(g). The channel depth was 72 µm. The width change of
channel was used to control each residence time on the same size of each temperature
zone, 12.5 mm by 28 mm, with proposed maximum flow rate, 0.72 µL/min. The channel
dimensions were same as the microfluidic LDR reactor, previously used in Chapter 5.
6.4 Fabrication of the Microfluidic Module
Each reactor was fabricated in polycarbonate (PC) using the same method as
before. The same covers, developed in the previous work, were used to make each
microfluidic reactor as components in the module. There was no surface modification on
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1
2
3

10 mm

Figure 6.6: Assembled analyzer for intended analysis: (1) microfluidic PCR reactor,
(2) Passive diffusional micromixer reactor, and (3) microfluidic LDR
reactor
the passive diffusional micromixer reactor because the 80ºC temperature zone was
needed to deactivate the enzyme for purification. The same 4.5 mm thick microfluidic
interconnects was used to assemble the microfluidic PCR reactor with the passive
diffusional microfluidic mixer reactor. The same design of microfluidic interconnects
with lower thickness, 3.0 mm, was used to assemble the passive microfluidic mixer with
microfluidic LDR reactor. This was one of advantages of using the same components
previously designed when using the modular approach. The final assembled module was
shown in Figure 6.6. The final thickness is approximately 17.5 mm.
6.5 Experimental Results Using the Modified Microfluidic Module for Mutation
Detection
Before testing the module, capillary tubing was connected to ports, S1, S2, S3,
and Outlet. Tubing of inner diameter of 75 μm was used for the S1 and S2. Tubing of
inner diameter of 100 μm was employed for the S3 and Outlet. They were sealed with an
epoxy to avoid any leakage of reagents. A solution including bovine serum albumin
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(BSA) was used for leakage test of each component. The solution also decreased enzyme
absorption on the surfaces of the microchannel network in the module. The concentration
of BSA, used for the test, was 1μg/μL. After a use it was completely pushed out by the air
and dried in an oven at 45ºC for 1 hour. The same temperature control units were also
assembled and installed on the module. The heating units were attached to both the PCR
microfluidic reactor and the LDR microfluidic reactor. They were connected to the same
temperature control system. The only change was to replace the function of constant set
point to the function of set point profile with time changes in LabVIEW.
PCR reagents, including the genomic DNA, were premixed off-chip in 25μL
volumes and injected by a syringe pump with a volume flow rate of 0.18μL/min at the
port S1 in the microfluidic PCR module (See Figure 6.5-(a)). The concentration ratio of
the mutant-to-wild type DNA ranged from 0:1 (control) to 1:200. After circulating
between 98°C and 60°C the temperature zones for 35 cycles (~28 min), the PCR products
were mixed with the hydrolytic enzymes premixed with nuclease free water in 10 μL

Figure 6.7: Electrophoresis image of the PCR products generated from the
microfluidic PCR reactor in the module
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volume, injected at port S2, with 0.18 μL/min. The mixture consisted of 4 μL enzyme and
6 μL nuclease free water. The flow ratio was 1:1. After 10 minutes, the mixture entered a
long channel for deactivation for 15 minutes at 80ºC. Short, allele-specific synthetic
primers, Taq DNA ligase with a reaction buffer, and water were premixed in 10 μL
volumes and injected at port S3 at 0.36 μL/min. The mixture was passed through a
mixing channel in the diffusional micromixer reactor. The final concentration for the
LDR should be the as in the section, 6.3.1.
The LDR mixture was preheated before the LDR. The mixture was thermallycycled between 94°C and 64°C in the microfluidic LDR reactor. The final sample was
collected in a tube connected with tubing to the Outlet port. The total reaction time was
about 67 minutes, which consisted of 28 minutes for the PCR, 25 minutes for the
purification of PCR products, 1.5 minutes for the mixing, and 12.5 minutes for the LDR.
The performance of the PCR was independently tested. All of the heaters were on
to define the temperature zones in the module. The sample inlets, S3 and Outlet were
closed. Four mixtures were prepared with different concentrations of DNA from 1:0 to
1:200 in 25 μL volume. Each 25 μL PCR mixture was continuously pushed at port S1 at
0.18 μL/min. Each sample was collected in a tube connected to the tubing at port S2.
There was no significant difference in the amounts of PCR product among the mixtures,
which had different concentrations of DNA. (See Figure 6.7)
The complete module was operated using the above procedures to test the
performance. The results are shown in Figure 6.8. The signal of the LDR products was
obtained from a 1:50, 1:100, and 1:200 ratio of DNA sample, including the G12A
mutation obtained from the SW1116 cell line. No false-positive products were seen in the
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Figure 6.8: Gel electrophoresis image of the LDR products generated from the
module with the purification of PCR products
image. Point mutations were detected up to a 1:200 ratio of DNA sample. The same
conditions were also tested using the module without the purification process. The
change was that nuclease free water was injected at port S2. Figure 6.9 shows that the
enzyme mixture was not used to make LDR products. The false-positive products,
obtained from the only wild-type DNA sample, are shown in a red circle. The side
products, obtained from the work of Taq DNA polymerase, are shown in the blue box
(See Figure 6.9).
Optimized LDR products, generated by enzymatic purification of PCR products,
allowed quantification of mutant alleles, as shown in Figure 6.8. The LDR product yields
treated with an enzyme of ExoSAP -IT® were compared with the ones without the
enzyme in Figure 6.8 and 6.9. Both reactions were conducted three times each. Both
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Figure 6.9: Gel electrophoresis image of the LDR products generated from the
module without the purification of PCR products
processes detected the K-ras point mutations. The intensity of the LDR products without
the enzymatic purification step was much higher than that with the enzymatic purification
step because of the side effects from remaining reagents in the mixture of PCR products.
Although both methods, either with or without purification step, can provide a
strategy for the quantification of mutant alleles, the broad standard deviation resulted
from the PCR/LDR (without purification) providing false positive detection generated by
unpurified PCR products. This would lead to inconsistent results due to unbiased
amplification of each single DNA strand (wild-type and mutant alleles) during the LDR
process as shown in Figure 6.10.
6.6 Conclusions
A vertically stacked module was developed using the same architecture, used in
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Figure 6.10: Image quantitative analysis of the LDR product between (a) with the
purification of PCR products and (b) without the purification of PCR
products

the previous study. The design of microfluidic reactors only changed to perform the
modified assay for mutation detection. The PCR, the purification of the PCR product, and
the LDR assays were sequentially conducted in the module. It provided more accurately
discrimination of the low-abundant K-ras point mutation through enzymatic purification
of the PCR products than previously developed module. The purification before the LDR
step was essentially performed because the unpurified PCR products affected sensitivity
of the LDR result and induced inconsistency in replicated LDR results. The module was
tested using the 1:50, the 1:100, and 1:200 ratio of the DNA samples for mutation
detection. The LDR products to discriminate mutant DNAs including point mutations in
large abundance of wild-type DNAs were generated in 67 minutes using the module.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK
7.1 Conclusions
Cancer is a major contributor to human mortality. It was involved around 22.8 %
of all deaths in United States in 2005 (Jemal et al., 2008). Various genomic alterations,
such as point mutations, insertions, and deletions have resulted in human cancers due to
abnormalities of inherited or somatic cells (Hansen and Cavenee, 1987). Detection
methods, focused on specific mutations, were developed with the increase of genetic
information. As no single detection method exists for all mutations, multiple nucleic acid
processing techniques may need to be combined for testing the presence or absence of
specific mutations.
Mutated K-ras genes have been found in a broad range of human cancers (Bos,
1988). For instance, K-ras point mutations are identified in >70% of patients with
pancreatic adenocarcinomas (Almoguera et al., 1988; Hruban et al., 1993; Smit et al.,
1988; Tada et al., 1991), and also in 35-50% of colorectal adenomas and cancers
(Anderson et al., 1997; Chiang, 1998; Rothschild et al., 1997). The presence or absence
of K-ras gene mutations has been used as a potential cancer (e.g., pancreatic and
colorectal cancers) indicator (Bos, 1989). The combination of PCR and LDR is one of the
assays available to detect point mutations in genomic DNAs (Khanna et al., 1999).
Microfluidic systems that integrate multi-step assays are viable platforms for
clinical-based assays due to the potential for automated analysis of complex samples,
lower reagent consumption, and fast assay turn-around times. A variety of systems have
been fabricated and evaluated for genotyping applications, but many suffer from the fact
that they do not invoke strategies that can detect single base mutations in a high excess of
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wild-type DNA (Sun and Kwok, 2006). It is very important because genomic DNAs
obtained either by tissue biopsy or circulating DNA may contain low copy numbers of
mutant DNAs, while the vast majority consists of wild-type DNA. The detection of K-ras
gene mutations requires a diagnostic assay that is accurate, sensitive, quick and robust
even when the mutated allele is a minority from a heterogeneous population. The
combined PCR/LDR assay showed the performance to discriminate efficiently lowabundance mutant DNA from high copy numbers of wild-type DNA. A modular
microfluidic architecture was used to enable the PCR/LDR assay with the development of
fluidic interconnects to develop a multi-function, disposable, microfluidic module. The
module consisted of a microfluidic PCR reactor, a passive diffusional micromixer reactor,
and a microfluidic LDR reactor. Each module was designed to consider the protocols of
the biological reactions, the flow rate dependent operating conditions for delivering the
reagents, thermal aspects inside the module, and manufacturability. Thermal simulations
were employed to ensure uniform thermal distributions in the PCR and LDR reactors, to
isolate the mixing junction in order to avoid heat–induced bubble formation, and to have
minimal thermal crosstalk due to the asymmetric thermal zones in the PCR and the LDR
reactors.
Polycarbonate (PC) substrates were micro-molded, using hot embossing with
micro-milled brass mold inserts. Simple alignment features, designed using screw theory,
were used to interconnect the reactors in the module and put on the mold inserts. Single
nucleotide polymorphisms in the K-ras gene were detected from a concentration ratio of
mutant to normal genomic DNA of 1:40 using the module within 40 minutes. The
reaction time was half that required when using conventional laboratory instrumentation
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without any contamination.
Although the microfluidic module to perform the PCR/LDR assay was developed
for the detection of low-abundance point mutations, the performance may be limited due
to the activity of residual DNA polymerase. The mixture of PCR products that included
Taq polymerase, excess primers and dNTPs was found to affect with the LDR by
generating interfering products due to the Taq activity during the LDR cycling phases of
the assay. A purification process was developed using a commercially available enzyme
in the laboratory and applied in the microfluidic PCR reactor and passive diffusional
micromixer reactor to minimize the problem. The protocol, previously used in the
development of the microfluidic module, was changed to increase the discrimination ratio
of 1:40. Enhanced performance was achieved by combining the improvement of the
assay with the development of the microfluidic module. The same architecture was used.
The changes were to add the purification step between the PCR and mixing for the LDR
and to adjust the mixing ratio from 1:1:3 to 1:1.
Performance of the individual devices was tested separately. Detection of mutant
DNA to wild type DNA in ratios of 1:50, 1:100, and 1:200 was assessed with and without
the purification step. The total processing time was about 67 mintues. The resulting
multiple fluorescent oligonucleotide products were analyzed using gel electrophoresis.
Fluorescence signals showed that up to a 1:200 ratio of mutant to wild-type was detected
with the purification step. The same module was tested without the purification step. The
same discrimination ratio was achieved; however, there were more false positive returns
and less distinction between the yield and amount of mutant DNA. The purification of the
PCR products is therefore essential for applying this analysis technique in a clinical
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setting, which requires more accurate and identical reactions.
The microfluidic modules, vertically stacked, were developed to enable the
detection of point mutations by sequentially conducting two nucleic acid processing
techniques (PCR and LDR) and three ones (PCR, PCR product purification, and LDR) in
the same modular architecture. The modules can determine the low-abundance K-ras
point mutations. The module, including the purification step, showed more accurately
detection performance with the low-abundance K-ras point mutations due to the
enzymatic purification of PCR products than previously reported devices. In addition, it
took advantages to use at half reagent volumes and processing times without any
contamination effect among the multiple nucleic acid processes. Simple assembly using
passive alignment structures can facilitate changes to the design of microfluidic
components easily for enhancing the performance of module. These systems could be
practical for use in low cost, disposable detection tools for the detection of low-frequency
base substitutions in cancer or disease-associated genes in addition to the K-ras gene.
This is one of examples of the use of a modular approach using replication technologies
of polymers for mutation detection. Since the modular approach can be applied to other
assays for mutation detection, it will be able to supply low cost, disposable detection
tools for known mutations and also expand to other PCR-based detection assays in
diagnostic applications.
7.2 Future Work
The ultimate goal of this research is to develop a modular system for mutation
detection. The system should take the clinical sample and produce a result with no further
intervention. More work to develop microfluidic reactors for sample preparation and
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detection will be needed to construct a system as a practical tool for use in early diagnosis.
More advanced research should be concentrated on the improvement of the current
performance.
7.2.1 Sample Preparation and Detection
The technology was limited in two ways in developing a complete system in this
research; sample preparation and detection. The concentration of biological samples,
particularly clinical samples, can be controlled and the samples should be compatible
with the intended assay in the microfluidic devices. These steps may be much more
complicated than the operation of the microfluidic module for the PCR/LDR assay. They
may require more operating functions for fluidic handling, such as pumping, valving, and
mixing in polymer microfluidic devices. These kinds of operating tools should be
developed.
For the detection of low abundance mutations, the extraction of DNA from cells
in blood must be an important step if the discrimination ratio is limited by the PCR/LDR
analysis. Any sample loss or the limited performance of the DNA extraction in
microfluidic devices could lead to the failure of testing. The proper method should be
investigated with the target samples for the development of a sample preparation device
or module.
On-chip electrophoresis and on-chip DNA microarray devices should be
developed and connected with the developed module. Although the detection is still
achieved by a microscope using the devices, the preparation time for electrophoresis or a
DNA microarray for potential users can be decreased. In addition, a detection method
without the microscope should be investigated to use the system out of the laboratory.
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7.2.2 Numerical Simulations for Modular Microfludic Architecture
Numerical simulations of a single device were extremely useful for design of the
module. There are important parameters for the design of microfluidic reactors in
modules. Precise temperature control is an important parameter to enable enzymatic
biochemical reactions. Geometrical misalignments among components are also a design
parameter because it can change fluid behavior at each fluidic interface. Numerical
simulations offered temperature distribution profiles in each temperature zone and fluidic
streamlines in the fluidic network. They were used for designing the microfluidic device
or module. For more complicated microfluidic systems, system-level simulations using
high performance computing should be used for faster and more efficient design of
modules or systems. Validation should be performed to find out proper initial or
boundary conditions.
7.2.3 Fluidic Interconnection Technology
Fluidic interconnects are very important components to use modular, microfluidic
interconnection architecture. They must be designed to minimize dead volume, support
easy assembly, and withstand operating pressures. The diameters of the reservoirs can be
decreased to achieve minimal dead volume at the fluidic interface between a reactor and a
fluidic interconnect. Better control of the dimensions of the passive alignment structures
is needed. The size of the milling tool is not uniform. The rotational speed of the tool
results in the variation in the dimensions of passive alignment structures. The operating
conditions should be investigated and controlled to fabricate simple features on the brass
molds with minimal variation for fast prototyping. The front-back mismatch of doublesided hot embossing should be decreased. Although ~100 μm mismatch can be
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accomplished, the processing time is too long because of the trial and error approach. The
diameters of the laser-drilled holes should be controlled with changes in the thickness of
the substrate and intensity of the laser for specific holes, fabricated in the mask mounted
on the laser machine. If these fabrication steps can be controlled, the dead volume, which
was around 1.5 μL, in the module, will be decreased.
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