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Thesis Abstract

The application of microfluidic device in genetic and bioanalytical analysis is
explored in this thesis. The first integration of mRNA isolation and cDNA synthesis on
microfluidic device was demonstrated. In addition, in order to detect protein biological
threat agent simulant, ovalbumin (Ov), by performing an immunoassay separation in the
field, the laser induced fluorescence detection of Cy-5 using diode laser was also tested.

We develop some of the individual components required to ultimately create an
integrated microfluidic device for complementary DNA (cDNA) library construction.
The first two steps required include the isolation and purification of messenger RNA
(mRNA), followed by first strand synthesis of cDNA using reverse transcription (RT).
We describe the use of paramagnetic oligo-dT beads for mRNA capture within
microfluidic channels. A simple Y-intersection flow design mixes beads and total RNA
(TRNA) on-chip to allow capture of the mRINA, and uses a magnetic field to trap the
beads. Initial designs show a capture efficiency of about 26 % compared to conventional
methods, which is assigned to poor flow dynamics. The capillary gel electrophoresis
(CGE) detection of the total unamplified mRNA isolated on chip, and of a reverse
transcription-polymerase chain reaction (RT-PCR) amplified rare gene indicated that
mRNA could be captured by oligo-dT beads on-chip. The isolated mRNA was suitable
for constructing a cDNA library. The limit of detection for the rare bicoid gene of
Drosophila Melanogaster corresponded to the capture of approximately 1-5 ng of mRNA
from 0.85 pg of total RNA within the microchip. The subsequent RT reaction was
performed for 2 hours from 30 °C to 45 °C on mRNA bound to the bead bed within the
channel and 35 °C gave the best result. The bead-cDNA complex was then released from
the chip and polymerase chain reaction was employed to amplify the cDNA bound to the
beads. Capillary gel electrophoresis detection of the PCR product indicated that mRNA
isolation and cDNA synthesis could be integrated on microfluidic device, representing
the first two steps towards cDNA library construction using microfluidic device.

A highly sensitive laser induced fluorescence (LIF) detection system based on a 635
nm laser diode and cyanine-5 (Cy-5) dye, is described for use with a planar, microfluidic,
capillary electrophoresis (CE) chip. The CE-chip is able to detect a protein biological

threat agent simulant, ovalbumin (Ov), by performing an immunoassay. The Cy-5 labeled
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anti-ovalbumin is separated from its complex with Ov by CE, in under 30 s. A confocal,
epiluminescent detection system utilizing a photomultiplier tube gave optimum results
with a 400 um pinhole, an Omega 682DF22 emission filter, a 645 DRLPO2 dichroic
mirror, a 634.54 =5 nm excitation filter, and a Power Technology ACMOS8 635 nm laser
operated at 11.2 mW. Using this detector, a microchip CE device with a separation
efficiency of 42,000 plates and an etch depth of 20 um, gave a limit of detection of 9 pM
Cy-5. This limit corresponds to the determination of 4560 injected molecules and
detection of 900 of these molecules, given a probe volume of 1.6 pL and a probing

efficiency of 20%.
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Chapter 1. Introduction
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3

1-1. Introduction:

The concept of the Miniaturized Total Analysis System (UTAS), first suggested by
Manz and Widner in 1990 ', has been developed and applied to a variety of chemical.
biological and environmental analysis systems. Planar microfluidic devices form the
basis of many of the pTAS concepts that have been presented over the past ten years.
While this has proven to be a powerful technology, there remains room for the
development of new microfluidic designs and detector methods. This thesis will explore
two different aspects of UTAS development. The first of these is the exploration of the
technique of forming magnetically trapped bead beds for the capture and purification of
messager RNA. The ultimate goal of this project is the design of a microfluidic chip able
to perform complementary DNA (cDNA) library construction. This thesis establishes
several of the basic steps required to meet this ambitious goal. In a second project, the
issue of sensitivity in detection on-chip was addressed. The goal of this study was to
repiace the gas-phase lasers used for laser induced fluorescence (LIF) detection with a
compact, portable solid-state diode laser.

This introductory chapter will first provide a review of relevant literature on
microfluidic devices and detection methods for these devices. Particular attention will be
paid to efforts focusing on genetic applications of UTAS. A background introduction to
capillary electrophoresis (CE), which forms the basis of many uTAS devices including
those utilized in Chapter 3 will be presented. This will be followed by an introduction to

molecular biology, and to cDNA cloning in particular.
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1-2. Motivation for this study:

The application of HTAS in genetic analysis has been extensive, but the focus has
been on performing DNA sequencing”® and polymerase chain reaction (PCR) °'®. The
technology of cDNA library construction plays an important role in genetic analysis, and
may also benefit from integration in a microfluidic system. The rapidly developing
technology of planar microfluidics may eventually be able to provide a miniaturized,
integrated platform for automated cDNA library construction. It may also be possible to
reduce messenger RNA (mRINA) degradation by adventitious RNase, due to the closed
nature of an integrated system. Integrating mRNA isolation, followed by cDNA synthesis
on a microfluidic device, as presented in this thesis, represents the first two steps towards
cDNA library construction on a chip.

This thesis also explores the development of a laser diode based detection method.
Laser induced fluorescence (LIF) detection on microfluidic chips has been widely used in

! and environmental analysis, due to its high

DNA separation®®, immunoassay'®>
sensitivity. The confocal epiluminescent microscope has been demonstrated to provide a
very sensitive detection method on chip. To date, gas phase lasers were the most common
excitation source used for LIF detection on microfluidic chips ****. Such lasers are bulky
and can be fragile, which makes them ill suited to demanding portable devices. Red diode
lasers represent a more compact, portable source for LIF on-chip. The exploration of the
performance of the diode laser on chip would benefit the construction of the DARPA

box, a portable, automated microfluidic platform for immunoassays developed by

Harrison’s group as a co-contractor to DARPA (Defense Advanced Research Projects
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Agency). The DARPA box has since been tested in a field trial, giving a satisfactory

performance.

1-3. Genetics analysis with micro-fluidics:

Since the first published demonstrations of capillary electrophoresis on a planar
microfluidic glass devices’™ ?*, numerous papers about capillary electrophoresis
separations in microfluidic chip have been published, including synchronized cyclic
capillary zone electrophoresis >, capillary gel electrophoresis®®, micellar electrokinetic
chromatography?®, microchip liquid chromatography®’ and capillary
electrochromatographyzg. Recently, the application of p-fluidic devices in genetic
analysis has been extensive. DNA separationz'3 , high throughput DNA se:quencing5 " and
PCR reactions’'® have been demonstrated using pi-fluidic devices. Several research
groups also reported the integration of PCR with capillary electrophoresis separation on a

9. 13. 16 making p-fluidic devices a powerful method in genetic analysis.

u-fluidic device
In general, an attractive feature in utilizing microfabricated devices is the improved
analytical performance, which include fast and efficient separations, shorter transport
time and lower consumption of chemicals

The application of p-fluidics in the genetic analysis has developed over the last
decade. The earlier research was focused on the separation of oligonucleotides and DNA
on p-fluidic devices using capillary gel ele:ctrophoresisz'3 . In 1994, the separation of both
oligonucleotides and DNA were reported using p-fluidic devices>™. One year later, high-

speed DNA sequencing on chip was demonstrated by Mathies’s group®. Single base

resolution up to ~150 bases was achieved in 540 s. The design, fabrication and detection
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of 12 different samples in parallel and later a 96 capillary array electrophoresis
microplate were demonstrated by the same groups‘ ’. These microfabricated DNA
analysis systems allow high-throughput sequencing to take place in a large scale. As a
result of the completion of the Human Genome Project, the demand for high-throughput,
high-performance DNA sequencing can be expected to increase dramatically. The new u-
fluidic devices may soon replace the 96-fused silica capillary array systems introduced in
the last 3-4 years.

PCR is a very important tool in molecular biology. The ability to perform PCR
using microfabricated devices was an important step in microfluidics and such devices
may ultimately replace current methods. Conventional PCR is performed using thermal
cyclers. A long thermal cycling time is required due to the large thermal mass of the
conventional systems. Miniaturized devices seem to be one way to reduce the long
cycling times. Silicon substrates have a very high thermal conductivity, and glass is
reasonably thermally conductive. The small sample volumes handled on microfabricated
devices are another factor in enhancing the heating and cooling speed of the systems.

A number of groups have investigated microfabricated PCR devices. Early studies
demonstrated the faster thermal cycling speed of PCR associated with various designs of

. . -12
the reaction and heating chambers'%'2

. The pre-mixed reagent was added into the
microfabricated PCR reaction chambers when PCR took place. The faster cycling speed
of these devices illustrated the beneficial elements that the miniaturized devices brought
to the PCR world. As an alternative to such batch reaction systems, a continuous flow

PCR system was demonstrated by Manz’s research group'’'®. In this device there are

three different temperature zones, heated by thermostat copper blocks. As the reagent was
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pumped through the chip, it passed repeatedly through the three different zones to
provide the thermal cycling required for PCR. The cycle time depended on the length of
channel within each temperature zone and the flow rate of the fluid. The cycle number
was controlled by the number of repeated passes through the temperature zone. The
advantage of this system is that it needs only to heat up the fluid in the channel. not the
whole PCR chamber. As a result, short times for heating and cooling were required.
Another aspect of application of microfabricated devices in genetics analysis is the
integration of the PCR with capillary electrophoresis separation. Northrup et al’
demonstrated the first coupling of a silicon and plastic PCR reactor to a glass capillary
electrophoresis chip. The PCR chamber was directly linked with the CE chip through a
flow channel filled with hydroxyethylcellulose. After 15 minutes for the PCR reaction,
the PCR amplification product was immediately injected into the CE chip for separation.
The whole PCR-CE analysis was done in 20 minutes. Ramsey’s research group'® later
reported the integration of PCR with CGE separation of DNA. PCR reagent was put into
one reservoir, and the whole device was thermally cycled. The PCR product was
analyzed on CE chip with or without preconcentration. This approach benefited from the
integrated analysis, but had slow PCR cycle times due to the need to heat and cool the
entire wafer. An improvement was reported recently®’, in which PCR was performed in a
reservoir on-chip by heating the reservoir region alone using a dual Peltier, in which, the
cycle time was reduced to 1.25 min. Recent work from Mathies’s group30 showed the
PCR amplification of DNA followed by capillary electrophoresis analysis on an
integrated device. A 280 nL PCR chamber was etched into a glass substrate and directly

connected to a CE channel. A valve and hydrophobic vent, which were actuated using
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aluminum pneumatic manifolds that vacuum clamped to the chip, were employed to
provide controlled loading for the PCR reaction. After PCR amplification, the manifold
was removed from the chip. The platinum electrode and the CGE running buffer were
then placed in the reservoirs for injection and separation. A 30 s cycle time was obtained

and single molecule amplification was reported using this system.

1-4. Detection method in micro-fluidics:

LIF detection, though it is not a universal detection method, is still the most
powerful detection method applied to p-fluidic devices, due to its tremendous sensitivity.
Ocvirk described a confocal epiluminescent optical system used in LIF detection in detail
in his thesis’'. A similar optical set up was employed in Chapter 3. The red diode laser
was employed as the source for LIF on chip. The red dicde laser has several advantages
compared with the gas phase laser. First, it is compact and portable, suitable to the
demand of miniaturization. Second. it is a low cost, rugged light source. In addition, the
life time for the red laser is longer (10° h) 3. In Chapter 3, the performance of the
confocal optical system was tested by using of red diode laser on a microfluidic device.

To date, LIF is the principal detection method in p-fluidics device due to its high
sensitivity. However, due to the non-fluorescent nature of most analytes of interest, the
need for alternative detection methods that are universal and sensitive is apparent.
Absorbance detection is more generally accepted due to its wider applicability, yet
absorbance measurements in the small volume within p-fluidics devices is a challenge.
Harrison and coworkers reported the fabrication of a planar optical U-cell for both

absorbance and fluorescence detection®®. Using this design, the optical path length was
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improved 10 times. However, because of the poor coupling of the optic fiber, a 3 nM
fluorescein isothiocyanate isomer I (FITC) detection limit was obtained for fluorescence
design. The absorbance detector was limited by the ~200 um path length. A multi-
reflection absorbance detector cell was reported by the same group34. The device was
fabricated using a three photolithographic mask and three step etching process. Path
lengths of 100-300 um were achieved, giving moderately sensitive detection.
Nevertheless, absorbance detection is not the most sensitive technique, even in
conventional chromatography and CE.

Electrochemical detection has been demonstrated as another attractive alternative for

p-fluidic devices™ ™

. The ability to fabricate microelectrodes using photolithographic
methods makes it ideally suited for integration on p-fluidic devices. The principle of
electrochemical detection is based upon redox reactions at the surface of an electrode. It
is possible to adapt this detection method to u-fluidic devices without loss of sensitivity.
Mathies’s research group demonstrated the use of electrochemical detection on p-fluidics
device®. An amperometric detector with a three electrode system was employed for
detection. Photolithographic placement of the working electrode outside of the exit of the
separation channel minimized the interference caused by the electric field used for
separation, giving moderately sensitivity performance. The LOD of this detection system
was reported to be in the uM range for neurotransmitters. Indirect electrochemical
detection of DNA fragments was also reported.

Raman spectroscopy has been reported as an on line detector for p-fluidic devices™.

The detection of 0.2 puM herbicide was achieved using Raman spectroscopy.

Unfortunately, the Raman spectrum of water limited the detection limit.
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Refractive index (RI) detection is a simple, universal, concentration sensitive method
applied in conventional analytical separation, such as chromatography, capillary
electrophoresis. Manz’s group demonstrated the feasibility of using a hologram-based RI
detector in a p-fluidic device*!. However, it will be necessary to improve the limit of
detection from the reported range of 10 mM carbohydrate.

Other detection methods have been reported on u-fluidics device, including
chemiluminescence*?, electrochemiluminescence®, electrospray masspectrometry (ESI-
5

MS)* and Shah convolution Fourier Transform detection®. However, from the

sensitivity point of view, these detection methods are far behind those of LIF detection.

1-S. Capillary Zone Electrophoresis
Capillary electrophoresis (CE) is a widely used analytical technique, which allows
fast and efficient separation of the charged component, consuming sample in the nL
range. The differences in

capllary electrophoretic mobilities of ions

j DOetector

High Votage inside the capillaries are the basic

element for the separations *°°.

The simple instrumentation of the

iniet Buffer Outot Butter CE system (Figure 1-1) attributed to

the fast growth of CE in many

Figure I-1. Schematic illustration of the CE

system applications. One high voltage

power supply, two buffer reservoirs,

a polyimide coated capillary and a detector are the basic component for the CE
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instrument, which could be employed for different mode of capillary electrophoretic

Apply voltage Flow profiles in CZE

CT

RS R ST Y e S 5 XS S X e S e ST s Y

§ 000
ETLA
6
o
m

Figure [-2. Schematic representation of capillary zone electrophoresis (CZE)

>!_ Among the several modes of the capillary electrophoretic separations,

separations
capillary zone electrophoresis (CZE) is the most commonly used technique (Figure 1-2).

The separation is based on the differences in the electrophoretic mobility of the sample in

the buffer solution. In other words, the differences in the charge/ size ratio of the sample

at a given pH cause the CZE separation. The electrophoretic mobility L, is given by

equation 1-1°%

q
- 1-1
Hep 67znr (-1

Where q is the effective charge of the sample analyte, r is the hydrodynamic radius. and 1
is the medium viscosity.

Most of the capillaries used are made of fused silica, which bears silanol groups on
the surface. These silanol groups become ionized in solution and the electrical double
layer is formed in the presence of the buffer solution used for CZE. The application of an

electrical field induces a migration of fluids through the capillary, which is known as
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electroosmotic flow (EOF). The electroosmotic mobility [e,, with units of cm’/Ves, is

given by equation 1-2 St

_ & _
:ueo - 4m7 (1 2)

Where ( is the zeta potential, € is the dielectic constant of the solution, and 1 is the

medium velocity. The velocity v and migration time t are given by 3t

(/ueo + :l'lep )V
V=

7 (1-3)

and

Ll
t= 1-4
(tueo + :uep )V ( )

Where V is the applied voltage, L is the length of capillary; [ is the injector-detector

distance.

1-6. Capillary gel electrophoresis

The rapid, high resolution, high throughput, high sensitivity analysis of RNA,
single-stranded (ss) DNA and double-stranded (ds) DNA molecules is a valuable
analytical technique in molecular biology. Recently, capillary gel electrophoresis (CGE)
has been widely used in DNA sequencing 3338 during the Human Genome Project. The
analysis of the DNA fragments produced by PCR >’ has led to the direct detection and
quantitation of viruses, diagnosis of genetic diseases and aided in mapping the human
genome. For ssDNA and RNA analysis, capillary denaturing gel electrophoresis (CDGE)

is employed. A denaturant, such as urea or formamide is added into the gel medium. The
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denaturant suppresses the base pairing in the nucleic acids, reducing the secondary

structures of the sSDNA and the RNA and achieving good resolution.

1-6-1. Separation mechanism

In free solution, DNA molecules can not be separated using capillary zone
electrophoresis because of the linear charge density. For this reason, a sieving medium
(gel) has to be introduced into the capillary to achieve DNA separation. Two theories, the
Ogston model and the reptation model have been proposed in the past 2 to explain the
mechanism of gel electrophoresis.

The Ogston model characterized the gel as a molecular sieve. The mobility of the

DNA in the gel medium, W, is given by:

[-K,C]

p=p, 1-5)

where Lo is the mobility of the DNA in free solution, K, is the retardation coefficient,
which is a function of the size of the DNA and the pore size of the gel. and C is the
concentration of the gel. According to the Ogston model, the mobility of DNA in CGE is
dependent on the gel concentration and the DNA size. In a certain concentration of gel
medium, the bigger the DNA size, the smaller the mobility will be. However, the Ogston
model does not describe the larger DNA molecules, for which the reptation model
applies. According to this model, the mobility of DNA is inversely proportional to its size

N:

o< N7 (1-6)
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In a very high electric field, the DNA molecules become rigid and rod-shaped. The
mobility of DNA not only depends on the size of the DNA, N, but also the electric field,

E. The relationship can be given by:
u=KN"+bE?) (1-7)

where K is a constant and b is a function of the gel pore size. As the magnitude of the
electric field increases (or the DNA size increases), the mobility is no longer related to
DNA size, thus there is no separation between small or large DNA molecules. This has

limited the magnitudes of field used in DNA separation by CGE to about 300 V/cm.

1-6-2. Gel medium:

Since the first report of DNA separation with cross-linked polyacrylamide (PA) >,
several different polymers have been successfully employed in the analysis of DNA®®®*.
There are two kinds of the gel medium employed in CGE for DNA analysis. One is

s 52

called “chemical gels” °~, in which the gel medium is chemically cross-linked and may be
covalently attached to the wall of the capillary. These gels have a well defined pore size
and structure. The resolution, as a result, is good enough to do the DNA sequencingés.
However, problems such as bubble formation and the degradation of the medium with
each use limit the wide application of chemical gels. A search for replaceable “physical
gels” was thus initiated.

“Physical gels” refer to noncross-linked, hydrophilic polymer solutions. These gels
have low viscosity, which allows replacement of the material as needed without

replacement of the capillary. Since they can be pumped out of the capillary at the end of

each run, fresh media can be used for each analysis. Linear polyacrylamide has been used
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in a number of applications. Dovichi’s research group and Karger’s research group
reported the rapid DNA sequencing by capillary electrophoresis using replaceable linear
polyacrylamide“‘ %_However, these polymers are usually used with a coated capillary.
The coating eliminates the EOF, improving reproducibility by eliminating the variability
of EOF, and reducing adsorption effects. The other type of replaceable gels are cellulose

6768 such as hydroxyethyl cellulose (HEC), hydroxypropylmethyl cellulose

polymers
(HPMC) and methylcellulose. One advantage of the cellulose polymers is that they can
produce dynamic coating of the capillary, which makes the use of uncoated capillaries
possible. In addition, a number of other polymers have been tested for analysis of DNA.

6970 poly (N-acryloylaminoethoxyethanol) ’', poly (ethylene
poly ry Y

These include agarose
oxide) (PEO) 64727 and so on.

In the next chapter, both CGE and CDGE were employed for analyzing the DNA

- fragments produced by PCR and testing the
4 B
—odu; o <7- LA integrity of RNA. HPMC was used as the
k 1dsews o
¢ . \’Ett ’ gel medium for both methods.
o=7-—-o—cu, o n":
° / "
o=||r—o—é;c, 0. _.‘/er,
3 passe  NH, 1-7. The basics of DNA and RNA:
e . X o |
o=r—o—cu i x7o Nucleic acids are linear polymers of
9 nucleotides. A general nucleotide contains a
o=p—0-—
1
o

' phosphate ion, a five carbon
Figure [-3. Structure of a single DNA

strand. RNA has a similar structure with monosaccharide and a he[erocyclic base
two exceptions: a hydroxyl replaces

hydrogen at the 2°- position of each  (Fig.1-3). The connecting links in nucleic
ribose and uracil replaces thymine.

acids are phosphate ester linkages, which
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link the 3’-hydroxy! of one sugar with the 5’-hydroxyl of another. The heterocyclic base
is attached through an N-glycosidic linkage to C-1’ of the sugar unit. There are two
classes of nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). There
are two differences between DNA and RNA. DNA contains deoxyribose as its sugar
component, and adenine, guanine, cytosine and thymine as its heterocyclic bases. RNA
contains ribose and adenine, guanine, cytosine, uracil instead.

DNA has a double-stranded helix structure in nature. The two strands of DNA are
held together by the base pairing of the purine and pyrimidine bases. A single base from
one strand forms a hydrogen bond with the single base from the other strand. Figure 1-4
shows the structure of the base paring between two strands of DNA. The A-T base pair
forms two hydrogen bonds and the C-G base pair forms three hydrogen bonds (Fig.[-4).
However, the hydrogen bonds contribute little to the stability of the double helix. The
base stacking and the hydrophobic interactions are responsible for the double helix
stahility 5 In addition, electrostatic interactions also contribute to the stability of the
DNA helix. For instance, the melting temperature of duplex DNA increases with the
cation concentration because these ions electrostatically shield the anionic phosphate
groups from each other. The same explanation applies to the experimental observation
that the Mg2+ ion plays an essential role in stabilizing double-stranded DNA.

RNA usually occurs as a single-stranded molecule. It is probably impossible to build
a double-stranded helix structure with a ribose in the place of deoxyribose. The extra
oxygen may make the duplex structure instable '®. RNA has secondary structure due to
hydrogen bond formation between bases. This self-annealing of the RNA causes the

formation of hairpins, which make the analysis and reverse transcription (RT) of RNA
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very difficult. Denaturing of RNA by heat or by adding a chemical denaturant are

methods used to reduce the secondary structure of RNA.

adenine pairs with thymine

H
CH; O:H N/
3 P Nﬁ
!/ N—gond NN
~N
N \=N
/o
guanine pairs with cytosine
1
N—H-20 ﬁ
/ N n—x \ AN
N— >=N
/ Qz-- H—-Iix
H

Figure 1-4. The hydrogen bonds in A-T and C-G basepairs
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There are three major classes of RNA in total RNA (TRNA): ribosomal RNA
(rRNA), transfer RNA (tRNA) and mRNA. About 80-85% of TRNA is rRNA (chiefly
28s, 18s and 5s sedimentation fractions). Most of the remaining 15-20% consists of a
variety of low molecular weight species (tRNA and small nuclear RNA). Messenger
RNA makes up between 1%-5% of the total cellular RNA. It is heterogeneous in both
size and sequence. Reassociation-kinetic analysis indicates that the mRNA of a typical
cell is distributed into three frequency classes. A highly abundant class consists of 10-15
differing mRNA sequences, which altogether represent 10-20% of the total mRNA mass.
A middle abundance class consisting of 1000-2000 differing mRNA makes up 30-40% of
the total mRNA, and a low abundance class consisting of 15,000-20,000 mRNA
sequences represents about 50% of the total mRNA.

Most eukaryotic mRNA carries at the 3” end a tail of polyadenylic acid residues

(Figure 1-5), which is long enough to

Figure I-5. mRNA structure allow mRNA to be purified by

\ affinity chromatography on oligod(T)
Eukaryotic mRNA also

’ cellulose.

5" m7G

contains another unique structural

OH OH
o i i i " feature, a 5’ cap consisting of an m7G
N I o
NH, _r XN, S T T 4 b s
- I /IE /> (l)- (IL (l)_ - : : - : 3 )
”\n/ N 7. residue linked via an inverted 5° to 5
O CIHx J"

linkage to the body of the mRNA 7
(Figure 1-5). On the other hand, rRNA and tRNA do not have the 5’ cap structures, nor

do they have poly(A) tails.
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Usually, DNA (RNA) is separated by gel electrophoresis. Ethidium bromide, an
intercalating dye, is used to stain DNA for fluorescence detection. The high fluorescence
enhancement of the ethidium-DNA complex makes it widely accepted as one of the
convenient methods to “label” DNA molecules. Figure 1-6 illustrates the x-ray structure
of the complex of ethidium with dinucleotides '®. Ethidium intercalates between the base
pairs of the dinucleotide. For double-stranded DNA, intercalating binding follows the
“neighbor-exclusion principle” where every other intercalating site along the length of
the DNA double helix remains unoccupied 7981 Therefore, at a bound dye to base pair
ratio of 1:4, the duplex should be saturated with the intercalating dye. Low ratios will
limit the number of bound dye and thus, reduce the sensitivity. High ratios may result in
quenching of the fluorescence . Ethidium bromide can be used to detect RNA as well.
However, the affinity of the dye for RNA is relatively low and the fluorescent yield is

comparatively low.

Figure [-6. The X-ray structure of a complex of ethidium with dinucleoside.
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1-8. Reverse transcription and polymerase chain reaction:

Sensitive methods for the detection and analysis of RNA molecules are important
aspects of most molecular biology studies. Among the commonly used methods, such as
in situ hybridization, northern blots, S1 nuclease analysis and RNase protection assays, in
situ hybridization is very sensitive, but is a difficult technique. The other methods lack
the sensitivity needed for analysis of the rare transcript or RNA present in low
abundance. The adaptation of PCR methodology to the investigation of RNA provided
researchers a method featuring speed, efficiency, specificity and sensitivity.

Since RNA can not serve as a template for PCR, reverse transcription is employed
to convert the RNA into ¢cDNA, which can be a template for PCR. This two-step

technique is referred to as RT-PCR (Figure 1-7). RT-PCR is a highly sensitive tool in the

mRNA
5' NERREEEEEEENEN A AAAAA T

l Reverse transcription

mRNA
5 RN AAAAAA 3
3 SRSt 7T TT TT 5

cDNA
Denature
cDNA
3 EEEERSEEREEEssmssmm TTTTTT 5
l Annealing
DNA N,
3 ——TTTTTT 53 S e— T TT TT
Primer | Primer 2
l Extension
cDNA
3 e TTTTTT 3 7 e——emm TT TT T]
P ]

Figure 1-7. Schematic illustration of the RT-PCR reaction
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study of gene expression at the RNA level. This technique permits the simultaneous
analysis of a large number of mRNAs from a small number of cells 8 RT-PCR can also
be used as a first step in preparing a cDNA library by RT-PCR of all of the mRNA in a
sample of cellular RNA. After the RT step, the terminal transferase and dATP will be
added into the chamber to synthesize an A tail to the first strand of cDNA. Then PCR will
be carried out using Ts as primer, which will be bound on to the synthetic A tail of first
strand cDNA. Such methods have been successful and it is possible to construct a cDNA
library from a small number of cells. This is important in situations where only small
numbers of cells are available or when the cells of interest can not be propagated (s
There are two fundamental aspects of PCR. One is the enormous amplification
achieved. Theoretically, after the second cycle, the amplification factor for the PCR
reaction is 2 ™', where n is the cycle number. With such extreme sensitivity in PCR,
contamination must be carefully avoided. The other aspect is the specificity. Since the
target region is defined by the flanking primers, the primers will only be specifically
hybridized to a certain region of template DNA under annealing conditions. With such
extremely sensitivity and selectivity, PCR has had a profound impact upon molecular

biology.

[-8-1. PCR Stringency

Stringency relates to the number of mismatched basepairs that can be tolerated
when two nucleic acid molecules come together to form a double-stranded molecule.
Stringency is affected by several variables, including the temperature, salt concentration

and pH of the hybridization reaction 3%, The higher the stringency of the reaction, the
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less likely it is for mismatched basepairs to stay together as a stable double-stranded
molecule **. Under conditions of low stringency, a false-positive reaction might happen.
Thus to avoid false-positive reactions, hybridization conditions particularly ionic

strength, pH and temperature, must be carefully controlled.

[-8-2. RT primers

In RT, only a single primer is required. There are three types of primers that may be
used for reverse transcription, oligo(dT);s.3, random hexanucleotides and specific
oligonucletide sequences. Oligo(dT);2.1g binds to the endogenous poly (A) tail at the 3’
end of mammalian mRNA. This primer most frequently produces a full length cDNA
product, unless hairpin structure interferes with the reverse transcription. Random
hexanucleotides can bind to mRNA template at any complementary site and will give
partial length (short) cDNA. Template secondary structure means that the structure near
the 5’ end is often not reverse transcribed, so the random primers are often better at
ensuring some partial length representing of the 5’ end will be present. Specific
oligonucleotide sequences can be used to selectively prime the RNA of interest. In
chapter 2. since the eventual goal is to build cDNA library, the oligo(dT)>.;s primer is

the best choice for RT primer.

[-8-3. PCR primer design

The specificity of the PCR reaction depends on the primers. Choosing an effective

primer for PCR is crucial in practice. The following factors are important.
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e Primers should be 17 to 30 bases in length. Longer primers may cause poor annealing
efficiency for PCR, while shorter primers may effect the specificity of PCR.
e The GC content is close to 50%. A low GC content of the primer might cause a lower
melting temperature.

e A sequence with long runs of a single nucleotide should be avoided.
e Primers which may form significant secondary structure are undesirable.
e There should be no complementary binding between the two primers.
When TRNA is extracted from tissue using Trizol reagent, it is possible that the extract
may be contaminated with genomic DNA. PCR can not discriminate between cDNA
targets synthesized by reverse transcription and genomic contamination. The critical
aspect in RT-PCR primer choice, with respect to minimizing the problems associated
with DNA contamination, is to design primers that will cross the intron/exon boundary in
genomic DNA. This will result in a PCR product from genomic contamination that will
be larger in size than the product generated from cDNA. In this thesis Drosophila
Melanogaster was used as the mRNA source. The sequence information showed that the
two 22 bp primers selected for the PCR amplification of the bicoid mRNA gene (2456
bp) would give a 699 bp RT-PCR product, while the bicoid genomic DNA (5130 bp)
would give a 1214 bp PCR product. As a result, the CGE detection of the PCR product
would distinguish the PCR amplification of cDNA from that of contaminated genomic
DNA. The sequence information for bicoid mRINA and bicoid genomic DNA are given in

Appendix [.
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1-9. cDNA library construction

Genomic DNA and mRNA provide two sources of genetic information. To
supplement information obtained by studying clones of genomic DNA, it is essential to
be able to clone the expressed RNA products encoded by genomic DNA. This has been
accomplished by using viral reverse transcriptase to synthesize complementary DNA
(cDNA) copies of RNA % Introns (non-coding sequences) will be spliced out during
formation of mRNA, so that it will contain a contiguous coding region. Thus, cDNA
lacks the intron sequences that are usually present in corresponding genomic DNA. The
position of intron/exon boundaries can be assigned by comparison with the cDNA
sequence if the sequence of genomic DNA is known. In the field of functional genomics,
cDNA cloning is carried out if information about temporally regulated gene expression in
development or in tissue-specific gene expression is needed ¥. It is also possible to
screen a cDNA library to identify cDNA clones from mRNA molecules present in one
cell type but absent in another cell type, by using differential screening procedures.

There are three major classes of RNA in TRNA: rRNA, tRNA and mRNA. To
construct a cDNA library, mRNA is first isolated from TRNA and then serves as a
template for cDNA synthesis (reverse transcription). A typical mammalian cell contains
about 20 pg of RNA (3.6 x 10'° nucleotides), so that the content of mRNA within the cell
is approximately 5 x 10® nucleotides (assuming that mRNA represents about 1.5% of the
RNA in the cell)®®. Because the average mRINA has a size of about 2000 nucleotides, this
means there are approximately 400,000 mRNA molecules per cell. It has been estimated
that there are more than 10,000 and possibly as many as 20,000 different mRNA’s per

cell, with any given mRNA represented from one to thousands of times per cell.
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The technology for preparing useful cDNA libraries has advanced remarkably.

These technical advances include:

I. Simple and effective methods for isolating intact RNA.

2. Better quality preparations of many enzymes required for converting RNA to cDNA
clones.

3. Better methods for converting single-stranded to double-stranded cDNA with ends
suitable for ligating to a vector.

4. The availability of more efficiently cloning vectors.

As a consequence, the construction of cDNA libraries is now feasible for most

laboratories.

[-9-1. Preparation of mRNA for cDNA cloning

It is possible to isolate mRNA from TRNA using oligodT coated solid phase
support. Since mRNA has a poly A tail it will be captured, while rRNA and tRNA. which
don not have a poly A tail, will be washed away. To construct a cDNA library, mRNA
must serve as a template for reverse transcription. Clearly, the higher the concentration of
the sequences of interest in the starting mRNA, the easier the task of isolating relevant
cDNA clones becomes. Therefore, it is worthwhile to ensure that sufficient, high quality
mRNA is available. Since the cDNA library cannot be better than the mRNA from which
it is derived, it is important to check the integrity of the preparation of mRNA before it is
used as a template for first strand cDNA synthesis. Typically isolated mRNA is analyzed

by gel electrophoresis to assess the quality.
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1-9-2. Synthesis of the first strand of cDNA

A schematic illustration of synthesis of the first strand of cDNA is shown in Fig.1-8.
There are two different reverse transcriptase used during first strand cDNA synthesis:
Avian reverse transcriptase, which is purified from particles of an avian retrovirus, and

5" cap structure murine reverse transcriptase, which

mRNA L. . .
\_——AAA(A)n 3 is isolated from a strain of E. coli

5" cap structure oligo(dT)iz-13 that expresses a cloned copy of the
VYWAW
\ mRNA
AAA(AN 3’ .
(A3 reverse transcriptase gene of the
dATP . . .
dTTP Moloney muring leukemia virus.
dGTP
dCTP

The avian enzyme consists of two

polypeptide subunits that carry

3 cap structure

TVWVWWAWVY
;AAA(A).: 3 several enzymatic activities: RNA-

¢ dependant synthesis of DNA, DNA-

dependant synthesis of DNA, and

=1

\-———AAA(A),, 3 endonucleolytic attack on the RNA

cDNA:mRNA hybrid

§

moiety oi DNA:RINA hybrids
Figure [-8. Synthesis of the first strand of

cDNA using an oligo(dT) primer and reverse followed by processive
transcriptase.
exonucleolytic removal of
ribonucleoside triphosphates

(tNTPs). The high level of RNase H activity tends to suppress the yield of cDNA and to
restrict its length when avian enzyme is used to synthesize cDNA. The murine enzyme
consists of a single polypeptide subunit that carries out both RNA- and DNA-dependant

synthesis of DNA, but has a reduced capacity to degrade RNA in DNA:RNA hybrids.
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Preparations of murine reverse transcriptase lack the contaminating endonuclease
activity. Thus, the murine enzyme, is a safer choice when attempting to obtain full-length
cDNA copies of mRNAs larger than 2-3 kb in length. For cloning cDNA, a primer is
required to initiate synthesis of DNA. The most frequently used primer is oligo(dT);>.s,
which binds to the poly (A) tails of mRNA. The primer is added to the reaction mix in
large excess, so that each molecule of mRNA binds several molecules of oligo(dT);o.s-
Priming of cDNA synthesis probably begins from the most proximal of these bonded
primers and is very efficient.

The secondary structure (hairpin formation) of mRNA plays an important role in
cDNA synthesis. The length of the cDNA synthesized by reverse transcription is limited
by the mRNA secondary structure. Because both enzymes mentioned above need fairly
low temperature for reverse transcription, the presence of hairpin is a significant problem.
Thus a denaturing step for mRNA is important before use, mRNA is first denatured by
applying high temperature, then it is cooled on ice to reduce hairpin formation. However,
some hairpins return during cooling, resulting in poor quality of cDNA. Therefore,
enzymes which work in a higher temperature range would be beneficial, although the cost

could be high.

1-9-3. Synthesis of the second strand of cDNA

There are three methods to synthesize second strand cDNA. self-priming,

replacement and primed synthesis of the second strand of cDNA.
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[-9-3-1. Self-priming:

The 3’ end of single stranded cDNA is capable of forming hairpin structures that can
be used to prime the synthesis of the second strand of cDNA by reverse transcriptase. To
allow these structures to form, it is necessary to denature the DNA:RNA hybrid

molecules by boiling or hydrolyzing RNA with OH".

[-9-3-2. Replacement:

In this method, the product of first-strand synthesis, the cDNA:mRNA hybrid is used
as a template for a nick-translation reaction. Rnase H produces nicks and gaps in the
mRNA strand of the hybrid, creating a series of RNA primers that are used by E. coli
DNA polymerase I during the synthesis of the second strand of cDNA. Most cDNA
libraries are constructed using a replacement reaction to synthesize the second strand of

cDNA.

[-9-3-3. Primed synthesis:

Sometimes, if it is necessary to clone the S5’-terminal sequences of eukaryotic
mRNA, the primed synthesis method is used. After completion of the first strand cDNA
synthesis, terminal transferase can be used to add homopolymeric tails of dC residues
(often referred to homopolymeric tracts) to free 3’-hydroxyl groups. This tail is then
hybridized to oligo(dG), which serves as primer for synthesis of a full-length second
strand of cDNA. The 5’ cap structure of mRNA may be removed before second strand

cDNA synthesis.
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1-9-4. Molecular cloning of double stranded cDNA
[-9-4-1. Homopolymeric Tailing

One of the most commonly used procedures for cloning cDNA is to add the
complementary homopolymeric tracts to double-stranded cDNA and to the plasmid
vector. The vector and the double-stranded cDNA are then joined by hydrogen bonding
between the complimentary homopolymers to form open circular hybrid molecules
capable of transforming E. coli. Usually, all ¢cDNA cloning is carried out by
homopolymetic dG:dC tailing: dC residues are added to the double-stranded cDNA, and
complementary dG residues are added to a plasmid vector that is digested with PsrI. This

enzyme cleaves the sequence

{
5’ CTGCAG 3’
3’ GACGTC 5’

1

leaving protruding 3’ termini that are ideal substrates for addition of homopolymeric

tails.

[-9-4-2. Synthetic DNA linkers and adapters

Unlike the homopolymeric tailing method, synthetic linkers containing one or more
restriction sites provide an alternative method for joining double-stranded cDNA to both
plasmid and bacteriophage A vectors. Double-stranded cDNA is treated with specific
enzymes to generate blunt-ended cDNA molecules, which are then incubated with linker
molecules in the presence of ligase enzyme to generate cDNA molecules carrying a

polymeric linker sequence at their termini. These molecules are then cleaved at a
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restriction site in the linker, purified and ligated to a vector. which has been cleaved with

a restriction enzyme that generates cohesive termini compatible with those of the linker.

1-9-5. Identification of cDNA clones of interest

There are three methods to screen cDNA libraries: nucleic acid hybridization.
immunological detection of specific antigens and sib selection of cDNA clones (dividing
a large cDNA cloning into several small pool of cDNA, then screening these sibling
pools). Nucleic acid hybridization is the most commonly used and reliable method of
screening cDNA libraries. This method allows large numbers of clones to be analyzed
simultaneously and rapidly, does not require a full-length of cDNA clone or the synthesis
of antigenically or biologically active product in the host cell. Immunological detection
of specific antigens can be used to screen the cDNA libraries constructed using an
expression vector. A specific antibody directed against the protein of interest is employed
to screen the detritus of bacterial lysis.

Hybrid selection and production of biologically active molecules are two methods
involved in sib selection of cDNA clones. These two methods are based on the concept of
dividing a large cDNA library into a manageable number of pools, each consisting of
between 10 and 100 clones. These pools are then tested for the sequence of interest. The
lower complexity of each pool means a larger surface area is available per clone, so that
relatively less sensitive detection methods can be applied to an analysis of complete

cDNA library.
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1-10. Scope of the thesis:

Automation, and the power to integrate multi-functional elements within a
microfluidic device are among the main driving forces for the rapid development of
miniaturized systems. Their applications for genetic analysis have been an area of active
interest.

In Chapter 2, we develop some of the individual components required to ultimately
create an integrated microfluidic device for complementary DNA (cDNA) library
construction. The first two steps required include the isolation and purification of
messenger RNA (mRNA), followed by first strand synthesis of cDNA using reverse
transcription (RT). We describe the use of paramagnetic oligo-dT beads for mRNA
capture within the.z microfluidic channels. A simple Y-intersection flow design mixes
beads and total RNA (TRNA) on-chip to allow capture of the mRNA, and uses a
magnetic field to trap the beads. Initial designs show a capture efficiency of about 26 %
compared to conventional methods. The RT reaction was performed for 2 hours from 30
°C to 45 °C on mRNA bound to the bead bed within the channel and 35 °C gave the best
result. The bead-cDNA complex was then released from the chip and polymerase chain
reaction was employed to amplify the cDNA bound to the beads. Capillary gel
electrophoresis detection of the PCR product indicated that mRNA isolation and cDNA
synthesis could be done on chip.

In Chapter 3, a highly sensitive laser induced fluorescence (LIF) detection system
based on a 635 nm laser diode and cyanine-5 (Cy-5) dye, is described for use with a
planar, microfluidic, capillary electrophoresis (CE) chip. A confocal, epiluminescent

detection system utilizing a photomultiplier tube gave optimum results with a 400 um
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pinhole, an Omega 682DF22 emission filter, a 645 DRLP02 dichroic mirror, a 634.54 £ 5

nm excitation filter, and a Power Technology ACMOS8 635 nm laser operated at 11.2
mW. Using this detector, a microchip CE device with a separation efficiency of 42,000
plates and an etch depth of 20 um, gave a limit of detection of 9 pM for Cy-5. This limit
corresponds to the determination of 4560 injected molecules and detection of 900 of
these molecules, given a probe volume of 1.6 pL and a probing efficiency of 20%. In
contrast, a conventional two lens fluorescence detector yield a limit of detection of 0.1
nM Cy-5.

Chapter 4 provides a brief summary of the previous chapters and future work. The
optimization of the flow design and heating elements to improve the on-chip capture and
RT efficiency will be discussed briefly. Such optimization could be used either to

increase the amount of mRNA captured or to improve the RT reaction conditions.
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Chapter 2. mRNA Isolation and cDNA Synthesis

In A Microfluidic Device For Eventual Integration

of cDNA Library Construction

A version of part of this chapter has appeared in G. Jiang, D.J. Harrison, The Analyst,
2000, /125,2176-2179.
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2-1. Introduction

In this chapter, we describe the first demonstration of the use of Dynal beads with a
poly-T tail for capture of messenger RNA (mRINA) from isolated total RNA (TRNA) and
cDNA synthesis in a flowing stream, within a microchip. Complimentary DNA (cDNA)
library construction plays an important role in molecular biology. The analysis of a
cDNA library should give sufficient information to understand gene regulation in relation
to different levels of gene expression and in terms of tissue-specific gene expression' ™.
In addition, cDNA lacks the intron sequences that are usually present in corresponding
genomic DNA. The position of intron/exon boundaries can thus be assigned by a
comparison of a cDNA sequence with the sequence of genomic DNA. Several steps are
involved in cDNA library construction, including mRNA isolation, fractionation of
mRNA by size in some procedures, first strand cDNA synthesis, second strand cDNA
synthesis, molecular cloning of double-stranded cDNA and the final identification of
cDNA clones of interest’. However, the technology for preparing useful cDNA libraries
is laborious and tedious.

Planar microfluidic devices are capable of performing sample preparation, chemical
and biochemical reactions, separations and analysis, thus creating a laboratory on a chip*
3. Their application in genetic analysis has been extensive, but the focus has been on
performing the polymerase chain reaction (PCR) and/or separation®?.

Planar microfluidics* may eventually be able to provide a miniaturized, integrated
platform for automated cDNA library construction. It may also be possible to reduce

mRNA degradation by adventitious RNase, due to the closed nature of an integrated
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system. Recently, Fan er al’ have described the use of paramagnetic Dynal beads for
dynamic DNA hybridization within a microfluidic device using external magnetic fields
for bead trapping. Synthetic DNA samples with a poly-A tail were used to demonstrate
the hybridization. Ahn and co-workers'® have integrated magnetic traps within

f-12

microfluidic silicon devices for performing immunoassays. Dynal beads have been

extensively used for RNA preparation'*'®, DNA and RNA hybridization'” '3, solid phase

19-21 22-27

sequencing =~ , protein and gene regulation™ ', and solid phase cDNA library
construction’®**. The efficiency of cDNA library construction is improved by creating a
reusable pool of first-strand cDNA coupled to paramagnetic beads®™ *°. Conventionally,
in order to construct a relatively complete cDNA library, 10 pg of mRNA is required as
starting material, which exceeds the capability of a typical chip device. However.
Lambert et al. constructed a cDNA library from 5 ng of mRNA using paramagnetic beads

and PCR™. This suggests it will be possible to perform cDNA library construction on

chip with small amounts of mRNA.

2-2. Experimental
2-2-1. Materials

The PCR  primers (flyl, TGCATTGATATTGGTTCGATTC®, fly2.
CACATGCACA TGCAGTATCCTT?') and DNA marker (®X174 RF DNA/Hae I
fragments) were from Life Technologies (Burlington, ON, Canada). Paramagnetic oligo-
(dT)a2s beads (Dynal beads, supplied as a suspension containing 3.3x10® beads/mL with a
bead diameter of 2.8 um), RT-PCR kit and RNA marker (0.28-6.6 kb) were purchased

from Dynal Inc. (Lake Success, NY, USA), Perkin-Elmer (Mississauga, ON, Canada)
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and Sigma, respectively. The mRNA binding buffer (20 mM Tris-HCI (pH 7.5, Sigma),

1.0 M LiCl (Sigma), 2 mM EDTA (Sigma)), washing buffer (10 mM Tris-HCL (pH 7.5).
0.15 M LiCl. I mM EDTA), and elution solution (10 mM Tris-HCI (pH 7.5)) were
prepared using diethylpyrocarbonate-treated water (DEPC, Amersham Pharmacia
Biotech, Inc. Québec, Canada). The running buffers used for capillary gel electrophoresis
(CGE) detection of DNA and RNA were 0.5 x Tris-Borate-EDTA buffer (TBE: 45 mM
Tris (Fisher Scientific), 45 mM Boric-acid (BDH, Toronto, ON, Canada), ImM EDTA)
and 1 x MOPS-EDTA-Sodium Acetate buffer (Sigma, 40 mM MOPS. 10 mM Sodium
Acetate, | mM EDTA) with | M formaldehyde (Sigma), respectively. Ethidium bromide
(Molecular Probe Inc., Eugene, OR, USA) was employed to stain DNA and RNA when
using CGE for detection.

A Progene Thermo-cycler (Mandel Scientific Company Ltd., Guelph, ON, Canada)
was used to perform RT-PCR. A syringe pump (Harvard Apparatus, Québec, Canada)
was applied at the end of the channel on the chip to create a negative pressure. The
magnets (D38428) used to trap the beads were from Edmund Scientific (Barrington, New
Jersey, USA). CGE was performed on a Beckman P/ACE 5000 equipped with a 488 nm
laser module LIF detector, 580DF40 (Omega) filter and 488 nm notch filter. A 27 cm (20
cm to detector) long, 50 pum i.d. fused silica capillary filled with 0.4% hydroxy-
propylmethyl-cellulose (HPMC, Sigma), operated at 5 or 10 kV, was used for detection
of RT-PCR product (699 bp) with a 5 kV, 5 s sample injection. A 47 cm (40 cm to
detector) long, 50 pum i.d. fused silica capillary filled with 0.15% denaturing
(formaldehyde) HPMC, operated at 15 kV, was used for detection of mRNA isolated

directly from the chip, with a 10 kV, 5 s sample injection.
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Total RNA was extracted using Trizol reagent (Life Technologies) from
Drosophila Melanogaster in this study. Adult Drosophila Melanogaster (850 mg) and 8
mL Trizol reagent were put into a Glass-Teflon homogenizer. After homogenizing and
incubating, 1.6 mL of chloroform (Sigma) was added to achieve phase separation. The
colorless, aqueous RNA phase was transferred to a 1S mL centrifuge tube, 4 mL of
isopropyl alcohol (Sigma) was added to precipitate RNA, then 8 mL 75% ethanol
(Sigma) was used to wash the RNA pellet. The RNA was dissolved into DEPC-treated
water after being air-dried. The integrity of the total RNA was checked by both

denaturing CGE and denaturing slab gel electrophoresis (Figure 2-1). Both methods

1383
1908
2604
3638

281
623
925
4981
6583

RFU

.-—*—M—. RNA marker
i, N J L TRNA

¥ 4 0 T T T T T T

Migration Time (Min.)

tRNA IRNA
* I G 4 )

Slab denature gel electrophoresis image of TRNA

Figure 2-1. Capillary denaturing electrophoresis and slab
denaturing gel electrophoresis testing the integrity of the TRNA

illustrated that the TRNA was intact and had good integrity. Whole body extraction of

TRNA from Drosophila Melanogaster typically produces a three bands by CGE.
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Extractions from embryos or the ovum give the characteristic two peak profile,
representing 18s and 28s rRNA, that is seen for most organisms. The concentration of the
TRNA was measured by Pharmacia Gene Quant (LKB Biochrom, England). The yield

for the TRNA extraction was 0.5% weight ratio of TRNA to Drosophila Melanogaster.

2-2-2. Device Fabrication

There are several steps involved in device fabrication, such as metal deposition.
photolithography, etching and bonding. Figure 2-2 illustrates a single mask fabrication
process. The glass substrate, which was ultrasonically cleaned with acetone. deionized
water, was coated with a Cr film by vapor deposition to form an adherent layer. Au film
was then deposited on the Cr-glass substrate to serve as a mask for the HF/HNO3/H,O
etching of glass substrate. The trace organics were then removed in H,SO,4 (98%): H»O»
(30%) at a volume ratio of 3:1. A layer of positive photoresist was then spin coated on the
Au-Cr-glass substrate (Fig.2-2, a) with a Solitec Photoresist Coater/Developer. After soft
baked at 120 °C for 30 min., aligned with the master mask, which was manufactured by
the Precision Photomask (Ottawa, Canada) with L-Edit designed layout, the substrate was
exposed to the UV light for couple seconds (Fig.2-2, b). The exposed photoresist was
then removed by the developer (Fig.2-2, c). After hard baking of the substrate at 120 °C
for 30 min, the exposed Au, Cr were removed by gold-etchant and Cr-etchant,
respectively (Fig.2-2, d, e). The exposed glass was then etched by HF/HNO3/H»O, the
depth of the etching could be controlled by the etching time (Fig.2-2, f). The unexposed
photoresist, metal (Au-Cr) layer were then removed afterwards by using acetone, Au-

etchant and Cr-etchant respectively (Fig.2-2, g). After drilling 1.9 mm diameter access
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holes in the cover plate, it was thermally bonded to the etched glass substrate to form an
enclosed fluidic device. The bonding conditions are illustrated as following:

For Pyrex glass, the temperature was held at 550 °C for 30 min, 610 °C for 30 min, 635
°C for 30 min and 650 °C for 6 hours; For 0211 glass, the temperature was held at 440 °C

for 30 min, 473 °C for 30 min, 592 °C for 6 hours and 473 °C for 30 min.

LR oo

Mask
Photoresist
Au
Cr
Glass

a) The glass substrate i i
Snzetal Cs Au and Pholorles:s‘i::ta ted with (b) The photoresist is exposed to the UV light

T

:) The region of phatoresist which is exposed (d) The exposed Au is remove using Au ecthant
to the UV light, is removed by developer

—= N N N

1) The exposed Cr is remove by Cr etchant (f) The exposed glass is etched using HF/HNO3/H20

r_\}_kJ_]

(g) The remaining photoresist, Au and Cr are remcved by
acetone, Au echant and Cr echant respectively

Figure 2-2. The procedure for photolithographic fabrication of glass device.
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Two devices with different feature width were used. One is for mRNA isolation
on chip (Figure 2-3)32, and the another is for mRINA isolation and cDNA synthesis
(Figure 2-4). The device channels were etched 30 um deep with a 200 (150) um feature
width in the mask, giving about 260 (226) um width at the top. A simple Y-intersection
fluidic device was employed (Figure 2-3, 2-4). One set of magnets (D38428, Edmund
Scientific, Barrington, New Jersey, USA) were placed along the channel to capture the
mRNA loaded beads (bead-mRNA). A syringe pump (Harvard Apparatus, Québec.
Canada) was connected to the end of the channel to draw the solution through the
channel. The adhesive heater strip (HK5565R10.0L12B, MOD-TRONIC, Brampton,

Ontario, Canada) was placed underneath the device (Fig.2-4) to adjust the temperature.

a) Top view
#1

-
>

) |
02t Syringe pump

#2A'

b) Side view 5 S

1.2

N/

Magnets

Figure 2-3. Layout of the Y-channel fluidic chip, fabricated in 0.6 mm thick
Corning 0211 glass. Dimensions are indicated in mm. A syringe pump was
operated in negative pressure mode to draw solution from reservoirs #1 and #2.
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The heater was connected to a home made power supply via a temperature controller
(16A3030992, MOD-TRONIC, Brampton, Ontario, Canada). A Resistive Temperature
Detector (RTD, S651PDZ40B, MOD-TRONIC, Brampton, Ontario, Canada) was placed
on the top of the device, above the heater, to monitor the temperature and provide
feedback to the controller. The chip device was heated at 180 °C in the oven for 5 hours

before use, in order to sterilize it.

a) Top view
29
S >
14.7 y 1
0.15 4 Syringe pump
e
Magnet

RTD
\ /10
j.‘_' e
—»| |&

b) Side view

/N

Heater Magnet

Figure 2-4. Y-intersection device for mixing of beads, sample and RT reagents. Magnetic
Oligo(dT) beads are trapped by magnets. A resistive heater is placed underneath the
channel with a resistive temperature detector (RTD) above the channel. The RTD is
connected to a temperature controller that operates the heater. A syringe pump was
employed to drive the solution through the chip. Dimensions are indicated in mm.
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2-2-3. Operation procedure
2-2-3-1. mRNA isolation on chip

a) Introducing TRNA and beads on chip

Throughout the text the volume of the original bead slurry is reported. This
volume was always further diluted before introduction to the chip. The beads were
washed twice using binding buffer, then diluted in 0.5 x binding buffer to form a slurry
10 times lower in concentration than the original slurry. Typically, the TRNA was diluted
in 0.5 x binding buffer to 0.17 ug/ulL., heated at 65 °C for 5 min., then cooled on ice to
denature. After rinsing the channel with DEPC-treated water, reservoir #1 was filled with
[0-100 pyL of the diluted Dynal bead slurry, while the other was filled with TRNA
solution. Two sets of magnets were placed along the channel: the first set to capture the
beads; and the second set to capture escaped beads. A syringe pump was connected to the

end of the channel and a flow rate of 2 ul/min was applied. Figure 2-5 illustrates the

Total RNA + Dynal bead

rRNA Seessssessss 3'
tRNA Sussssssssssss 3 ””””\‘I

MRNA 5'eessss——AAAAA 3'

mRNA

5' IERAEREEEE AAAAAAAAA
[N ——» RT-PCR

1
TTTTTTTTT

rRNA 5 sossssessss 3

, —»  Wash away
tRNA 5 s 3

Figure 2-5. Cartoon illustrating the affinity purification of mRNA from total RNA using
paramagnetic, poly-T coated Dynal beads. Reverse transcription-polymerase chain reaction.
RT-PCR, may then be used to amplify the presence of a target gene.
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protocol for mRNA isolation from total RNA (TRNA), which was extracted from

Drosophila Melanogaster. Dynal beads oligo-d(T)»s. which are uniform, 25 nucleotide
long chains of deoxythymidines covalently linked to their surfaces via a 5’ linker group,
are used to capture mRNA from TRNA using mRNA binding buffer. Most mRNA has a
poly-A tail, which will hybridize with the poly-T chain of the Dynal beads. Transfer
RNA (tRNA) and ribosomal RNA (rRNA), which do not have the poly-A tail, are
removed with a washing buffer. This protocol is conventionally performed in micro-
centrifuge tubes using a magnetic field for trapping the beads. The procedure may be
adapted to mRNA isolation in a flowing stream within a simple microfluidic device. One
inlet was used for sample, the other for a slurry of the Dynal beads. A syringe pump was
operated in negative pressure mode to draw the solution from the two upstream reservoirs
toward the Y-intersection. Laminar flow would prevent significant mixing of the two
streams. However, the magnets placed downstream trap the Dynal beads across the width
of the channel, forcing the TRNA stream to mix with the beads and be captured.
Typically, 2-6 uL of Dynal beads (original slurry) was used; about 1-3% of the quantity
used off-chip. The maximum mRNA capture capacity of the Dynal beads is about 0.01

g/uL of original bead slurry'?. Adjusting the flow rate was crucial for the experiment,
since the beads did not remain in place when the flow rate was too high. The maximum
usable flow rate was 4 uL/min. About 20 min was required to pull the beads and sample
through the chip at 2 uL/min. After the TRNA and bead solutions in the reservoirs were

all delivered into the channel, the flow was stopped.
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b). RT-PCR amplification of bicoid gene:

The mRNA loaded beads (bead-mRNA) are brought to the exit reservoir using the
magnet and transferred to a microvial using a gel-loading micro pipet tip. The bead-
mRNA were washed with washing buffer and the isolated mRNA strands were reverse
transcribed into cDNA. The bicoid gene was then amplified by PCR. This RT-PCR
process took place in a single reaction tube. Reverse transcription solution (20 pL) was
placed in the tube, which contained bead-mRNA from a chip, 5 mM MgCL,, 50 mM
KCIL, 10 mM Tris-HCI, | mM dGTP, | mM dATP, | mM dTTP, | mM dCTP, 1 U/uL
RNase inhibitor, 2.5 U/UL MuLV Reverse Transcriptase and 2.5 uM oligod(T);s. The
tube was incubated at room temperature for 10 minutes, to allow the extension of
oligod(T);¢ by reverse transcriptase. These extended primers (oligodT) remains annealed
to the RNA template upon raising the reaction temperature to 42 °C*3. The tube was
incubated in the Thermal Cycler as follows (Table 2-1):

Table 2-1. The conditions for RT:

Step Temperature Duration
Reverse transcribe 42 °C 60 Minutes
Denature 99 °C S Minutes
Cool 5°C S Minutes

After the RT step, the tube was removed from the Thermal Cycler. Then 78 pL of a PCR
master mix, which contained 4 uLL 25 mM MgCl,, 8 uL. 10x PCR buffer (500 mM KCI.
100 mM Tris-HCIl), 65.5 uL DEPC-H,0 and 0.5 uLL 5 U/uL AmpliTaqg DNA Polymerase,

together with | uLL 30 uM fly! primer and | puL 30 uM fly 2 primer, were added into the
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RT tube to give a 100 pL final volume. The tube was then placed into a Thermal cycler to
run PCR cycles as follows (Table 2-2):

Table 2-2. The conditions for PCR

Initial step, 1 cycle 35 cycles each Final step
Meit Anneal-Extend
120 second, 95 °C | 60 second, 95 °C 60 second, 60 °C 7 minutes, 72 °C

c). Capillary gel electrophoresis (CGE) detection of PCR product.

The 35 cycle PCR product was detected using a Beckman P/ACE 5000 equipped
with a 488 nm laser module LIF detector, for CGE detection. A 27 cm long, S0 um i.d.
fused silica capillary filled with 0.4% hydroxy-propylmethyl-cellulose (HPMC, Sigma)
using pressure separation mode, operated at 5 or 10 kV, was used for detection of PCR
product (699 bp) with a 5 kV, 5 s sample injection. Ethidium bromide, which was used to
stain DNA molecules during the DNA separation, was added into 0.4% HPMC gel and
0.5x TBE running buffer with a concentration of 1.5 pg/mL. A 580DF40 (Omega) filter
and 488 nm notch filter were used, since the ethidium bromide-DNA complex will give

maximum fluorescence at 600 nm.

d). Denaturing capillary gel electrophoresis detection of mRNA

In order to check the integrity of mRNA isolated on chip, denaturing capillary
gel electrophoresis was employed to detect the mRNA isolated from the device. A 47 cm
long, 50 um i.d. fused silica capillary filled with 0.15% denaturing (formaldehyde)

HPMC, operated at 15 kV, was used for detection of RNA (mRNA, TRNA, RNA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50
marker) with a 10 kV, 5 s sample injection. Unlike the CGE detection of PCR products,
ethidium bromide was not added into the gel and buffers in this case. The sample was
mixed with the RNA loading buffer (62.5% deionized formamide, 1.14 M formaldehyde.
1.25x MOPS-EDTA-sodium acetate buffer, 200 pg/mL bromphenol blue, 200 pg/mL
xylene cyanole and 50 pg/mL ethidium bromide, Sigma) in a ratio of 2 to 3. Just before
loading, it was heated to 65 °C for 10 minutes, then chilled on ice. A 488 nm laser
module LIF detector with 580DF40 (Omega) filter and 488 nm notch filter were used for

fluorescence detection.

2-2-3-2. mRNA isolation and cDNA synthesis on chip

a).mRNA isolation on chip.

The Dynal beads were washed twice using binding buffer, then diluted in 0.5 x
binding buffer to form a slurry 4 times lower in concentration than the original slurry.
Typically, the TRNA was diluted in 0.5 x binding buffer to 0.5 pug/uL, heated at 70 °C
for 5 min., then cooled on ice to denature. After rinsing the channel first with DEPC-
treated water, then with 0.5x binding buffer, reservoir #! was filled with 80 pL of the
diluted Dynal bead slurry, while the other was filled with 80 uL. TRNA solution. One set
of magnets were placed along the channel to capture the bead-mRNA. A syringe pump
was connected to the end of the channel and a flow rate of 1.5 uL/min was set for a 30
min period. The volume of fluid within the syringe pump was checked and found to be
consistent with the flow rate setting. Figure 2-6 illustrates the protocol for mRNA
isolation and RT reaction on chip. Dynal beads Oligod(T)»s are used to capture mRNA

from TRNA. The poly A tail of mRNA will hybridize with poly T chain of the Dynal
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beads through hydrogen bonding. The beads and captured mRNA were trapped by the

magnetic field created by the magnets.

Total RNA + Dynal bead
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MRNA 5’ eomesmsaam AAAAAAAAA 3

RNA 5 sasesssssss 3’
F =  Washaway

tRNA 5 -aaasepessssmm 3’
mRNA 5" D A AAAAAAAA 3

Reverse transcription

mRNA 5 _?,?A?A;A/}/}r} 3
[ | ]
¢DNA 3’ e T TTTTTTTT . 5

Figure 2-6. Cartoon illustrating the affinity purification of mRNA from rotal RNA
& cDNA synthesis using paramagnetic, poly-T coated Dynal beads. Polymerase
chain reaction, PCR, may then be used to amplify the presence of a target gene.

b).Washing step prior to on-chip RT

The rRNA and tRNA do not have the poly-A tail. As a result, they will not
hybridize on the surface of the Dynal beads and are washed away (Figure 2-6). The
remaining solution in both reservoirs in step (a) was then removed and the reservoirs
were washed with DEPC-treated water three times, followed by three rinses with washing
buffer. After both reservoirs were filled with washing buffer, a 1 ul/min flow rate was

applied for 1 min with the syringe pump. The flow was then stopped and the magnets
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were normaliy moved back and forth along the channel to enhance the washing
efficiency. Then the 1 puL/min flow was restarted for 1 min with the magnets fixed in
position. This procedure was repeated 10 times, giving a total flow time of 10 min.
During the washing steps, extreme caution must be taken not to introduce air bubbles

while changing solutions in the reservoirs.

c). Washing the bed using RT buffer:

The EDTA in the washing buffer will bind to the Mg2+ in the RT buffer. as a result.
reverse transcription may not occur. The EDTA was eliminated by introducing RT buffer
(5mM MgCls, 50 mM KCI. 10 mM Tris-HCl, 1 mM dATP, | mM dTTP. | mM dCTP.
ImM dGTP, | U/uL. RNase inhibitor and 2.5 uM oligo(dT),e) to wash all reservoirs.
channels and the bead bed. The remaining solution in both reservoirs was removed and
the reservoirs were first washed with DEPC-treated water three times, then with RT
buffer three times. After both reservoirs were filled with RT buffer, a | pL/min flow rate
was applied for | min with the syringe pump. Then the flow was stopped and the magnets
were moved back and forth along the channel to enhance the washing efficiency. Then
the 1 pl/min flow was restarted for | min. The same procedure was repeated 10 times.

giving a total flow time of 10 min.

d). cDNA synthesis on chip (RT reaction).

I pL MuLV Reverse Transcriptase per 10 pL RT buffer was added into both
reservoirs. The adhesive heater strip was placed underneath the device (Fig.2-4) to adjust

the temperature. The heater was connected to a home made power supply via a
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temperature controller. An RTD was placed on the top of the device, above the heater. to
monitor the temperature and provide feedback to the controller. The reaction temperature
was set to 35 °C. A flow rate of 0.5 uL/min was applied for 5 min. Then the flow was
stopped and the magnets were moved back and forth along the channel. Then the 0.5
plL/min flow was restarted for 5 min with the magnets fixed in place. The same procedure
was repeated 24 times. The total reaction time was 2 hours. The beads with hybridized
cDNA were brought to the exit reservoir using the magnet while flow was stopped. They

were then transferred into a PCR reaction vial using a gel-loading micro pipet tip.

e). PCR amplification:

PCR mix was added into PCR reaction vials along with the beads with hybridized
cDNA obtained from the device. Each 20 pLL PCR mix contains 0.3 uM flyl primer, 0.3
UM fly2 primer, 2 mM MgCl,, 50 mM KCl, 10 mM Tris-HCI, 0.2 mM dATP, 0.2 mM
dTTP, 0.2 mM dCTP, 0.2mM dGTP, and 1 U AmpliTAQ DNA polymerase. PCR
amplifications were performed for 35 cycles using a Progene Thermo-cycler. Each cycle
consisted of denaturation for 1 min at 94 °C, annealing at 60 °C for | min and extension
for 1 min at 72 °C. In order to reduce the non-specific amplifications, hot start PCR (the
vial is raised to 94 °C before adding the DNA polymerase) was employed for all PCR

amplifications.

). CGE detection:

The 35 cycle PCR product was detected using Beckman P/ACE 5000 equipped with

a 488 nm laser module LIF detector, S80DF40 (Omega) filter and 488 nm notch filter for
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CGE detection. A 27 cm long, 50 um i.d. fused silica capillary filled with 0.4% hydroxy-
propylmethyl-cellulose (HPMC, Sigma), operated at 10 kV, was used for detection of

PCR product (699 bp) with a 5 kV, 5 s sample injection. The Ethidium bromide

concentration in both the 0.4% HPMC gel and 0.5x TBE buffer was 1.5 pg/mL.

2-3. Results and Discussion
2-3-1. Optimizing PCR conditions
2-3-1-1. Mg** concentration

Mg™* affects the PCR reaction in the following manner:
1). It forms a soluble complex with ANTP, which is essential for ANTP incorporation.
2). It stimulates polymerase activity.
3). It increases the melting temperature (T;) of double-stranded DNA and the
primer/template interaction.
The concentration of Mg?* can have a dramatic effect on the specificity and yield of PCR.
Insufficient Mgz*' leads to low yield, while excess Mgz‘* will result in the accumulation of
non-specific products. The optimal Mg** concentration has to be determined by
experiment. The Mg?* concentration was varied from 1 to 4.5 mM. The product peak
height increased up to 2 mM. However, above 2 mM multiple product peaks were

observed. Therefore, 2 mM Mg** concentration was used in all PCR experiments.
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2-3-1-2. Annealing temperature
The annealing temperature for PCR varies for the different primers. The suitable
annealing temperatures are approximately related to the melting temperature of the

primers (Tr,). The formula is :

Tm =81.5 +16.6(Log[Molar Na*1)+41(%GC)-675/primer length for primer > 10 base

For the PCR amplification used in this study, Na* is 0.05 M and the primer length is 22
bases. Tm for the flyl primer (%GC=36) was calculated to be 44 °C, and for the fly2
primer (%2GC=45) it was 48 °C. Five annealing temperatures (45-65 °C) were tested in
this study (Figure 2-7). A 60 °C annealing temperature was chosen in the following PCR

amplifications because it gave maximum PCR yield.

i

— &

545000

[V

<

=

=]

2

= 30000+

<

<

a

w

a

o

150001

e 2
T T A3 T T
45 50 55 60 65

Anneal Temperature (°C)

Figure 2-7. The peak height of PCR product detected by CGE versus
annealing temperature. Error bars show the standard deviation of 3
replicate CE runs on one sample.
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2-3-1-3. Primer concentration:

The Primer concentration has an effect on the PCR amplification efficiency. Figure

2-8 shows the relationship between the primer concentration and the PCR product peak

CGE peak height (RFU)

CGE Peak Height (RFU)
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Figure 2-8. The peak height of PCR product detected by CGE versus primer
concentration, shown for two independent trials. Error bars show the standard

deviation of 3 replicate CE runs on one sample.
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height detected by CGE. The results illustrated that both insufficient and excess primer
concentration give lower PCR yield. Insufficient primers in the PCR mix might cause
low annealing efficiency during PCR amplification, while excess primer may cause
competition between the target and primer, and as a result reduce the annealing
efficiency. The optimal primer concentration was chosen as 0.3 uM since at this

concentration, the PCR amplification yield was a maximum.

2-3-2. mRNA isolation

The primers used for PCR defined a 699 basepair long DNA fragment from the
bicoid gene (2.6 kb), which is a rare gene in Drosophila Melanogaster. That is, the
mRNA for the gene is in low abundance. The electropherograms of the primers shown in

Figure 2-9 illustrates that only short DNA

E
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\ oligomers are present in the commercially

§ DNAldder  prepared primers. Capillary gel
- /\ Pimerfy2 - electrophoresis was employed to detect the
‘\‘___:_JL——-‘ Primer flyl p
o 1 2 3 4 5 PCR product. Figure 2-10 shows the
Migration time (min.) electropherograms of a standard DNA
Figure 2-9. Electropherograms of PCR
primers and DNA ladder. marker, and of the RT-PCR product of

mRNA isolated on chip. Observation of the 699 bp RT-PCR product showed that the
rare bicoid gene could be captured by Dynal beads on a chip device. Trace A shows the
electropherogram of 50 ng/ul. DNA marker. Trace B illustrates the electropherogram of
the RT-PCR product (699 bp), prepared from 5 ug TRNA and 3 pL of original bead

slurry  introduced on-chip. Trace C shows the RT-PCR product prepared
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Figure 2-10. Capillary gel electrophoresis of A) standard DNA ®X174 RF DNA/Hae
Il fragments (intensity x 0.1 for comparison); B) RT-PCR amplification of bicoid
gene isolated on chip from 5 ug of TRNA; C) as in B except isolated from 0.85 ug of
TRNA; D) RT-PCR of blank sample showing only primer-dimer formation.
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Figure 2-11. The peak height observed by CGE for the rare bicoid gene, obtained by
RT-PCR of mRNA captured on chip, is shown as a function of the TRNA mass. The bead

slurry volume was constant at 6 yL of the original slurry, giving a maximum mRNA
capacity of about 60 ng. Error bars show the standard deviation of 3 replicate CE runs

on one sample.
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from 0.85 pg of TRNA and 6 pL of the original bead slurry. A negative control for the

RT-PCR reaction (Trace D) shows that when no mRNA template was present, no 699 bp
peak was detected. The control confirms that the 699 bp RT-PCR product was from the
mRNA template isolated on chip. Figure 2-11 shows the relationship between the RT-
PCR product peak height by CGE and the amount of TRNA introduced to the chip. The
amount of beads was constant at 6 pl. (original slurry), so the plot illustrates that the
more TRNA in the device, the more signal could be detected by CGE after RT-PCR.
Using this simple Y-intersection design required a minimum of 0.85 pug of TRNA and 6
uL of original bead slurry to capture and detect the rare bicoid gene with RT-PCR.
Though the amplified mRNA could be detected by CGE, we know little about the
integrity of mRNA captured on chip. Clearly the integrity plays an important role in
cDNA library construction. A preliminary evaluation of the mRNA integrity was done
by performing denaturing capillary gel electrophoresis to directly detect mRNA isolated
on the chip, without the use of RT-PCR amplification. About 44 mRNA capture trials
(20 uL original bead slurry, 34 g TRNA each trial (3 h.)) had to be run on chip and
pooled into one sample in order to accumulate sufficient mRNA for this direct
electrophoresis assay. Figure 2-12 shows the detection of unamplified mRNA isolated on
chip. Trace A shows the electropherogram of a standard RNA marker. Trace B shows
mRNA isolated with Dynal beads off-chip in a conventional fashion. Trace C shows
mRNA isolated with Dynal beads on-chip. A comparison of traces A and D shows that
there can be significant variation in the baseline between runs. This arises because each
injected gel is different. These baseline variations cause a bigger problem at low

concentrations where the S/N ratio is low. In comparing trace B and trace C we ascribe a
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large part of the difference to the gel baseline noise. When off-chip isolated mRNA was
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Figure 2-12. Capillary gel -electrophoresis
(CGE) traces for an RNA marker, for mRNA
isolated off chip using Dynal beads, and for
mRNA isolated on chip using Dynal beads. The
on chip results were obtained by pooling 44
runs. The baseline variations observed were
typical of run-to-run differences seen with CGE
in our hands.

allowed to age in —20 °C for one
week, the two sharp peaks at about
12 min became broader and poorly
resolved. This change is
presumably due to partially
degradation of the mRNA.
Comparison of trace C with B
suggests that degradation of on-
chip isolated mRNA occurred
during the'analysis. However, the
component at Il min remains
intact and a reasonable amount of
the material at 12 min must still be
intact. Since it required ten days to

acquire the 44 on-chip samples. we

believe most of the degradation occurred after isolation, during storage at —-20 °C.

Consequently, the on-chip isolation of mRNA should produce mRNA suitable for

constructing a cDNA library. Further, the broad peak located around 1.8 kbp in trace C

showed that abundant mRNA can also be captured on-chip.

The efficiency of capturing mRNA on the chip is an important parameter

describing the device performance. RT-PCR of mRNA samples isolated on-chip

compared to conventional isolation in a centrifuge tube indicated a 50% capture
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efficiency for the rare bicoid gene. However, RT-PCR is known to exhibit extremely
poor quantitative accuracy, with 5-90% efficiency for the RT step resulting from small
changes in the concentration of mRNA and various salts***. Consequently, we
performed a direct measurement of the total mRNA captured on-chip using CGE. It was
necessary to pool 44 replicate mRNA capture experiments into one sample to obtain
enough for a CGE run. This experiment was performed twice, giving a value of 26% for
on-chip vs. off-chip capture efficiency of total mRNA in both tests. Given the well
known variability of RT-PCR **, these two estimates of efficiency (26% and 50%) are in
agreement, with much greater confidence attached to the lower value. These yields
suggest a better fluid flow design may be needed to obtain a more efficient capture bed.
Nevertheless, the current device is capable of capturing at least the 5 ng of mRNA
required for cDNA library construction using the method of Lambert et al.*, as outlined
below. Fig. 2-11 shows the device required a minimum of 0.85 g TRNA in order to
detect the rare bicoid gene by RT-PCR. We estimate that between 9—40 ng of mRNA was
present in the minimum TRNA sample, given that the fraction of mRNA in TRNA lies
between 1-5%, depending upon tissue type. In fact, off-chip isolation of mRNA with the
Dynal beads gives a value of 1.3%. Using this value of 1.3% and the lower value for the
measured on-chip capture efficiency of 26%, the amount of mRNA we estimate is
captured at the detection limit in Fig. 2-11 is 2.8 ng. At 10 ug TRNA, near the saturation
point seen in Fig. 2-11, the amount of mRNA captured can similarly be estimated to be
34 ng. Consequently, the microfluidic device performance is sufficient to capture more

than the 5 ng amounts of total mMRNA required®.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2-3-3. mRNA isolation and cDNA synthesis

The electropherograms shown in Figure 2-13 illustrate that we are able to do on-

chip mRNA isolation and on-chip cDNA synthesis. Observation of the 699 bp PCR

product showed that the rare bicoid gene could be captured by Dynal beads and cDNA

synthesis could be done on a chip device. Trace A shows the electropherogram of the

DNA marker, mixed with the PCR amplification product of cDNA. The cDNA was

synthesized on chip from mRNA isolated from 10 ug of TRNA using 5 pL of the original

Dynal bead slurry on chip. Trace B illustrates the electropherogram of the PCR product
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Figure 2-13. Capillary gel electrophoresis of
A) DNA marker mixed with PCR amplification
of cDNA synthesized on chip from isolated
mRNA; B) PCR amplification of c¢DNA
synthesized on chip from isolated mRNA,
Dilution with the DNA marker solution reduced
the 699 peak in trace A; C) Negative control
for PCR.

without the DNA marker added.
Dilution with the DNA marker
solution reduced the 699 peak in
trace A. A negative control for the
PCR reaction (Trace C) showed that
when only mRNA template was
introduced to the PCR reaction
without the RT step, no PCR
product was observed. The negative
control confirms that the 699 bp
PCR product was from the cDNA

template synthesized on chip.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

During initial attempts to perform RT on chip, the magnetic bed was not disturbed
by movement of the magnets and there was no PCR product peak using CGE detection
(Figure 2-14). Several possible sources for this failure were considered:

1. The mRNA isolated on chip was degraded.

2. The cDNA synthesis on chip failed.

3. The PCR amplification failed.

4. The CGE detection of the PCR product was not successful.

In each PCR amplification, a positive control for PCR was run together with the sample.
in different PCR tubes. Observation with CGE of the positive control product illustrated
that both the PCR and CGE steps were functioning. The mRNA isolated on chip
previously (Fig.2-12) showed good integrity and could be amplified by off-chip RT-PCR.
As a result we concluded the RT reaction step was not functioning properly on-chip. We

attempted to optimize the on-chip RT

200 7 Q : reaction by varying the concentration of
O
150 1 the reverse transcriptase, evaluating
“'N\Mﬁ A . ) . .
100 A various Mg~ concentrations, trying

RFU

B

different reaction temperatures and
KA ANl w"“i‘” ooyt C

increasing the reaction time.

50

0 1 2 3 4 5

Migration Time (min) Unfortunately, none of these efforts

Figure 2-14. Capillary gel electrophoresis . .
of A) PCR amplification of cDNA 83Ve 2 PCR amplification product. A
synthesized on chip from mRNA isolated on-

chip; B) PCR amplification of cDNA further set of tests was then performed.
synthesized on chip from mRNA isolated on-
chip without moving magnets to cause
mixing; C) Negative control for PCR

In one study, mRNA was isolated on-

chip, followed by off-chip RT and
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PCR. In another, off-chip mRNA isolation was performed on Dynal beads. These were

then introduced into the chip and on-chip RT was performed, followed by PCR.

Observation of the PCR product of both experiments, shown in Figure 2-15, iilustrated

that each on-chip step functioned when performed independently. However, when the

two steps were combined, no cDNA was available for PCR amplification.

We noted that for the two independent steps, the washing steps for the mRNA prior

to performing RT was done off chip. When the mRNA isolation and cDNA synthesis

were combined together on chip, the washing steps were carried out on chip. These
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Figure 2-15. Capillary gel electrophoresis of
A) DNA marker; B). PCR amplification of
cDNA synthesized off chip from on-chip
isolated mRNA ; C) PCR amplification of
cDNA synthesized on chip from off-chip
isolated mRNA.

observations suggested that off-chip
washing was much more efficient
than on chip washing. At this stage
we considered that the magnetically
trapped bead bed might not be
compact enough, which could cause
inefficient washing. The images of
two trapped bead beds shown in
Figure 2-16 and Figure 2-17
illustrated that the bead bed was in
fact poorly packed. The wider channel
shown in Fig. 2-16 was employed in

this study.
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Figure 2-16. The magnetically trapped bead bed inside a 200 um wide channel, 30 um
deep.

Figure 2-17. The magnetically trapped bead bed inside a channel with a 70 um
channel width and 10 um depth.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66

When the pressure was applied, open flow channels formed, creating a phenomenon
known as channeling. The washing fluid could thus pass through the bed zone without
permeating the denser portion of the bed. Most of the beads were not in contact with the
fluid delivered into the reaction channel, causing inefficient washing and mixing. The
magnetically trapped bed structure shown in Fig. 2-17 might be better for washing. The
beads are lined up in rows inside the channel, offering a better chance for contact with the
washing fluid. Unfortunately, as much as ~50 uL of solution must be introduced into the
channel, so that a very long time will be involved if the narrow channel is employed.
Therefore, the wider channel was a better choice. However, this means the channeling
problem wiil have to be addressed.

We concluded the bed needed to be disturbed during the washing steps in order to
properly clean it and mix the RT reagents. Another on-chip mRNA isolation and cDNA
synthesis study was carried out while moving the magnets along the channel about 5 mm

to stir the bed during washing and while delivering the RT mixture. Observation of the

10000 1 3 PCR amplification product (Figure 2-
§ 7500 A1 i
< 13, 2-14) illustrated that the movement
s 3
a. 5000 ] of the magnets during washing and
m
O e .
O 2500 1 delivering steps were the key element

25 30 35 40 45 50 required to enhance the on-chip mixing
RT Temperature (°C) efficiency, which is consistent with the

Figure 2-18. The peak area of CGE  observation of channeling in bead bed
detection of PCR amplification of cDNA

synthesized on chip vs. RT reaction structures.

temperature. Error bars show the standard

deviation of 3 replicate CE runs on one Figure 2-18 shows the relationship
sample.
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between the PCR product peak area by CGE and the on-chip RT temperature. In order to

elucidate the optimal temperature, we performed off chip mRNA isolation, then the bead-

mRNA were introduced and trapped in the channel with magnets, and the RT reaction

was performed at four different temperatures. This study showed that 35 °C was the best

temperature for the RT reaction on chip. Since the temperature sensor was placed on top

of the chip device and the heater was placed right underneath the chip device (Figure 2-

4), it is not easy to estimate the real temperature in the channel. There is a temperature

gradient across the chip substrate, making the temperature in the channel lie between the

temperature of the heating point and the temperature at the sensor point. The optimal

temperature for the RT reaction off-chip was 42 °C, at which the enzyme has its optimal

et pstrsti b il o

RFU

o I { gt A /
5.’"‘}‘."'.'\‘-'AJ\‘l/'L' *qur ‘Mu..\'VL W 'Mf“.\f-q‘*‘!.ﬂ Uy "M'J

0 l 2 3 4 5

Migration Time (min)

Figure 2-19. Electropherograms of A).Hot
start PCR of the cDNA synthesized on-chip
from on-chip isolated mRNA; B). PCR of the
c¢DNA  synthesized on-chip from on-chip
isolated mRNA.

activity. This suggests that the
temperature inside the channel was

around 42 °C when the temperature

sensor showed 35 °C at the chip
surface.

Some primer-dimer peak
was occasionally observed in the
routine PCR amplification of the
cDNA formed by on-chip synthesis.
The use of hot start PCR eliminated
the primer-dimer peak as shown in

Figure 2-19.
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2-4 Conclusion

The present data shows that mRINA can be isolated from total RNA and RT reaction
could be done on chip using a magnetic bead based collection technique. The device is
sufficiently robust to be used with realistic mRINA samples. The mRNA isolated is intact.
and both rare genes and abundant genes can be isolated. The quantity of mRNA isolated
is sufficient for subsequent cDNA library formation. Optimization of the flow design and
heating elements to improve the on-chip capture and RT efficiency would be beneficial.
Such optimization could be used either to increase the amount of mRNA captured or to
improve the RT reaction condition. This functional mRNA isolation and cDNA synthesis
element is suitable for interfacing to PCR and electrophoresis elements also integrated
within a chip, and represents the first step towards the design of an on chip cDNA library

construction device.
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Chapter 3. Red Diode Laser Induced Fluorescence
Detection on A Microchip for Capillary

Electrophoresis

A version of this chapter has appeared in G. Jiang, S. Attiya, G. Ocvirk, W. E. Lee, D. J.
Harrison, Biosensors & Bioelectronics, 2000, vol. 14, 861-869.
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3-1. Introduction

Planar microfluidic devices utilizing electrokinetic pumping may provide a powerful
tool for automating the fluid handling steps required in many biological assays '8 Such
systems offer an alternative to biosensors for the detection of biological threat agents. or
else complement such sensors by transporting the sample and reagent to the detector -6
7. The Harrison laboratory has developed microfluidic devices *'° capable of performing
immunoassays which can be applied to the determination of threat agents. In these
devices, samples and immunoreagents are mixed within 30-60 pm wide flow channels.
allowed to react homogeneously, then electrophoretically separated in order to determine
the sample concentration ° These devices provide a means to automate immunoassays in
the field, performing an analysis within [-5 minutes. Reagent consumption on the order
of 0.1-10 nl per assay has been achieved, which is of critical importance for reduced
maintenance of a field-based instrument ''.

To date, gas phase lasers were thc most common excitation source used for laser
induced fluorescence (LIF) detection on microfluidic chips £.5.7.9 Quch lasers are bulky
and can be fragile, which makes them ill suited to field applications. Yet LIF is so
sensitive that it is one of the most preferred detection methods on-chip. The red diode
laser family represents a more compact, portable source for LIF on a chip, as has been
made clear by the fact that diode lasers have been used previously in capillary
electrophoresis (CE) '% Ligler and coworkers have shown they can also be used with
optical fiber immuno-sensors in the field °'*. Early studies showed the promise of these

15-20

lasers for detection in CE, but detection limits were poor However, the

concentration detection limits have since improved to 50-100 pM with a red diode laser
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2B and ~3 pM in aqueous solutions using a gas phase Ar’® ion pumped solid state
Ti/sapphire laser **.

In this chapter we examine the use of cyanine-5 (Cy-5) dye with a 635 nm diode laser
and a microfluidic chip. The optimal parameters needed to obtain good detection limits
with a confocal, epiluminescent microscope are reported. This microscope design was
selected because it produced the best detection limits obtained on a chip when using a

488 nm LIF source .

3-2 Diode laser

Semiconductor laser diodes have many advantages over other types of lasers.
Compared to gas or dye lasers, the diode laser offers a considerably smaller size, higher
efficiency, lower cost and the unique ability to be modulated up to gigahertz rates by
simply changing the driving current through the device *°. Thus, diode lasers have found
acceptance in a wide range of applications, for example, optical communication, optical
sensors and optical disc systems *’. The red diode laser has seen significant development.
Kressel er al. developed the AlcGa,.xAs visible and IR-light-emitting semiconductor laser
in 1970. Unfortunately, the laser only operated at 73 K with 50% power conversion
efficiency B2 1In 1976, Colemann and coworkers made the pulsed room temperature
operation of In|«GaP;.,As, double heterojunction lasers (6470 A) possible. However, the
large diode size, thick active region and poor heat sinking caused low quantum efficiency
(5%) and poor performance **. An increasing demand for short wavelength laser light
sources for use in optical information processing and plastic fiber communication systems
has stimulated research on 600 nm wavelength range visible laser diode. In 1985, Usui et

al. reported 671 nm room temperature continuous-wave (cw) operation of an
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InGaAsP/InGaP laser. They successfully reduced the thermal resistance of the diode and

3132 The same year, Ikeda er al. and Kobayashi er al.

the threshold current density
achieved cw operation of a GalnP/AlGalnP laser at room temperature with 671 nm
emission wavelength 3-3%  Then in the 1990’s, the 635 nm diode laser became

commercially available. In this chapter, the 635 nm red diode laser was employed as the

excitation light source for LIF detection.

3-2-1. Basics of diode lasers

35.

There are two factors required to operate a laser
I. A gain medium that can amplify the electromagnetic radiation propagating inside it.
2. A feedback mechanism that can define the electromagnetic field through the well
J n defined optical modes.

Fermi level

............................. In semiconductor lasers,

Valence band —\___Eo
(=3

(a) V=0

Conduction band

semiconductor materials are used as a

gain medium. The optical feedback is
P n
:: """""""" Fermi level obtained by using cleaved facets that
............... Lt L VW S hu

1 ) . .
> ‘s~ Regionwithbotheandh  form a Fabry-Perot cavity, and mode
(b) V~Eq/q

confinements are achieved through

Figure 3-1. The energy-band diagram of a  dielectric waveguiding.
p-n junction at a) zero bias and b) Forward

bias. The Radiative recombination of the The p-n junction, which is formed
electrons and holes in the narrow o
overlapping region generates light. by bringing a p-type and an n-type

semiconductor into contact with each
other, is the heart of the diode laser °. Figure 3-1 illustrates an energy-band diagram of

the p-n junction of the semiconductor laser. When there is no external applied field, the p-
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n junction is at equilibrium. Diffusion of the electrons from the n side to the p side and
diffusion of the holes from p to n sides are opposed by the built-in electric field across the
p-n junction. The field arises from the equilibration of the negatively charged acceptors
on the p side with the positively charged donors on the n side. When the p-n junction is
forward biased by applying an external voltage, the built-in electric field is reduced,
making diffusion of the electrons and holes possible *°. The recombination of the electron
and holes gives off photons. Of course, the photons could be adsorbed again to give
electron-hole pairs. However, when the external voltage exceeds a critical value a
condition known as population inversion is achieved, in which the rate of the photon

emission exceeds that of absorption. Laser irradiation is thus obtained.

3-2-2. Drawbacks of diode laser

Laser diodes have certain shortcomings. Of these, the elliptical cross section of the
laser beam and the diode’s intrinsic astigmatism are the most likely to cause problems in
an application.

The elliptical cross section of the beam is a result of the rectangular shape of the
beam emission facet of the laser diode. This characteristic prevents the beam from being
entirely collimated, allowing for quasi-collimation only 7 Wave optics theory tells us
that a beam output from a small aperture has, in one given direction, a full divergent
angle 6 given by

0 = 4A/nd 3-1)
where A is the wavelength and d is the size of the aperture in this direction. The

difference in 8x and By causes the laser diode beam to have an elliptical cross section, as
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dy

emission facet

Figure 3-2. The rectangular facet of the laser diode might cause the elliptical
cross section of the laser beam.

shown in Fig.3-2. Universal characterization of this problem is made impossible by the
differences between index-guided and gain-guided diodes, as well as by the individual
characteristics of each laser diode *’.
Astigmatism
Astigmatism is, in fact, another result of the rectangular facet of the laser diode. As

illustrated in Fig.3-3, the beam emitted from a small facet is equivalent to the beam
emitted by an imaginary point source P, whose position can be located by tracing the
beam backwards. It can be seen immediately that Px is located behind Py, because 6x is
smaller than Oy. This phenomenon is called astigmatism, and the distance between Px and
Py is the numerical description of astigmatism.

The existence of astigmatism means that when using a single, standard aspheric lens

the beam can be collimated only in one direction, either in the X direction or in the Y
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direction, because Px and Py can not simultaneously converge at the focal point of the

collimating lens.

Side view Py ¢ LY

Top view

Figure 3-3.The rectangular facet of the laser diode might cause the
astigmatism.

The most commonly used method to circularize the elliptical beam and to correct
astigmatism is to use a pair of correcting prisms and a very weak cylindrical lens. The
prisms can enlarge or reduce the beam size in one direction while keeping the beam size
in another direction unchanged. By properly adjusting the angles of the prisms, a circular
beam can be obtained. The cylindrical lens, on the other hand, can collimate the beam in
one direction, while not altering the divergent angie in the other direction. By using a
cylindrical lens with the right focal length, astigmatism can be corrected. The beam
corrected using this method still has residual astigmatism and high beam wavefront
distortion. However, this is an inexpensive method with low loss of power. An alternative

method is to use a single mode fiber coupled to a collimating lens. The quality and spatial
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characteristics of the beam output from the fiber can be totally determined by the surface
quality and shape of the output end of the fiber. The elliptical cross section and
astigmatism of the beam before entering the fiber does not affect the spatial
characteristics of the beam output from the fiber. The fiber core has a circular cross
section, so as a result the output beam has a circular cross section with constant divergent
angle in any radial direction. Because the divergent angle of the beam is a constant in any
radial direction, the beam output from the fiber has no astigmatism. However, the
relatively high cost of alignment systems for launching into the fiber and the 50-80%

power losses in the coupling step limit the wide application of this method.

3-3. Characteristics of the Cy-5 dye

Cy-5 is a fluorescent dye, which is widely used for detection in cell biology assays.
antibody, DNA and protein labeling ™. The maximum excitation wavelength is 649 nm
and the maximum emission wavelength is 670 nm. The reactive N-hydroxy succinimide
(NHS) esters (Fig. 3-4) of the Cy-S are used to conjugate to biomolecules containing
aliphatic amino groups. In this chapter, we used an unreactive form of Cy-5 dye (Fig. 3-

4), if not otherwise mentioned, to test the performance of the optical detector.
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Figure 3-4. The structure of the Cy-5 NHS ester (a) and unreactive Cy-5 (b).
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3-4. LIF detection of Cy-5 using conventional and confocal optical set up

3-4-1. Experimental Section
3-4-1-1. Devices

Microchannels were isotropically etched in 3 x 3 Pyrex glass (Paragon Optical.
Reading, PA) and 4” x 4” 0211 glass (Corning, Corning, NY) as described previously *
10 After drilling 1.9 mm diameter access holes in the cover plate, it was thermally bonded
to the etched glass wafer to form an enclosed fluidic device. The chip layouts used in this
study, COPI ' '**? and DARPA-NC1 '!, are depicted in Figure 3-5. The device channels
were etched either 13 or 20 um deep, giving the channel width.at the top indicated in
Table 3-1. Pyrex COPI devices were used for all optical optimization procedures.
Corning 0211 DARPA-NCI devices were used for measuring the limit of detection and

the separation efficiency observed for a Cy-5 standard.

3-4-1-2. Materials

The unreactive Cy-5 standard dye was from Beckman Instruments (Fullerton, CA),
(L+) lactic acid and boric acid were from Sigma (St. Louis, MO) and Baker (Phillipsburg,
N.J.), respectively. Water from a Milli-Q UV Plus Ultra-pure system (Millipore,
Mississauga, ON, Canada) was used for all solutions. A borate buffer containing 0.2 mM
(L+) lactic acid and 15 mM boric acid was adjusted to pH 10.6 with | M NaOH. A 10~
M stock solution of Cy-5 dye was prepared by dissolving 200 pmole of dye in 2 ml water.
All solutions used with Cy-5 were prepared by dilution of the stock solution in pH 10.6
boric acid buffers. Chicken egg ovalbumin and anti-ovalbumin were from Sigma (St.
Louis, MO). The antibody was labeled with bifunctional Cy-5 (Amersham Life Science,

Pittsburgh, PA.) using an affinity protected labeling procedure described elsewhere °. A
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COPI DEVICE (PYREX) DARPA-NC1 DEVICE (0211)
. 1 2 4 2 a
£
o
1 b5
3
. 4 v
3
Scm 53 cm

Figure 3-5. Schematic layout of microchip designs for COPI and DARPA-NCI
devices. Reservoir junctions are indicated by their names. The double T injector
offset is 100 um in COPI, and 491 um in DARPA-NC1 device; they are exaggerated
here for clarity. The narrow lines in the figure refer to channels with narrow feature
width, the wide lines refer to channels with wide feature width (Table3-1).

Table 3-1. Channel depths and widths®.

Device Depth (1m) Feature width™ Etched width
Wide (um) Narrow (um) Wide (um) Narrow (um)
COPI 13 210 25 260 78
COPI 20 210 25 284 96
DARPA-NCI 13 210 26 240 65
DARPA-NCI 20 210 26 270 75

(a) Channels are approximately trapezoidal in cross-sectional shape, with the etched

width defining the upper width and the feature width defining the lower width.
Dimensions were measured with a surface profilometer.

(b) Feature width defines the dimension on the photolithographic patterning mask.
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pH 8.5 buffer was prepared with 20 mM boric acid, NaOH added to adjust pH, and 20

mM NaCl. All chemicals used were reagent grade, and all solutions were filtered using

0.22 um pore cellulose acetate syringe filters (Millipore, Bedford, MA) before use.

3-4-1-3. Instrumentation

3.4.49
d

A previously describe computer-controlled power supply system (-15 kV, MJ

Series, Glassman High voltage, Whitehouse station, N.J.) with high voltage relays (30

kV, Kilovac, Santa Barbara, CA) was used

for voltage control. Two types of optical

PMT

FuTeR arrangement were employed for

- PINHOLE comparison. A conventional two lens set
l up (Figure 3-6) in which the laser focus
lens and the fluorescence collection lens
MICROSCOPE OBJECTIVE
+ are separate, and the epiluminescent
MIRROR LASER
o=
SAMPLE ——————— - - .
BUFFER confocal optical set up shown in Figure 3-
v '.wuzzzr ) | ’ )
. 2 FOCAL LENS .
., 7 7 were compared. The chip was mounted

CE CHIP

onto an X-Y-Z translation stage (Newport

Figure 3-6. conventional optical set up
for LIF detection on chip 423, Irvine, CA). A power adjustable 635
nm diode laser (ACMO08 (635-15) X 12,
Power Technology Inc., Mabelvale, AR), was used as the exciting laser source. When
using the conventional optical set up, the laser light was focused by a lens with a 15 cm
focal length, then reflected by a mirror on to the detection spot of the channel. The

fluorescence signal was collected using a 25 x microscope objective, an 800 pm pinhole,

a 670DF40 emission filter and a photomulitiplier tube (PMT, Hamamatsu R1477; bias:
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900 V). The confocal optical set up

PMT
o  FuTERS shown in Figure 3-7 is similar to that
. o ... FMTER2 . .
N I PINHOLE described previously for a 488 nm
B S N C T
. 25 -
! source —. The laser light passed
TUBE LENS

through an optional filter 1, a beam
BEAMEXPANDER FILTER1 DIODELASER

| J - ’ ) expander (optional, 10-20 x Zoom,

SAMPLE T DICHROIC MIRROR Edmund Scientific Company, N.J.),
BUFFER o

v MICROSCOPE OBJECTIVE i .

o | ok cHp then was reflected by a dichroic

mirror (Omega, Battleboro, VT) and
focused in the channel by a 0.6 N.A_,

Figure 3-7. Confocal epifluorescence setup
for Cy-5 detection on chip. 40x, 4.9 mm focal length, 3.3 mm
working distance microscope objective (Planachromat LDN 1.2-A, Carl Zeiss, Jena,
Germany). The 670 nm (peak max.) fluorescence signal, collected by the microscope
objective, was passed through the dichroic misror, then was focused by the tube lens
(Achromat, Newport PAC064, f=200 mm) onto a pinhole located at the focal point, then
was detected by a PMT. Filter 2 and Filter 3 (optional) were inserted above the pinhole
for spectral filtering. Optical filters were purchased from Melles Griot (03FIL024,
Amax=634.54 nm, FWHM=10 nm), Omega Optical (670DF40, 682DF22, 645DRLP02.
670DRLPO2; Battleboro, VT) and Beckman (675DF20; Fullerton, CA). A 665 nm long
pass filter was from Rolyn Optics (RG665, Covina, CA). The laser power was measured
using a Model 835 optical power meter (Newport). The PMT current was converted to a

voltage using a 10° gain trans-impedance amplifier, filtered with an 8th order, active, 25

Hz, low-pass noise filter, then acquired with a computer with sampling rate of 50 Hz.
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A Beckman P/ACE 5000 equipped with a 635 nm LIF detector and a 27 cm long, 50

um i.d. fused silica capillary operated at 20 kV, was used for comparative studies. The

pressure injection mode (0.5 psi) was used for 10 s for sample introduction.

3-4-1-4. Chip operation

All devices were conditioned with 0.1 M NaOH for 30 minutes before use. The chip
was then filled with Cy-5 solution after an intermediate rirising step with boric buffer for
5 minutes. The dye or buffer solutions were flushed through the separation channel by
applying vacuum at the separation waste port, resulting in a linear flow velocity, u, of 3.8
pL/min. The flow rate was measured by determining the volume delivered over a 2 h
period. The pinhole was positioned in the XY plane with a pinhole translator (Newport
LP-1-XYZ) in order to obtain maximum fluorescence signals for a given dye
concentration. The maximum background corrected fluorescence signal at a given Cy-5
concentration was found by monitoring the response for Cy-5 and buffer solutions (u =

3.8 uL. / min), while translating the chip vertically.

The conditions for conventional two lens system

Both double T and single T injection modes shown in Figure 3-8 were employed in
this study. For a double T injection, an injection voltage of -2 kV was applied from
sample (S) to sample waste (SW) for 30 s to fill the injection channel with the sample.
Once filled, a 5 s injection time was applied to form the injection plug within the double
T segment. A separation voltage of -4 kV was subsequently applied from the buffer (B) to

the separation waste (BW) reservoirs, while the other channels were left floating. For a
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single T injection, a voltage of -2 kV was

3) Double Tinjection applied from sample (S) to sample waste
S (Ground)

injection l (SW) for 30 s to fill the channels, a voltage

———— Separation

of -2 kV was applied from sample (S) to

8 (Float) l Bw (Float! .
separation waste (BW) for 5 s to form the

SW k) injection plug. A separation voltage of -4

b) Single T injection
S (Ground) kV was subsequently applied from the

injection l .
buffer (B) to the separation waste (BW)
—__..Separaﬁon

_——>

T kv reservoirs. All data in this section was
B (Float)

smoothed using a 13 point Savitzky-Golay

Sw (Float) R X i i o
smoothing algorithm, included in Origin

Figure 3-8. Schematic illustration of )
double T injection and single T injection. 5.0 software  (Microcal  software,

Northampton, USA).

The conditions for confocal optical system

The sectioning power study was done in continuous-flow mode. First, the chip was
filled with buffer; the background data were collected while vertically scanning the chip
from 40 um below the focal plane to 40 um above the plane in | um steps. Then 10° M
Cy-5 fluorescence signals were collected in the same way. The background corrected
fluorescence signals in continuous flow experiments are the average of 3000 data points.
The reported noise levels represent the standard deviation of the buffer background
fluorescence (n = 3000). Signal to noise ratios, S/N, were determined by dividing the
background corrected fluorescence signal by the standard deviation. For the evaluation of

detection limits by capillary electrophoresis, the sample reservoir was filled with Cy-5
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dye, and the others with buffer. A double T geometry, if not otherwise mentioned, was
employed for injection, and an injection voltage of -2 kV was applied from sample to
sample waste for an injection time of 10 s for all experiments. A separation voltage of -4
kV was subsequently applied from the buffer to the separation waste reservoirs. All data
was smoothed using a 21-point box smooth algorithm, included in Igor Pro
(Wavemetrics, Lake Oswego, OR).

In both optical systems, the S/N for each electropherogram was calculated by
dividing the average peak height above background by the standard deviation in the
background, determined from the portion of the electropherogram (At = 10s ) before the
peak. The S/N versus concentration of Cy-5 plot will be referred to as the calibration
curve throughout the whole text. The calibration curve was forced through the origin
point and the limit of detection was obtained by extrapolated to a S/N of 3.

Solutions of antigen and Cy-5 labeled antibody were placed in the sample reservoir 5
min after mixing them together. An injection voltage of -1.2 kV was applied from
sample to sample-waste reservoirs in DARPA-NCI1 for 3 s, after an initial 1 min flush.
Separation was performed with -6 kV applied from the pH 8.5 borate buffer reservoir to

separation waste.

3-4-2. Results and Discussion

Separation of antibodies (Ab) from their antigen complexes using capillary
electrophoresis can be a challenge, and the separation efficiency depends on the specific
antigen/Ab pair *'*. The labeling dyes used often play a role, since they will change the
charge to size ratio of the labeled compound. For this reason we evaluated our ability to

separate Cy-5-labeled antibody to ovalbumin (Ab*) from the ovalbumin-Ab* complex.
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Ovalbumin (Ov) is a commonly used simulant for protein toxins in environmental trials.
Figure 3-9 shows the separation of a mixture of 200 uM Ab* and 600 uM Ov, within a
I3 ym deep DARPA-NCI1 device. The free Ab* eluted at 23 s, so the later eluting peak
can be assigned to the antibody-antigen complex '"**°. The high concentration of Ov was
needed because of the low affinity constant of this monoclonal antibody *°.

The results illustrate that the Cy-5/635 nm laser diode combination can be used for
the LIF determination of

immunoreaction  products on a

microfluidic chip. Optimization of the 1500 - Ab*

=
limits of detection (LOD) of this systemn % 1000 4[ Ab*-Ag

[

o
was required for it to be used &

- 500 —

s
effectively 2 The relevant elements of o -

0+ ; : ‘ :
our optimization study are discussed 0 1020 % 4 50
time(s)

below. Key features included the
Figure 3-9. Electropherogram of «
choice of optical detection design the ,ixrure of 200 uM Cy-5 labeled anti-

i . ovalbumin (Ab*) and 600 uM ovalbumin
optical filter set, laser spot size, (Ag) obtained in DARPA —-NCI. *®

confocal pinhole choice and the volume

of the detection channel.

3-4-2-1. The performance of conventional two lens optical set up

The limit of detection of Cy-5 with a 635 nm diode laser was tested using our
conventional two lens optical set up first. Both double T injection and single T injection
were employed for sample introduction (Figure 3-8). The double T geometry of the

injector design will define the sample plug introduced in the separation channel. The
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injection time usually will not affect the length of the sample plug if no sample leakage
problem occurs. The single T injection was applied when it was necessary to improve the
sensitivity. Obviously, the longer the injection time, the longer was the sample plug
introduced into the separation channel. Figure 3-10 illustrates the electropherograms of
multiple injections of 1 nM Cy-5 using the double T injector. The peak height
reproducibility calculated as the relative standard deviation (RSD) was 0.7%. A plot of
S/N versus concentration, hereafter referred to as a calibration curve is shown in Figure 3-
11. The limit of detection of 0.12 nM Cy-5 could be obtained by extrapolating to a S/N
equal to 3. Figure 3-12 shows the electropherogram of 0.2 nM Cy-S using a double T
injection, yielding S/N of 7.5. The 0.82 s of the full width at half maximum (FWHM) of
the peak was measured by Origin 5.0 software after Gaussian fitting. The same tests for
the Cy-5 were carried out using the single T injection mode. Multiple injection of 2 nM
Cy-5 dye (Figure 3-13) illustrated that if the injection time was carefully controlled, the
peak height reproducibility (RSD 1.5%) for the single T mode could be good too. The
limit of detection (LOD) of the Cy-5 was also tested using the single T. The calibration
curve shown in Figure 3-14 gave an LOD of 0.11 nM. Figure 3-15 shows the
electropherogram of 0.2 nM Cy-5 using a 5 s single T injection. The S/N was 7.6. The
LOD is limited by this two-lens optical set up. A focusing lens with long focal length (15
cm) was employed in this conventional set up system, resulting in a relatively large
excitation spot diameter and high background scattering. A small numerical aperture
(N.A.) microscope objective was also employed, making the fluorescence collection

efficiency relatively low.
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Figure 3-10. The multiple injection of 1 nM Cy-5 using double T injection,
with conventional two lens optical set up.
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Figure 3-11. The calibration curve of Cy-5 using double T injection, with
conventional two lens optical set up.
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Figure 3-12. The electropherogram of 0.2 nM of Cy-5 using double T
injection with 5 s injection and conventional two lens optical set up.
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Figure 3-13. The multiple injection of 2 nM Cy-5 using single T

injection, with conventional two lens optical set up.
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Figure 3- 14. Calibration curve for the Cy-5 with 5s single T
injection, with conventional two lens optical set up.
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Figure 3- 15. The electropherogram of 0.2 nM of Cy-5 using
single T injection with 5 s injection, with conventional rwo lens
optical set up.
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3-4-2-2. The performance of a confocal optical set up

A confocal epiluminescent microscope use a high N.A. microscope objective could be
used instead to increase the collection efficiency. The use of a small pinhole and a high
magnification lens creates a confocal system that will reduce the collection of
background scatter, which should provide a lower LOD. Ocvirk * illustrated that a
minimum [0-fold sensitivity was gained by using a confocal microscope for detection of
fluorescein on a chip device. Therefore, we evaluated a confocal epiluminescent optical

set up to test the LOD of Cy-5 when using the diode laser.

3-4-2-2-1. Optimization of Filters

Because the epiluminescent design can be sensitive to scattering, the choice of
optical filters can be important. A number of filter sets were examined. Filter selection
was difficult due to the small Stokes shift of the Cy-5 dye. Table 3-2 indicates the filter
sets examined. The specific locations of the filters are indicated in Figure 3-7. The
lowest detectable concentration we actually observed is given, along with the LOD
extrapolated from higher concentrations. Our first choice of a 645DRLP02 dichroic
mirror and a 670DF40 filter was intended to maximize the throughput of the emission
filter for the emission spectrum of the dye. However, this set allowed so much excitation
radiation to reach the detector that no fluorescence signal was observed. Use of the
682DF22 filter instead allowed us to observe fluorescence. Increasing the emission filter
rejection power with a 655 nm long pass filter improved the LOD further; however, we
noted that the laser source could still be viewed through the long pass filter alone. By
instead using a laser line selection filter (634.54 = 5 nm) between the laser and the

excitation optics, the best LOD was obtained. This result indicates the background
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emission of the laser at wavelengths considerably longer than 635 nm was significant
compared to the dye’s emission intensity. Mank and Yeung 2 also report it was necessary
to use a rejection filter in the excitation path of a 670 nm diode laser. It is worth noting
that this filter combination (row three of Table 3-2) provided the greatest value of
sensitivity divided by noise of all the filter sets tested. With the exception of the data in
Table 3-2, this filter set was used for all subsequent studies.

The data in Table 3-2 shows that use of the 670DRLPO2 dichroic mirror, instead of
the 645 DRLPO2 mirror, resulted in somewhat poorer LOD regardless of the other filter
sets selected. Although the 670 mirror rejects more of the reflected 635 nm line than the
645 mirror, the improved transmission of the emitted light is apparently a more important

factor, since the emission filters remove the laser line. The last two rows in Table 3-2

Table 3-2. Evaluation of filter sets :

Filter 1 Dichroic mirror Filter 2 Filter 3 Minimum detected LOD"™
Cy-5 concentration

(nM) (nM)

None 645DRLPO2 682DF22 None 0.5 0.30*
None 645DRLP02 682DF22 655 long pass 0.20
634.54+5 nm 645DRLP0O2 682DF22 None 0.1 0.15"
634.54+5 nm 670DRLPO2 682DF22 655 long pass 0.5 0.30
634.54+5 nm 670DRLPO2 675DF20 655 long pass 0.25
634.54+5 nm 670DRLP0O2 670DF40 655 long pass 0.5 0.21
634.54+5 nm 670DRLPO2 670DF40 None 0.2 1.5"

Cy-5, except where marked (c).

diameter pinhole, 11.2 mW laser power and a 13 um deep COPI device.

(a) refer to Figure 2 for location of filters. This study was performed using a 200 pm

(b) Limit of detection (LOD) extrapolated from replicate measurements (n=5) at 1 nM

(c) Extrapolated from plot of five different concentrations ranging from 0.5 to 10 nM.
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indicate that the 670DF40 emission filter was far too transmissive, requiring the 655 nm
long pass to provide satisfactory performance. While the 670DF40 filter without the long
pass filter gave a measurable response at 0.2 nM, the sensitivity divided by the noise was
ten times lower than for the best filter combination. This poor sensitivity accounts for the

extrapolated LOD being much greater than 0.2 nM.

3-4-2-2-2. Optimization of Excitation Source
The effect of laser power and beam size is also significant, as a balance must be
struck between the noise from elastic and inelastic scattering and the emission intensity.

21 .
. Using an

which will both increase with increasing power up to some limit
unexpanded laser beam, the optimized filter set and a 200 um pinhole, the effect of laser

power on the signal to noise ratio (S/N) was examined at 10 nM Cy-5. The S/N ratio

increased linearly up to 6.2 mW of

09 - output power, and then remained
200 ) : 3 E 4
1 3 essentially constant, up to the
150 4 X
z m: - maximum of 13.0 mW (Figure 3-16).
%7 Plots of noise and of signal versus
1 =
0+
output power also followed the same
R S S S A S

Laser Power (mW) trend. The results indicate that once
the power exceeds a certain level the
Figure 3-16. The S/N vs. output power of the
laser plot S/N performance plateous.
The output of a laser diode is astigmatic, with a different focal distance along the

vertical and horizontal axes of the beam. This makes it difficult to focus the laser to a

small, intense spot (Figure 3-17). The selected laser included prism-based optics to
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collimate the beam, and produce a near-Gaussian beam profile to allow better focusing.
For a beam with a TEM 00 Gaussian profile the beam waist, w, is given by Hecht and
Zajac™:
w = Affmw, (3-2)

where w, is the incident beam radius, f is the focal length, and A is wavelength. This
equation is valid so long as w is above the diffraction limit of the lens. For the incident
beam diameters used, eq. 3-2 predicts spot sizes smaller than the diffraction limit. The
diffraction limited spot diameter, d, can be determined from 33,

d=122A/N.A.=122A/nsina (3-3)

where n is the index in which the lens is immersed, o is the angular semi-aperture. and

=

Figure 3-17. The observed laser spot focused in the channel. a). the laser spot with
using the beam expander. The channel width at the top of the trapezoidally shaped
channel is 78 um; b). the laser spot without using the beam expander. The channel
width at the top of the trapezoidally shaped channel is 96 um.
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N.A. is the numerical aperture. When the beam was expanded to give a collimated source
I5 mm in diameter, a 10 pm spot was observed (Figure 3-17, a). The input diameter of
the lens was 8.37 mm, so that it was totally filled by the expanded beam. Consequently,
we used the stated N.A. of 0.6 to estimate a diffraction limited spot diameter of 1.3 pm.
For the unexpanded laser beam, the observed spot size was 18 pum in diameter, while a
value of 1.9 um is calculated from eq. 3-3 using a value of a of 24.1, estimated from the
geometry of the beam diameter and the focal length. The inability to focus to the
diffraction limit with and without beam expander must in large part be due to the
astigmatic nature of the diode laser source, even with the correction optics. Note that
experimentally the expanded beam is much better focused, even though the difference in
the calculated diffraction limited spots for the two beams is rather small. Then consider
that about 50% of the expanded beam radius is discarded by the lens aperture, so the
improved focus probably arises from eliminating non-Gaussian components from the
beam profile.

With a laser power of 11.5 mW it was found the laser notch filter reduced the power
incident on the dichroic mirror to 6.2 mW. Positioning the beam expander in front of the
dichroic mirror further reduced the power incident on it to 3.4 mW. The lens aperture of
8.37 mm resulted in a power reduction to 1.7 mW. This is a greater reduction than the
calculated drop to 74% of the incident intensity, as estimated from the irradiance equation
for a2 Gaussian beam . This result is again consistent with a notably non-Gaussian beam
profile. A measurement of the power transmitted by the lens indicated it reduces the
transmitted intensity to 38.5%. Considering these incident powers and the observed spot
sizes, the power density at the focal plane should be abcut 1100 W/cm?® for the

unexpanded beam, and 830 W/cm? for the expanded beam.
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The depth of field, corresponding to a 5% expansion of the beam beyond the

minimum beam waist, can be estimated from eq. 3-4 >
Az=% 0321w, /) (3-4)

where w, is the focused spot radius, and Az is the vertical translation. From the observed
18 um spot diameter (Figure 3-17, b) we estimate a value of 130 pm for the unexpanded
beam. The depth of field estimated for the 10 pm spot (Figure 3-17, a) created by the
expanded beam is #+40 pm. Both spots are thus in focus over a much greater distance
than the channel depth, so that scattering of the focused laser beam from the glass and the
glass/solution interface will occur. Nevertheless, the expanded beam should produce less
scatter, because it is focused over a much shorter distance. This was observed
experimentally, as the beam expander reduced the noise from 9.7 to #+4.0 mV when used

with a 13 pm deep COPI device and a 200 pm pinhole.

3-4-2-2-3. Confocal Sectioning Power

The optical sectioning strength of a confocal microscope describes the manner in
which fluorescence intensity changes with the axial distance between the objective lens
and the object. Wilson ***’ defined the sectioning power as the full width at half
maximum (FWHM) of intensity versus the axial displacement from the focal plane. This
section evaluates the sectioning power in 13 and 20 pym deep channels, filled with a

continuous flow of 10 nM Cy-5. Background signal was measured with buffer moving in
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Figure 3-18. Signal-to-noise ratio versus vertical displacement of chip (Az) for
various pinhole diameters using a 13 um deep channel. A 10 nM Cy-5 standard
solution was continuously flushed through the separation channel of a Pyrex COPI
device by vacuum. Confocal microscope was employed as a detector. Beam expander

was not used in this study.
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Figure 3-19. Signal-to-noise ratio versus vertical displacement of chip (Az) for
various pinhole diameters using a 20 um deep channel.
standard solution was continuously flushed through the separation channel of a
Pyrex COPI device by vacuum. Confocal microscope was employed as a

detector. Beam expander was used in this study.
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the flow channel at the same velocity. Figure 3-18 shows a plot of S/N versus axial
displacement for a 13 pm deep, Pyrex, COPI device, using an unexpanded beam and
several pinhole sizes. Significant distortion from a Gaussian profile is observed, which
makes the FWHM values larger than those predicted by a linear extrapolation of Wilson’s
model 2 °®?7 to the pinhole sizes we used. Figure 3-19 shows the results for a 20 um
deep, Pyrex, COPI device with which the beam expander was also used. The calculated
and experimental results for both studies are presented in Table 3-3. The estimated
theoretical sectioning power must be convoluted with a slit function model of the channel
depth. The result is that the observed sectioning power should be equal to the calculated

value when it is larger than the channel depth, and equal to the channel depth when the

Table 3-3. Observed and estimated confocal sectioning power.

Pinhole diam. Calculated sectioning Observed sectioning power™ FWHM (um)
(um) power” FWHM (um)
13 pm deep 20 pm deep

75 6.5 15.3

100 8.2 18.4 31.6

150 11.7 19.5

200 15.1 32.6

400 28.7 342 335

600 424 40.5

800 56.0 36.6

7 calculations. The value does

(a) Estimated by linear extrapolation of Wilson’s *
not include the affect of the slit function introduced by the channel depth (see
text).

(b) Determined from Figures 3-18 and 3-19.
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calculated value is smaller. Although the agreement with theory is only moderate, the
sectioning power afforded by the pinholes does lead to observation of a smaller detection
zone than the estimated depth of field of the focused laser spot.

Figure 3-20 shows the trends of S/N versus pinhole size measured by a continuous-
flow experiment. The continuous increase in S/N with increasing pinhole size observed
for the 13 um deep channels is not consistent with true confocal performance, while the
20 pum device showed a clear optimum pinhole size of 400 um. This value is in
agreement with our previous study using a 488 nm Ar ion laser, and fluorescein in 30 um
deep channels *>. The results can be explained by considering the excitation volume
created by the laser beam and the probe volume observed by the confocal microscope.
The beam waist can be treated as a constant across the channel depth, so that the
excitation volume is a cylinder given by the beam waist. The probe volume can also be

treated as a cylinder with a height given by the observed sectioning power or channel

® 13 um deep channel!
O 20 um deep channel

10001 5
o
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& 5004
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— (]
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(o] 200 400 600 800 1000

Pinhole size (um)

Figure 3-20. Signal-to-noise ratio versus pinhole size for 13 um and 20 im deep
channels in Pyrex COPI devicess. A 10 nM Cy-5 standard solution was
continuously flushed through the separation channel by vacuum. Confocal
microscope was employed as a detector.
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depth, and a diameter given by the pinhole size divided by the magnification (40x). For

the unexpanded beam, the 800 um pinhole gives a probe diameter which most closely

matches the excitation volume, optimizing the collection of all intensity generated by the

laser. For the expanded beam, the 400 um pinhole should best match the estimated probe

volume of 1.6 pL to the 10 um diameter excitation volume of 1.6 pL. Since none of the

pinholes gave sufficient sectioning power to eliminate scatter from the glass walls, the

best match of probe diameter and beam diameter would give the best results, consistent

with observations.

3-4-2-2-4. Limit of Detection with Optimized Parameters

3000 S

2000 -
1280.0 pM

g b ot

RFU (mV)

1000 4 —— j

8.2 oM
¢} 20 40 60 80
Migration fime (s)

Figure 3-21. Electropherograms of various
concentrations of Cy-5 standard solutions in
a 20 um deep, DARPA-NCI device.
Injection time: 10 s at -2 kV injection
voltage. Separation voltage was -4 kV.
Injector-detector distance was 58 mm, PMT
voltage: 900 V. Confocal microscope was
employed as a detector. See Figure 3-23 for
identification of each concentration.
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Once an optimal set of detection
parameters was determined, the best
detection limits were evaluated for an
injected and separated sample plug.
Figure 3-21 shows a series of injected
sample plugs for a 20 pum deep
DARPA-NCI device. A similar data
set was obtained with a 13 pm deep
DARPA-NC1 device. The studies
were performed with an expanded
beam at 11.2 mW output power, using
the optimized filter set and a 400 pm

pinhole. For the 13 um deep device,
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the detection limit extrapolated from concentrations above 32.8 pM to a S/N of 3, was 20
pM. A calibration curve (Figure 3-22) forced through the origin gave a slope of 0.159
0.013 and an R? = 0.9994 (n=18). The lowest concentration we were actually able to
determine was 32.8 pM. For a 20 um deep device the extrapolated LOD was 9 pM. and
the lowest concentration we were able to determine was 8.2 pM. A calibration curve
(Figure 3-23) forced through the origin gave a slope of 0.335 £ 0.012, with R’=0.9986
(n=21). This concentration detection limit is somewhat better than the previous best
results of 50-100 pM obtained with a red diode laser reported for Cy-5 in a conventional
fused silica capillary *'*. The confocal, epiluminescent design gave much better
performance than the conventional two lens optical detection system, which gives a 110
pM detection limit using a 13 pm deep chip. However, in that study not all of the
parameters, such as filter set or the focusing of the laser, had been optimized. The
confocal, epiluminescent design is also better than the present commercial 635 nm LIF
system on the Beckman instrument, which, in our hands, gives a 100 pM detection limit
with a 50 pm diameter capillary and a 3-5 mm long sample plug by using 635 nm notch
fiter and two 675DF20 emmition filters.

About 42,000 theoretical plates were achieved with these devices. For an injector to
detector length of 5.8 cm, this plate number corresponds to a peak variance (%) of 8.0 x
10™ cm®. If we assign all dispersion to a combination of diffusion and the sample plug
length, we can obtain an upper limit of the plug length using eq. 3-57:

I*/12=6"-2D (3-5)
where 1 is the estimated injected length, D is the diffusion coefficient (approximated as

the value for fluorescein of 3.3 x 10°® cm?s) **, and t is the migration time. Equation 3-5
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Figure 3-22. Calibration Curve of Cy5 using 10 um deep channel.
Confocal microscope was employed as a detector.
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Figure 3-23. Calibration curve of Cy5 using 20 um channel depth.
Confocal microscope was employed as a detector. Data is from Figure
3-21.
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provides an estimate of 834 um for the injected plug, suggesting some leakage at the
injector. At the extrapolated LOD, the amount of sample volume estimated from this
length corresponds to 5900 molecules for the 13 pm deep device and 4560 molecules for
the 20 pm deep device. The number of molecules that entered the detection zone was
1300 and 900, for the 13 and the 20 um deep devices, respectively, given that the probing
efficiencies were 22 and 20% for the 13 and 20 um deep devices, respectively. This mass
detection limit is much better than that we achieved with the commercial 635 nm LIF
system. It is comparable to the best results reported in CE, which are ~300 molecules
when using a red diode laser **. Importantly, the 900 molecule LOD corresponds to 9 pM

in dye concentration, whereas in ref. 22 the 300 molecule LOD corresponded to 50 pM.

3-4-3. Conclusion

Solid state diode lasers provide a convenient, compact and rugged source for
instruments that are to be used in the field. This study illustrates that the 635 nm laser is
compatible with detection of immunological reaction products on a planar microfluidic
device. Optimization of the optics for detection with this laser allows the determination
of a few thousand Cy-5 molecules per sample plug in a electrophoretic separation, with a
concentration detection limit of approximately 9 pM in a 20 um deep channel.

The observed concentration LOD is about a factor of 10 poorer than we reported for

»_ A further improvement might be observed if we

fluorescein in a 30 um deep device
used 30 um deep channels with the diode laser, since the sectioning power of a 400 um
pinhole is high enough to eliminate scattering from the walls of a 30 pm deep device.

The sectioning power study shows that the correction optics supplied with this laser do

not generate a truly Gaussian beam, which limits the ability to focus a tight, high intensity
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spot. The background output of the laser required a notch transmittance filter be used, as
is often done with gas lasers. It is possible another manufacturer’s laser could produce
better results in terms of increased focus or lower background emissions. Consequently,
detection limits on a chip of 107" M or less, as obtained with the 488 nm laser/fluorescein

system, may yet be achievable with Cy-5 and a diode laser.
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In Chapter 2, the first two steps in cDNA library construction, mRNA isolation and
cDNA synthesis, were integrated on a microfluidic device using magnetic bead based
technology. The quality of mRNA isolated on chip was evaluated, and was determined to
be suitable for cDNA library construction. The device is sufficiently robust to be used
with realistic mRINA samples. A capture efficiency of about 26% mRNA was obtained
using the magnetic bead bed compared with off chip mRNA isolation. This is likely
caused by the inefficient mixing of mRNA with the oligodT beads resulting from the
loose magnetic bead bed structure which causes of channeling in the bed. Some
modifications are needed to improve the capture efficiency. A rotating motor could be
built on the magnets and employed to stir the bed to enhance the mixing. This problem
could also be solved by using a better microfluidics design for the chip. A dam built in
the channel might be suitable for this purpose. The beads could be blocked by the dam to
form a more compact bed structure (Figure 4-1). Another design might improve the
mixing, too. A channel-array could be fabricated inside the reaction chamber in the
channel, such as shown in Figure 4-2. When the beads and solution are introduced into
the reaction chamber, the main flow will be split into several flows, causing better
mixing. In addition, the bead bed in a narrow channel might reduce the channeling,
making a better quality magnetically trapped bead bed.

The heating systemn used in first strand cDNA synthesis needs to be improved
because the heat was not confined to one location. In the second strand cDNA synthesis,

three temperatures would be required. For example, the polyT primer would be
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RTD

| &
Heater

Figure 4-1. The schematic layout for the device. A dam is fabricated
inside the channel. The gap over the top of the dam is 2 um, which should
be less than the diameter of the bead.

Reaction chamber

Figure 4-2. The schematic layout for integrating cDNA library construction on a
microfluidic device.
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extended at 30 °C first, then the annealing of the primer to the first strand cDNA template
would take place at 60 °C followed by extension of second strand of cDNA at 72 °C.
The isolation of the heated area from the rest of the chip with a water-cooling system
around the heater would improve the ability to quickly adjust temperature. Such a heating
element added to the cDNA synthesis device might be beneficial for the temperature
control required in second strand cDNA synthesis.

There are several steps involved in cDNA library construction: mRNA isolation
from TRNA, first strand synthesis of cDNA, second strand synthesis of cDNA. molecular
cloning of the second strand of cDNA and screening cDNA library. Figure 4-3 illustrates
the protocol for cDNA library construction from small amounts of mRNA*?. A PCR
amplification of second strand of cDNA will be necessary with microfluidic devices since
the input of TRNA is small.

After the integration of the first two steps involved in cDNA library construction, the
second strand of cDNA will need to be synthesized on the chip device. The temperature
in the reaction chamber will be heated up to 65 °C for S min to inactivate the reverse
transcriptase, which was used in the first strand cDNA synthesis. Then T4 polymerase
will be added into the reaction chamber to destroy any single strand poly T present either
on the surface of the Dynal beads or in the reaction mixture used for first stand cDNA
synthesis. The reaction chamber will be incubated at 16 °C for | hour, then heated to 74
°C for 5 min. After the washing step, RNase H will be introduced into the reaction
chamber to destroy the mRNA. The reaction chamber will be incubated at 37 °C for 1|
hour, then washed with EDTA solution and heated up to 75 °C for 5 min. Then terminal

tranferase and dATP will be added into the chamber to synthesize an A tail to the first
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mRNA

AAAA
TTTT-'.

Reverse transcription

v
mRNA

AAAA
IstcDNA TTT T—@
destroy ss poly T (T4 polymerase)

destroy mRNA (Rnase H)

add A tail to cDNA (terminal transferase, ATP)

AAAA TTT T4

synthesis of second strand of cDNA
AAAA T T
TTTT AAAA

release second strand of cDNA
PCR

AAAA TTTT AAAA TTTT
TTTT AAAA TTTT AAAA

AAAA TTTT AAAA TTTT
TTTT AAAA TTTT AAAA

insert [nto vector

v transfecte E.coli

cDNA library

Figure 4-3. Schematic illustration for construction of cDNA library

strand of cDNA. Only one primer is required for synthesis of a second strand of cDNA,
which will be carried out using Ts as a primer, which will be bound on the synthetic A
tail of first strand of cDNA. The reaction mixture contains DNA polymerase, dNTP’s,
Mg”™ and the buffers. The temperature in the reaction chamber will be held at 30 °C for
15 min for extension of the T;s primer. Then the temperature will be held at 60 °C for 15
min for the annealing of the primer to the template cDNA, and 72 °C for 15 min for the
extension of the second strand of cDNA. After second strand cDNA synthesis, the second

strand of cDNA will be released by raising the temperature in the reaction chamber to 94
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°C. PCR amplification will then be carried out to amplify all of the second strands of
cDNA. The PCR amplification of the cDNA products will be separated from the free
primers using an HPLC column, then ligated with vector. Then E. Coli cells will be
transfected with the vectors.

The synthesis of second strand of cDNA could be done on the same microfluidic
device as illustrated in Figure 4-2. During the synthesis of second strand of cDNA.
numerous washing steps will be involved. A device layout is illustrated in Figure 4-2
showing the sequential mixing, washing and reaction stages within a single device. After
one stage of the washing during second strand cDNA synthesis, the beads will be
released from the first reaction chamber by removing the magnets and captured in the
second reaction chamber with magnets. Then the next stage will be carried out in the
second reaction chamber. The advantage of reconstructing a new bed is improved reagent
mixing. However, this device needs to interface to a PCR reaction device down stream
after the second strand synthesis of cDNA. There are numerous research groups that have
demonstrated PCR on microfluidic devices*’. Tt is feasible to integrate the cDNA
synthesis device with such a PCR reaction device. For example, the cDNA device could
interface nicely to the continuous flow PCR design of Manz and coworkers”.

The purification of the cDNA PCR product will require something like a
microfabricated liquid chromatography (LC) 8 Then, after some modification of the
cDNA PCR product, it is ligated to a vector, which could be done using the same device
layout as first strand cDNA synthesis device. Then the E. Coli cell will be transfected by
the vector. This process was recently demonstrated on a microfluidic device by

Harrison’s group’. As a result, we can see that all the required components are either
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possible or available. Thus, it should eventually be possible to integrate all of the steps
involved in cDNA library construction onto one microfluidic device.

In Chapter 3, a confocal microscope was employed as a detector, which gave high
sensitivity LIF detection of Cy-5 on microfluidic devices using a diode laser. The
concentration limit of detection (LOD) was 5 times better than achieved by other groups

-1 - . . . -
'9-12 However, there is still room for optimization. A

using capillary electrophoresis
further improvement might be observed if we were to use 30 um deep channels, since the
sectioning power of a 400 um pinhole is high enough to eliminate scattering from the
walls of a 30 pm deep device. Also, the fluorescence signal might be enhanced by
increasing the number of fluorescence molecules using a deeper channel, in which the
probe volume will be increased. A more focused spot and higher fluorescence signal
collection efficiency will be obtained by using a high N.A. number of microscope
objective. As a result, the fluorescence signal will be increased and the background
scattering might be reduced. The use of a smaller pinhole will increase the sectioning
power of the confocal microscope. The scattering light from the walls of the channel
might be reduced in this case. Therefore, S/N is improved. The sectioning power study
shows that the correction optics supplied with this laser do not generate a truly Gaussian
beam, which limits the ability to focus a tight, high intensity spot. The background
output of the laser required a notch transmittance filter be used, as is often done with gas

lasers. It is possible that another manufacturer’s laser could produce better results in

terms of increased focus or lower background emissions.
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Appendix I

Drosophila (bicoid) mRNA (major 2.6 kb transcript):

1 atgcgaagca gtggatcgea aaaacgcaaa atgtgggcga aataagticg cgagegtcte
61 gaaagtaacc ggttactgaa aatacaagaa agtttccaca ctcctttgec atttttccge
121 gcggcegcettg gaaattcgta aagataacge ggeggagtgt ttggggaaaa tggcgecaacce
181 gccgecagat caaaactttt accatcatce getgececcac acgeacacac atccgeatec
241 gcactcccat ccgeatccge actcgeatce geacccacat caccaacate cgeagcettca
301 gttgccgeca caattccgaa atcecttcga tttgettttc gatgagegaa cgggagegat
361 aaactacaac tacatacgtc cgtatctgcc caaccagatg cccaagccag aggagetgec
421 cgactctctg gtgatgecgge gaccacgicg cacccgeacc acttttacca getctcaaat
481 agcagagctg gagcagcact ttctgcaggg acgatacctc acagccccee gacttgegga
541 tctgtcageg aaactagecc tgggeacage ccaggtgaag atatggtita agaaccgteg
601 gcgtcgtcac aagatccaat cggatcageca caaggaccag tcctacgagg ggatgectct
661 ctcgccgggt atgaaacaga gegatggega tccceccage ttgeagacte ttagettggg
721 tggaggagcc acgcccaacg ctttgactce gtcacccacg ccctcaacge ccactgeaca
781 catgacggag cactacagcg agtcattcaa cgectactac aactacaatg gaggcecacaa
841 tcacgeccag gecaatcgt\c acatgcacat gecagtatect t\ccggagggg gggcaggace

primer | g tgtacgtgta cgtcatagga a

901 tgggtcgacc aatgtcaatg gcggecagtt cttccagcag cagcaggtcec ataatcacca
961 gcagcaactg caccaccagg gcaaccacgt gccgeaccag atgcageage agcaacagea
1021 ggctcagecag cagcaatacc atcactttga cttccagcaa aagcaagcca gegectgteg
1081 cgtcctggtc aaggacgaac cggaggecega ctacaacttc aacagcetegt actacatgeg

1141 atcgggaatg tctggecgecea ctgeatcgge atccgetgtg geccgaggcg ctgectecgec
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1201 gggctecgag gtctacgage cattaacacc caagaatgac gaaagtccga gtetgtgteg

1261 catcggcatc ggcggacctt gcgecatcge cgttggegag acggaggegg ccgacgacat

1321 ggacgacgga acgagcaaga agacgacgct acagatcttg gagcctttga agggtctgga

1381 caagagctgce gacgatggea gtagcgacga catgageacc ggaataagag ccttagcagg

1441 aaccggaaat cgtggagegg catttgccaa atttggcaag ccticgecee cacaaggecce

1501 tcagcecgecc ctegggatgg ggggcgtgge catggge\gaa tcgaaccaat atcaatgealc
primer 2 ctt agcttggtta tagttacgt

1561 gatggatacg ataatgcaag cgtataatcc ccatcggaac gccgegggea actcgeagtt

1621 tgcctactge ttcaattage ctggacgaga ggcgtgttag agagtttcat tagctitagg

1681 ttaaccactg ttgttcctga ttgtacaaat accaagtgat tgtagatatc tacgcgtaga

1741 aagttaggtc tagtcctaag atccgtgtaa atggttccca gggaagtttt atgtactage

1801 ctagtcagca ggccgecacgg attccagtge atatcttagt gatactccag ttaactctat

1861 actttccetg caatacgceta ttcgecttag atgtatctgg gtggetgcete cactaaagec

1921 cgggaatatg caaccagtta catttgaggc catttgggct taagcgtatt ccatggaaag

1981 ttatcgtccc acatttcgga aattatattc cgagccagca agaaaatctt ctctgttaca

2041 atttgacata gctaaaaact gtactaatca aaatgaaaaa tgttictctt gggcgtaatc

2101 tcatacaatg attaccctta aagatcgaac atttaaacaa taatatttga tatgatattt

2161 tcaatttcta tgctatgeca aagtgtctga cataatcaaa catttgegea ttctttgace

2221 aagaatagtc agcaaattgt attttcaatc aatgcagacc atttgtttca gattctgaga

2281 uttttgetg ccaaacggaa taactatcat agetcacatt ctatttacat cactaagaag

2341 agcattgcaa tctgttagge ctcaagttta attttaaaat gctgeacctt tgatgttgtc

2401 tctttaagct ttgtattttt aattacgaaa atatataaga actactctac tcgggt
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Drosophila melanogaster bicoid gene bed (5130 bp)

1 gtcgactgga gtgtctgtga attgactttt gttgccagtt ggcageggea gaagcageaa
61 agcccggceca acagcaacaa getectgeca gatcccaaaa gcaaacacga caattatttg
121 gcaaatgtca ttaaaaaata tttcacttaa ggccttgcga cacttgetta aaggtcaact
181 ggctegttgg gtgtgttita aaatgttaaa gettgggeca atgeactgag caacttaatg
241 cttgtagata tttacacaat attcttcaac gctaaacata tcgaattttc caaatatgga
301 gcctgaaaat aataattgec aatcctagcet taaaatcaga aatgagtaga acaacttaaa
361 aaaattaaca aaagaatcga acgctacagc taattaactc gacaactggt taccttttat
421 tcttctaata cattttataa tgcactgect aacaggtaca gatagcaagc actatatget
481 gtcttacaaa acgattatat gatattttct ttcgtacgta gccgtitgag atcatttgga
541 aaaacaaact cgatctccac catccttatt ctttgtccca agtccttata tatctcgega
601 tactaagatt gaataatgta gttattaata gcggaagtat gtaacagaat aaactacaaa
661 gtgcacattt tgttcaattc aggetggact ggactggage atattaatat tataatatta
721 acaaaaattc aaattaaaca ttcgacactt gtctaattga ttcctaaatt tggggtgect
781 gtttgttaat taaatgttaa tattatgaag ttccaaacag agcaaagagt ttaagtttaa
841 ttggttctac ttatttgtta caatattcaa gcttttttta ttattattct caaatgcaaa
901 tctctacaaa taaataaacc tccgacgttt tagaacattc accttttgtc agtgagcaca
961 acctttcaat acagcccgac agggggctct ctactgetgt ctettcacge cecectggtga
1021 aaacgctgtg cactcaatcg gtttgcagct ttgecgtact gttcgattaa aaacttttaa
1081 attagaggca aacatttaaa aataaaatgt ccaaatattt gtctaaaatg tattgtagac
1141 gcttattgat ttttaaatta ctcaaaagaa tgttcatcga gggagggccg ccaattgtge
1201 catctctaca tctettcget catcectaaa taacggeact ctgecagatge gaagcagtgg

1261 atcgcaaaaa cgcaaaatgt gggcgaaata agttcgcgag cgtctcgaaa gtaaccggtt
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1321 actgaaaata caagaaagtt tccacactcc tttgccattt ttccgegegg cgettggaaa
1381 ticgtaaaga taacgcggeg gagtgtitgg ggaaaatgge gcaaccgecg ccagatcaaa
1441 acttttacca tcatccgetg cccecacacge acacacatce geatccgeac teccatccge
1501 atccgcacte gecatccgeac ccacatcace aacatccgea gettcagttg ccgecacaat
[561 tccgaaatcc cttcgatttg gtgagttcee atcgcageag agaagggcte ttgteccagg
1621 aaagctacag tacagattcc ctatggtgaa caaacaacca gtgcgatcac tgatgaccat
1681 aaacatttat tgagccgcag caaatgtgtt tctagaacat agggcgaaat cttctattat
1741 cugtttgtg acttttaaag tatcgtagca gaatctaaat aacaattgat attattaatc

1801 gttacagtta gtatagtata taattgtata tgaattgtgg ggcaacatgt tattagtgat

1861 ttgccgaaat gttctaaaag atgtttcatt gaaatggacg aatgttaaac ctgttgcact
1921 cacaccgaat atcagtaatg tctatttttc aaaagccaca tctatggeca ctgggtatac

1981 attattgact taatacactt catacaacat attttcaaaa acaagcattg ttgtcctgca

2041 rgatgattag tgaaagtaat attgcaagat tcggtccccg aagcegaatcg tectttcacg
2101 tttetatata aagacagtgt accecttgat tetttgaage ttttcgatga gegaacggga
2161 gcgataaact acaactacat acgtccgtat ctgcccaacce agatgeccaa gecaggtgag
2221 ctcaaagcca acaaagtcag ccatcgtctt atcagatgtc tttcectcag aggagetgec
2281 cgactctctg gtgatgcgge gaccacgtcg cacccgeace acttttacca getctcaaat
2341 agcagagctg gagcagceact ttctgecaggg acgatacctc acageeccee gacttgegga
2401 tctgtcageg aaactagecc tgggeacage ccaggtgaag atatggtita agaaccgtcg
2461 gegtcgtcac aagatccaat cggatcagea caaggaccag tectacgagg ggatgectct
2521 ctegecgggt atgaaacaga gegatggega tecccceage ttgeagactc ttagettggg
2581 tggaggagcc acgeccaacg ctitgactce gtcacccacg ccctcaacge ccactgeaca

2641 catgacggag cactacagcg agtcattcaa cgectactac aactacaatg gaggccacaa
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2701 tcacgcccag gecaatcgt\c acatgcacat geagtatect t\ccggagggg ggccaggace
primer 1 g tgtacgtgta cgtcatagga a

2761 tgggtcgacc aatgtcaatg gcggecagtt cttccageag cageaggtcce ataatcacca

2821 gcagcaactg caccaccagg gcaaccacgt gccgeaccag atgcagcage agcaacagea
2881 ggctcageag cagcaatacc atcactttga cttccagcaa aagcaageca gegectgtcg
2941 cgtcctggtc aaggacgaac cggaggecga ctacaactic aacagctcgt actacatgeg
3001 atcgggaatg tctggegeca ctgeatcgge atccgetgtg gececgaggeg ctgectegee

intron starts

3061 gggctccgag gtctacgage cattaacace caagaatgac gaaagtcega gtetg | tgtgg
3121 catcggcatc ggecggacctt gcgecatcge cgttggcgag acggaggegg ccgacgacat
3181 ggacgacgga acgagcaaga agacgacgct acaggtcagg catgagtcca caaccttttt
3241 tgatctcttg attctgagtg tggcgtttat aaattgaagc tttaagcttt gtaactttca

3301 aactgtctgg tttgagatgt tattctgaaa gtacttctat ttccgatcga tgagatttgg

3361 gagttcttca atatttaaca tttaacttat taagtttttg ttttctaaat tagacatggc

3421 atttctgaaa gggaagtaca agtgttaaag atgtatttta atatagaatt tgtatcaaag

3481 gttaagattt caaccgtttg aaagccctta gttttcaggg ttttttactt ttttattcat

3541 graatcactc ttaatacact gcaagttaaa atagcatttc tttgaccaga aaaataagaa

3601 tctatgcatt ttaaaagtga aaacagactc atatgctgat gaacattttt agctataaat

3661 tgtaacaata atttagcaat ttcaattgaa tttatttatg ttctaaatgc gttcgetctc

3721 tccctag-| atc ttggagcctt tgaagggtct ggacaagagce tgcgacgatg gecagtagega

intron stops
3781 cgacatgagc accggaataa gagccttage aggaaccgga aatcgtggag cggeatttge

3841 caaatttgge aagccttcge ccccacaagg ccctcagecg cecctcggga tggggggcgt
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3901 ggcectggec \gaatcgaacc aatatcaatg ca\cgatggat acgataatge aagcgtataa
primer 2 cttagcttgg ttatagttac gt

3961 tccecatcgg aacgeecgegg geaactecgea gtttgectac tgettcaatt agectggacg
4021 agaggcgtgt tagagagttt cattagcttt aggttaacca ctgttgttcc tgattgtaca
4081 aataccaagt gattgtagat atctacgcgt agaaagttag gtctagtcct aagatccgtg
4141 taaatggtic ccagggaagt tttatgtact agcctagtca gcaggecgcea cggattccag
4201 tgcatatctt agtgatactc cagttaactc tatactttcc ctgcaatacg ctattcgect
4261 tagatgtatc tgggtggctg ctccactaaa gcccgggaat atgcaaccag ttacatttga
4321 ggccatttgg gettaagegt attccatgga aagttatcgt cccacatttc ggaaattata
4381 ttccgagcca gcaagaaaat cttctctgtt acaatttgac atagctaaaa actgtactaa
4441 tcaaaatgaa aaatgtttct cttgggegta atctcataca atgattaccc ttaaagatcg
4501 aacatttaaa caataatatt tgatatgata ttttcaattt ctatgctatg ccaaagtgtc
4561 tgacataaic aaacatttgc gcattctttg accaagaata gtcagcaaat tgtattttca
4621 atcaatgcag accatttgtt tcagattctg agattttttg ctgccaaacg gaataactat
4681 catagctcac atictattta catcactaag aagagcattg caatctgtta ggectcaagt
4741 ttaattttaa aatgctgeac ctttgatgtt gtctctttaa getttgtatt tttaattacg

4801 aaaatatata agaactactc tactcgggta aattgtgact aactacacat aactacatac
4861 ttagcccata tttecgtecce tttctagaat gaacgaaaac agtatctggt tttcccgaaa
4921 atcttatgaa tttaaaaatg cactttattg cacatactca cacatgcctg ccataaaata
4981 tgattcgcga tttttccgeg aacacccgeg gatcataaaa catttgcacc agetgectgt
5041 gttrattcac ctacctgaaa cccatactct tatcgectga tectcgegeg gtcgeactat

5101 ttaggtagac actgtacagg cagcactagc
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