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Abstract

Genetic analysis is not widely used for disease diagnoa#igsis costly and very
labour/infrastructure intensive. We believe that by emjplg both microelectronic
and microfabrication technologies, we are able to integnatltiple functionalities
into a single, manufacturable, inexpensive instrumerit peaforms complete ge-
netic analysis protocols. Cost reduction (i.e. instrunaent reagent costs), smaller
size, and higher automation (i.e. lower labour cost) wittaaly pave the way for
frequent use of genetic analysis for disease diagnostics.

In this work, we develop technologies and techniques toémgint a low power,
inexpensive genetic analysis instrument that performsaetion of genetic mate-
rial (e.g. DNA) from clinical samples (e.g. blood), genetroplification (via poly-
merase chain reaction, PCR) and detection/analysis baséaser induced fluo-
rescence (LIF)-capillary electrophoresis (CE), realetifCR (rqgPCR), and melting
point analysis (MPA). This project involves integrationmoicrofluidic and micro-
electronic technologies as well as molecular biology protadaptation. Further-
more, we develop technologies required to realize a singéechip for genetic
analysis. This chip, which is based on monolithic integmratf microfluidics and
microelectronics, can ultimately be mass produced usiagdstrd low-cost, high-
volume microelectronic wafer fabrication equipment.

We believe that the technologies developed here, alongtivemolecular bi-
ology protocol adaptations, will result in a low cost poteamstrument that per-
forms genetic analysis much faster, easier, and less expetgn conventional

instruments. This will certainly revolutionize the use ehgtic analysis for disease



diagnostics.
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and simplified optics (a single GRIN lens and an interferdities).

This stage has been built for flexibility, primarily for opdil align-

ment. Once packaged, such an optical stage will not be regess

The detailed optical assembly is shown in Figure 6.3a (MEE an
MFC refer to the microelectronic (i.e. the IC) and microfigidhip
respectively). . . . . . .. 125
(a) The optical path consists of the microfluidic chip,RIK lens,

an interference filter and the custom-designed IC. (b) Inddbe
photodiode as seen through the GRIN lens when in focus wih th
microfluidic channel. The photodiode is the area surrournyettie

metallic contact ring. The ring-like image is the reflectionthe
microscopes light source and is not the outline of the GRIN le

The metallic pad at the left of the photodiode is for chanazé¢ion

and interface purposes. . . . . . . ... e 128



6.4 (a) Diagram of a standard glass-glass CE chip withu#hOdeep
channels (9Qum wide channel) and 2 mm wide wells/ports. These
chips are patterned with a 110 nm chromium layer that is pho-
tolithographically patterned on the bottom surface of therachip.

(b) In the injection stage of CE, positive HV is applied to faenple
waste well, while ground state is applied to the sample wedl @
floating state (high impedance) to both buffer well and huffaste

well initiating electrophoretic migration of DNA. Injecn is per-
formed for 100 s at 200 V. During the separation step, theebuff
well is connected to ground and positive HV is applied to tihédy
waste well, while the sample well and sample wastes welletrtos

a float state. Separation is performed for 200 sat200V. . . . . 130

6.5 End-labelled PCR product representing the presendef2t mi-
croglobulin gene§2M), was electrophoretically separated on a mi-
crofluidic chip operated by an IC-based instrument. Thetivela
fluorescence signal collected by the IC is plotted agairestithe
axis in seconds. Three consecutive CE runs demonstratethe r
peatability of the peak arrival times. Within each run, thstfpeak
(left) is the primer peak (20 bps) and the second peak (rigtibe
PCR product peak~273 bps). The minor dip in the electrophero-
gram (before the PCR primer and product peak arrivals) béhew
baseline (i.e. zero) is an artefact introduced by the difjiter used
to remove the 0.8 Hz noise. Given that this artefact is snmall@o-
portional to the following peak, its presence does not affezlimit
of detection. The inset (top left) shows representativaacgssed
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Chapter 1

Introduction

Molecular biology techniques are used in a wide range of ca¢diagnostics from
cancer to adverse drug reaction prevention. However, tbespread use of molec-
ular biology tests is limited by their associated cost anehgexity, constraining
the availability of these tests to research facilities ay\advanced hospitals. The
cost and complexity of the molecular biology tests are duthéofollowing: 1)
expensive instrumentation and infrastructures, 2) ndoraated procedures, 3) re-
quirement of highly trained personnel to operate instrusyet) large volumes of
expensive reagents consumed in each operation, and 5) &elmgime caused by
batch processing. In addition, there has been a pressimgfoeen-site genetic di-
agnostic tests for infectious diseases or deficiencies asieldverse drug reactions,
which require immediate test results. The most plausiblke fraward at this time
for these onsite diagnostic tests is complete lab-on-db@Q) implementations,
where a complete test is performed on a single self-sust@iogable instrumentin

a timely fashion.

The goal of this project is to develop an inexpensive poetgehetic analysis in-

strument based on microelectronic and microfluidic tecbgiels. This instrument



needs to enable highly automated and cost-effective d&igniests (i.e. applying
sample and obtaining result with minimum manual internamg), and provide a

qualitative outcome (i.e. Yes/No answer) that will reduoe &nalysis time.

Through the use of microfluidic and microelectronic teclogas, molecular
diagnostics tests can be miniaturized and automated Jiheeelucing the cost and
complexity and increasing accessibility to the public. @oal is to model our
development after the microelectronics industry, wheeegombination of minia-
turization, automation, and mass production has decredhsambst of computers in

a way that they are now used for the most trivial tasks.

1.1 Social Relevance and Necessity

Central laboratories are the main diagnostic test prosittethe health care system.
Millions of diagnostic tests are performed every day in a€hgprocessing” fashion
in these laboratories using large and expensive equipréetmain shortcomings
associated with “batch-processing” are the long latenoynftaking a sample to
getting results and associated cost. On the other hand thex pressing need
for a point-of-care (POC) diagnostics, especially for atileus diseases. Current
statistics from the U.S. National Center for Health Stetssshow the impact of

infectious diseases in the U.S., with statistics such as:

» approximately one-third of Americans are exposed to hip#t at one

point of their lives,

» around 36,000 people are killed by influenza every year 8 ,U.



» sexually transmitted diseases affect more than 1.2 millieople every

year in U.S.

* in Canada alone, SARS reportedly cost the country over Bi#lién in

2003 [1].

1.2 Project Scope

This Ph.D. project is a collaborative effort between the gz Miniaturization
Laboratory (AML, supervised by Dr. Christopher Backhousedl VLSI Labora-
tory (supervised by Dr. Duncan Elliott) towards the intdigna, miniaturization,
and automation of genetic analysis instruments based orofhiclic and micro-
electronic technologies. The Backhouse lab has been geuglmicrofabrication
techniques, microfluidic integrated chips, miniaturizgstems, and biological pro-
tocols for LOC applications for almost a decade. This lab faslished several
papers covering microfabrication techniques (e.g. [2]icrafluidic chip design
(e.g. [3]), instrument development (e.g. [4]), and LOCdzhdisease diagnostics
(e.g. [5]). As result of these developments, the systemitastiecreased by a fac-
tor of 5 per year since 2005, decreasing to hundreds of ddbbainfrastructure that
once could cost on the order of one million dollars. In a samibay, the Elliott lab
has been developing integrated microelectronic chip fo€lapplications for more
than five years [6, 7, 8]. The research in this lab is directedatds developing
circuits and technologies to introduce LOC instruments ¢ha be mass-produced
using conventional microelectronic fabrication equipindine central goal for this
ongoing collaboration is a single microelectronic-miauafic chip solution for ge-

netic analysis.



As part of a collaboration between Backhouse and Elliots |athave been in-
volved in the ongoing development of bench-top LOC instrotseat the AML.
These general purpose platforms not only offer functidieslifor various genetic
analysis protocols, but also enable me to design, build,clwadacterize specific
modules (e.g. optical detection) with ease and in a timealitan. This level of con-
figurability is essential for design and fabrication of naituirized modules. More-
over, these platforms function as a test-bed for develdporgjng molecular diag-
nostics procedures to the LOC format. At the same time, | @& assisting in
the ongoing evolution of VLSI chips to ultimately replacedtiete instrumentations
developed at the AML. My primary role has been in spearhepthe integration
of the AML systems and VLSI chips to realize a “true LOC” implentation that
could revolutionize healthcare. Figure 1.1 illustratesdayelopment road-map to-

wards a single self-contained genetic analysis instrument

1.3 Thesis Organization

This thesis is written in a paper-based format and is stradtaround four peer-
reviewed journal papers. As this project is a multidisciphy project, these papers
demonstrate a collaborative effort between several groembers. However, this

thesis demonstrates projects lead by the author of thigsthes

Projects illustrated in this thesis could be categorizetbitwo categories: 1)
development of modular scalable bench-top genetic arsallysiruments and inte-

gration of molecular diagnostics procedures into LOC fdr(&hapters 3 and 4)

4



B
~—— System Development Roadmap >

Figure 1.1: The development roadmap for LOC genetic armalysitruments.A
andB are commercial electrophoresis and genetic amplificatqpapenent. Bio-
logical protocol development and training are initiallyrfoemed on these systems.
C is one of our inexpensive, modular, scalable and generpbserplatforms, these
platforms are discussed in Chapters 3 and)is a representative of our custom
microelectronic chip based genetic analysis instruménése instruments are dis-
cussed in Chapters 5 and B.depicts the future goal of this project, a monolithic
microelectronic-microfluidic chip that performs all thejtered steps for a molecu-
lar diagnostic test.

and 2) illustration of the scalability of our bench-top mshents by introducing
USB key size genetic analysis devices based on custom @ekigitroelectronic

chips (Chapters 5 and 6).

This thesis is organized as follows: in Chapter 2, the lakzip technology,
its current limitations and our methodology are discussentthermore, a brief de-
scription of standard molecular diagnostic procedurescamalesign approach are
presented. To do a fair comparison between demonstratioather industrial/re-

search groups and our demonstrations, an in-depth revighedfterature related



to each project is presented at the beginning of each ch&hapter 3 illustrates a
modular scalable genetic analysis toolkit. This toolkitis basis of all our projects
as it can be configured rapidly to develop, test, and debug@W/techniques and
modules. To demonstrate the functionality of this toolkit feal diagnostic appli-
cations, genetic amplification via PCR, and analysis usapillary electrophoresis
(CE), were implemented. This PCR/CE implementation hasnapoment cost of
approximately $600 and is sensitive enough for medicalrbatic applications.
Chapters 4 demonstrates a complete genetic-based diegesst(i.e. sample-in-
answer-out) using our developed toolkit. In this demornistina we integrated a
simple inexpensive sample-preparation module to exthectjenetic material from
a patient’s raw sample. Genetic amplification and analysihis demonstration
were done via PCR and LIF-CE. Chapter 5 describes a CMOSHudse (3 mm
x 2.9 mm) that generates high voltages (HV) and switches Hyuwistfor hand
held CE instruments. This CMOS chip replaces bulky HV infiasgtures account-
ing for a large percentage of the cost and size of discretgpooent based system.
In chapter 6, we present an improvement on our HV CMOS chiptsgrating an
optical detection capability. The presented CMOS chiphwatal silicon area of
<0.25 cnf, combines all the required instrumentation for LIF-basédadd can
perform microchip electrophoresis analysis with minim@digional infrastructure
(e.g. a laser diode). This chapter demonstrates that itssiple to integrate all
the LOC support infrastructures into a single microelauttahip, and establish a
basis for “real LOC” solutions, in which all the required ra$tructures are inte-
grated into one or few miniaturized chips. Chapter 7 conedutiis thesis, presents
the author’s contribution to the field in a list format, andalisses future research

directions.
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Chapter 2

Background

In this chapter we present an overview of lab-on-a-chiprietdgies and its lim-
itations for use in point-of-care disease diagnostics.lokohg this, we present
our methodology to overcome such limitations. We also lyiedlview standard
molecular diagnostic techniques and end with our designoagp for the projects

discussed in this thesis.

2.1 Lab-on-a-Chip and its Current Limitation

Soon after its introduction in early 1990’s, miniaturizetdl chemical analysis sys-
tems (UITAS) became a popular research field both in academia andtiydd].
The main concept ipTAS is to miniaturize, and integrate required functioneit
for a complete analysis (e.g. chemical analysis, genetityais, and etc.) that in-
cludes but is not limited to sample preparation, fluidic Henyl sample amplifica-
tion, sample concentration, detection and analysis. Mligdics, a subset giTAS,

is concerned with the design, fabrication, and the use ofaoi@nnels for manip-
ulating small volumes of liquid. Microfluidics offers adwages such as reduced

reagent volumes, shorter analysis time, and the potemtiaddmplex integration

9



and portability when compared with macro-scale laboratesyruments. These ad-
vantages, along with the mass-manufacturability of thesécds have made them
the ultimate technology for future point-of-care (or peaftconcern, POC) medi-

cal diagnostics [2, 3, 4].

There have been significant advancements in LOC technokxpgcially in
porting and integrating conventional laboratory procedusuch as sample prepa-
ration, sample mixing, sample separation, and detectitmrmcrofluidic format
[5, 6, 7, 8, 9]) on microchips. Despite these advancemernstamadvantages of-
fered by LOC technology, LOC based instruments are not besegl extensively
in commercial settings, particularly for POC applicatioiisis lack of use is due
to the fact that most, if not all, LOC demonstrations rely oibvsantial external
infrastructure (e.g. high voltage power supplies and $wi¢ detection systems,
valves/pumps, and thermal cyclers). In other words, masteofecent LOC demon-
strations have been presented in what might be cétibp-in-lab” approaches
(i.e. requiring extensive support equipment) rather ttao-on-chip” approaches.
Yageret al. notes that LOC technologies will be more widely used in aggtions
such as POC disease diagnostics if and only if inexpensiwepbwer and portable
instruments are built [10]. In this thesis, we address g8si¢ by developing tech-
nologies to build self-sufficient instruments that can runoaplete diagnostics
while being inexpensive, miniaturized, and integrateds Hevelopment addresses
the cost and size of LOC support equipment and demonstfadadt that in near
future, the need for external equipment will not be an obstacthe wide use of

LOC applications.
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2.2 Our Methodology

Building an integrated, inexpensive general purpose qiatfthat can perform a
wide range of molecular diagnostics is a challenging task ks, we are required
not only to introduce miniaturized and inexpensive versiohconventional labo-
ratory equipment but also to integrate all of the functidgabgether into a single
platform. It is important to emphasize that integratingimas functionalities such
as temperature control in microchambers, high voltage rgéina and switching,
fluid handling, and sensitive detection mechanism in a simggtrument and ad-
dressing all the practical and engineering obstacles schiae coupling, materials
compatibility, and interface is a very exigent task. To mtieetask more manage-
able, our approach is modularization, in which we first deslyild, test and debug
a miniaturized module for each function independently, sutgsequently integrate
them all into a single instrument. A system level verificatensures the function-
ality of the system as a whole. As each module is developexpigadently it can be
replaced by its enhanced version (e.g. a custom microelactchip) without other
modules being affected. In other words, we use the “one ffatta time” (OFAT)
methodology [11] to manage a very complex problem. This oekik considered

to be the only “scientific” approach by many scientists [11].

2.3 Standard Molecular Diagnostics Procedures

Conventional laboratory medical diagnostic techniques loa primary classified

into three categories:
1. Immunoassay based: These tests identify and quantifyeeifspbio-

11



chemical substance through the detection and analysis ah@ipody’s
reaction with its specific antigen. The number of immunopdsats
is limited by their seroconversion window, their sensttiviand limited

range of antibodies.

2. Flow-cytometry based: This technique suspends a sampleiream of
fluid, and uses an optical detection system to gather saattefluores-
cence. This information is then processed to identify/gjfathe sample.
The use of flow-cytometry is hindered by the cost and large sfzhe

equipment coupled to complex data processing algorithms.

3. Nucleic-acid based: These tests use specifically-degdignobes for an
individual genetic sequence of a desired pathogen. Evargthoucleic-
acid tests are accurate, sensitive, and quantitatives teets involve many

steps and require expensive and extensive equipment.

Due to the advantages and wide applicability offered by eéiaehcid tests, we
have focused our efforts on miniaturizing, integratingg automating infrastruc-
tures required for this category of molecular diagnosesss. Here, we specifically
focus on techniques that use polymerase chain reaction)(RCkhe genetic am-

plification.

A nucleic-acid based test involves three main steps:
1. Sample preparation: the extraction and segregation rétgematerial

(e.g. DNA) from a raw sample (e.g. urine).

2. Genetic amplification: selective amplification of a dedigenetic se-

guence (e.g. H1NZ1 flu virus) using an amplification methodgCR).

12



3. Detection and analysis: detection and quantificatiorhefdenetic se-
guence of interest using methods such as capillary eldutregis (CE)

or melting temperature ¢f) analysis.

2.4 Design

Considering the required steps for a nucleic-acid basaghdstics, we designed,
built and tested individual modules using off-the-shelinpmnents for each step
and integrated them together. As illustrated in Chapterr8pdular, scalable, and
inexpensive instrument combines the genetic amplificadioh analysis function-
alities through a combination of temperature control (f@&R9, fluidic handling,
high voltage generation/control (for CE), and florescenastation/detection (for
laser induced fluorescence detection). In Chapter 4, th@lsgoneparation func-
tionality is added by introducing a new module to extractgbaetic material form
a raw sample. The on-chip extraction of DNA is performed gsiihargeSwitch
magnetic beads. These beads, which attach to DNAs at a lowpBK&.5), are
moved through a wash solution using a miniaturized magnéticstage. DNAs

are subsequently released by the addition of PCR mastepHix§.5).

Chapters 5 and 6 reflect our methodology of replacing ind@&icd¢omponents
with custom designed microelectronic chips. In Chapteh& high voltage gener-
ation/control module is replaced by a single microeledtrahip, while in Chapter
6 both high voltage generation/control and florescencetamn/detection are re-

placed by a microelectronic chip.

Based on our demonstrations we can clearly establish a “&®taw” trend for

13



cost of an instrument as the technology evolves, see Figlrerais trend proves
that the cost of a LOC instrument will not longer be the maittlboeck in the

widespread use of LOC technology for POC diagnostic tests.

107
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Figure 2.1: Graph of instrument cost reduction as technpofmggresses. MDx
denotes the cost of equipment in conventional moleculagrdiatic laboratories
which is~$1M. uTK+MJ denotes the cost of a conventional microchip based CE
system and a conventional thermocycler (used for PCR). T™MKeélenotes the cost
of our first toolkit, which only performed CE, and a convenabthermocycler.
TTK+PCR denotes the cost of our instruments based on a nraaudiescalable ar-
chitecture presented in Chapters 3 and 4. USB2+PCR demhetesst of a two-chip
(one microfluidic and one microelectronic chip) instrumieased on a custom mi-
croelectronic chip and a glass microfluidic, similar to wisgtresented in Chapters
5and 6. USB1+PCR denotes the cost of a monolithic micragleit-microfluidic
chip fabricated using mass-production equipment. Imagetesy of Dr. C. Back-
house.
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2.5 Definition of Commonly Used Terms

» Capillary electrophoresis: Capillary electrophoresis (CE) is a technique

to separate molecules based on their relative charge aad siz

» Polymerase chain reaction:Polymerase chain reaction (PCR) is a enzyme-
meditated genetic amplification technique that requirpgaited heating
and cooling (i.e. temperature cycling) of a specific mixtufdis tech-
nique is used to selectively amplify a known sequence of DANARCR
mixture consists of DNA template, primers, deoxynucleesidphos-
phates (ANTPS), Taq polymerase, buffer solution, and nsagmeor man-

ganese ion.

 Limit of detection: As noted in [12], the limit of detection (LOD) of
an instrument is the lowest concentration of an analytedaatreliably
be detected. For the laser induced fluorescence (LIF) detebtised
capillary electrophoresis, the limit of detection is defirees the amount
of sample required to produce a peak height that is equalré ttimes

the standard deviation §3 of the electropherogram’s baseline.

« Signal-to-noise ratio: For the LIF based capillary electrophoresis, the
signal-to-noise ratio (SNR) is defined as the ratio of thekgaaplitude

to the standard deviatiow) of the noise in the signal (i.e. baseline).

» Resolution: The separation efficiency is commonly presented by resolu-
tion. In the capillary electrophoresis technique the netsoh is defined
as the ratio of the distance between two pe#tktp the average of peak

widths (i.e. full width at half maximum, FWHM, W). The resdion is

15



usually normalized to the natural unit “per base”, hencediselution per
base (R) is defined as equation 2.1, whiskéis the two peaks’ size dif-
ference in base pairs (bps). The resolution, R, equals ty wiien the

peaks of two DNA fragments with size difference of 1 bp ovea half

of their height (FWHM) [13].

At

= WAM (2.1)

In this dissertation, we report the resolution of a instratria terms of
base pairs (Rbps), i.e. the minimum size difference in bager@quired

to get two peaks that overlap at half of their height. Hencpsﬂbé [14].
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Chapter 3

A Scalable and Modular
Lab-on-a-Chip Genetic Analysis
Instrument

This chapter was published in the Analyst Journal, and itfeagired on the front
cover page. The instrument demonstrated here is a genayabge and reconfig-
urable microfluidic toolkit that performs all the requirediélic manipulation, ther-
mocycling, and optical detection necessary for genetidyaisa This instrument
is a self-contained system that has been developed and mged laboratory as
a test-bed to accelerate our new lab-on-a-chip develomnéd the lead author,
my role in this development was interdisciplinary; | led thetrument design (i.e.
hardware including testing and debugging), thermal anctalptalibration as well

as microfabrication process development/improvement.

Preface
We demonstrate a new and extremely inexpensive, multigerpesktop system
for operating lab-on-a-chip (LOC) devices. The system plew all of the infras-

tructure necessary for genetic amplification and analysth, orders of magnitude

A version of this chapter has been published. Beheaal. 2010. Analyst. 135. 1606.



improvement in performance over our previous work [1]. A miad design enables
high levels of integration while allowing scalability toler cost and smaller size.
The component cost of this systenx$600, yet it could support many diagnostic
applications. We demonstrate an implementation of geaetiglification via PCR,
and analysis using capillary electrophoresis (CE). The BGRIe to amplify from
single or several copies of target DNA and the CE perform@ace sensitivity) is
comparable to that of commercial photomultiplier-basedfacal lab-on-chip in-
strumentation. We believe this demonstrates that the ¢astrastructure need no
longer be a barrier to the wide-spread application of LOGnetogies in health-

care and beyond.

3.1 Introduction

The lab-on-a-chip (LOC) community has made significant pesg in transferring
a wide variety of chemical and life-science functionasitento microfluidic chips,
but with limited progress in developing a cost-effectivigastructure for operating
them. For LOC technologies to be widely adopted in applicetisuch as point-of-
care disease diagnostics, it is essential that an inexpereffective and portable
instrumental platform be developed [2, 3]. Particularlitical for such diagnos-
tic applications is the implementation of the polymerasamchheaction (PCR) and
capillary electrophoresis (CE), and their integrationoamicrofluidic formats [4].

The combination of PCR/CE forms the basis of many medicajrdiatics (e.g.

[5, 6, 7]). Our implementation of PCR/CE also demonstraiedunctionality (e.g.

pumps, valves, temperature control, electrophoresigctien) needed for a plat-

form capable of implementing a wider range of moleculardgglprotocols.
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Medical diagnostic protocols have been demonstrated on $y3€@&ms, but are
generally confined to use within a laboratory setting dueost eand the need for
extensive LOC infrastructure. A number of excellent ressesummarise the field
in general, as well as PCR and CE in patrticular [3, 8, 9, 10]sel-anduced flu-
orescence (LIF) detection is the method of choice for CE,[lEkYely because of
its excellent sensitivity but also because it is readilys$farred to a LOC format.
Therefore, in this work we have focused on the developmeatsystem for imple-

menting PCR followed by CE with LIF detection.

Recent reviews (e.g. [10, 8]) have summarised commerci& k@stems and
their demonstrations. Existing commercial products aghllyifocused, with rel-
atively little flexibility and this limits their use as a gemetool for developing
and implementing microfluidic applications. For exampleere are a number of
commercially available bench-top microchip-based CE yaislsystems such as
the Agilent 2100, BioRad’s BioFocus/Experion, CaliperahChip 90 system and
Hitachi's SV1100. However, while such bench-top CE systamgsappropriate
for laboratory use, inexpensive and portable diagnostidls@guire more highly
integrated systems. For genetic diagnostic applicatithresiwo main approaches
taken commercially are 1) PCR followed by array-based dieteand 2) real-time
PCR. Although these are useful advances, they are onlyalrgtement a specific
technology (typically a specific commercial product ratin being a general pur-
pose platform), and none implement the key PCR/CE funclitgn&Ve are aware
of only one commercial system capable of PCR/CE, that beomg NEC and Ar-

biotec (Japan) [12] as announced in a recent and prelimireguyrt. That report

21



suggests a briefcase-sized system capable of PCR/CE \aitthip approximately

18 x 8 cm (no results were presented).

As demonstrated in the academic literature, the wide rahgapabilities of the
LOC technologies is truly impressive, The early demonstnady Burnset al. [13]
integrated isothermal amplification, electrophoresislasdr-induced fluorescence
detection. Although a remarkable advance, their systermetsufficiently sensi-
tive (with a detection limit of 10 ngl of intercalator-labeled DNA), had limited
resolution & 50 base pairs (bp)) and was not flexible enough for generdicapp
tion (or for that matter to PCR/CE). This tour-de-force destoation of a nearly
self-contained system showed that it was feasible to dpveltsue lab-on-a-chip
system. As noted in the review by Lagally and Soh [14], Lagatlal. [6] were
the first to demonstrate a field-portable, fully integrat€RFCE system. However,
as reviewed by Myers and Lee [3], the demonstrations showlat® of integrated
PCRI/LIF-CE (e.g. [15, 5]) have relied on expensive optin&istructure (e.g. pho-

tomultiplier tubes (PMTs) and confocal optics).

Demonstrations by the Mathies group [6, 16] have shown ptetelf-contained
systems and these, along with the Sandia system [17], esgirtee state of the art
in terms of high performance portable CE systems. Howesgrpated out by My-
ers and Lee [3], even these are relatively expensive PMé&ebagstems and more
effort is needed to miniaturise, automate and to reduce €ogtut this in perspec-
tive, the system presented here is already less expenaattypical small-format
PMT that might be used in one of the portable systems notedeabfs we and

others recently reviewed [1, 3, 9, 10], there have been nadstrations of inex-

22



pensive PCR/LIF-CE systems - clearly such an integrati@ncisallenge.

As described by Johnson and Landers [11] in their review vhsénsitive LIF
detection in microsystems, the most sensitive detectiodemio microsystems is
LIF, and LIF-based CE is the primary detection method in DN#geencing and
sizing. Also as they describe, the standard method of LIEdafiein is the confocal
approach that illuminates and collects fluorescence fromalls/olume. This el-
egant method is well-suited for LOC technologies sinceldves for the detection
spot (often on the scale of micrometres across) to be foowghath a microfluidic
channel, thereby being relatively insensitive to lightgjeation or fluorescence)
from the channel wall or the bulk of the microchip. These syt therefore tend to
have a very low baselines (i.e. the signal output in the ateseha fluorescent ma-
terial in the channel). Unfortunately, this requires psem machining of relatively
large optical systems in order to maintain such a tight fagitisin the microchan-
nel. Moreover, the collection of the light from such a smallume requires very
high gains so that PMTs or avalanche photodiodes (APDs)saraly used. Finally,
the individual components of such systems (such as PMTistaomirrors, filters,
collimation optics) are expensive, with typical costs ofesal hundreds of dollars
or more (e.g. Johnson [11] refers to optical filters costih§@). As pointed out
by Zhang and Xing [10], the detection methods have not deeel@s rapidly as

other LOC technologies, particularly regarding the muniestation of LIF detection.

It is far simpler to use a non-confocal approach in which diuginates the
channel while collecting the fluorescence with a lens, passithrough a filter and

into a solid-state detector. Such a non-confocal approkschadfers considerable
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advantages in compactness and cost, but tends to be sekaeed of magnitude
less sensitive [18, 19]. Moreover, non-confocal approad¢éed to collect far more
scattered excitation light (e.g. from channel walls) and tkesults in high base-
lines. Such systems are sensitive to laser power fluctissimee they give rise to

variations in the baseline that can be difficult to distirsipfrom fluorescent signals.

We are exploring what we feel are central questions for th€ lfiéld — how in-
expensively one can build the infrastructure needed to@y®C operation, and
how well can that infrastructure be integrated with the LO&ides themselves ?
We seek to demonstrate systems that are orders of magnduee in cost than
those presently available, yet that might support entieedcience protocols. Such
a “toolkit” for implementing inexpensive and portable LOCR/LIF-CE requires
an effective integration of such capabilities as a highagst power supply, LIF
detection, thermal control and fluid control. In additidme tlevelopment such sys-

tems requires the co-adaptation of molecular biology aed_thC technologies.

We present a modular instrument based on photodiode-bagedtidn. We
earlier reported on a non-modular PCR/CE instrument basel @harge coupled
device (CCD) for optical detection [1]. We now present a pdaide-based sys-
tem with greatly increased sensitivity and speed. In agldjtivithout the CCD, the
cost of the optical detection system has been decreasedhyrtiers of magnitude,
halving the system cost. To demonstrate the instrument,hwsecto work with a
microfluidic chip design we previously reported on [1]. Oupdlar approach has
enabled a rapid evolution of system performance, partilgula terms of thermal

control and detection. Our LIF detection is readily ableample data two orders
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of magnitude faster than previously [1] and now has a seitgittomparable to
those of commercial CE systems. Similarly, our presenntlaécontrol is now far
faster than that we previously reported [1]. As noted by 3ohrand Landers [11],
the majority of the reports in the literature do not provig®egh detail to allow
others to construct the LIF systems used. With this in mirelpnovide a detailed

description of our system and its performance.

We believe that to use LOC technologies in applications sischealthcare, an
inexpensive yet reconfigurable platform is needed, i.eokitcthat can implement
a wide range of life-science procedures. The present PCRApEmMentation of
such a toolkit (Figure 3.1) has a component cost8600 and sensitivities ade-
guate for medical diagnostic applications. This portalbié modular instrument is
suitable for single patient testing using a PCR/CE diagadstmat. We believe
that systems such as this will enable the cost-effectivéogepent of the wealth of

LOC technologies developed by the wider LOC community.

3.2 Instrumental Architecture

The system is composed of hardware modules linked by a naotodler running

firmware that enables basic molecular biology procedurégutine control (via a
USB serial link) of a graphical user interface (GUI) locatedan external laptop
computer. Each of these components is described below atinefuletails can be

found in past work [1].
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Figure 3.1: Block diagram of the LOC toolkit as a PCR/CE iastent. Inset:
Image of the toolkit (3&20x 11 cm for the main box), with the top box containing
the PCR/CE chip.

Hardware: Each of the electronics modules are present in the form ahéegor
circuit board (PCB) that communicates to a microcontrallea shared communi-
cation bus with an industry standard serial peripherariate (SPI) protocol and
using a set of standardised commands, as demonstratedureE®. Each PCB
module performs a dedicated function (as outlined belowd) ianndividually ad-
dressable on the SPI bus. To perform a function (e.g. elgletn@sis), the control
commands are issued to the appropriate board by the midrotlen Once the

user-specified run parameters are entered into the GUlagtks fare transmitted to
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the microcontroller, allowing control of the hardware vehihe external computer
records the generated data.

a) Microprocessor control unit (MCU) This module is based on a PIC micro-

(f Communications Bus Up to 16 boards are addressable ‘\
Power Bus J j J J | |
| IO g g = g 5 g B g —
- - . . . -
Power Micro- High Optical Thermal Pneumatic Temperature Future
ngul_athn & contrc_uller Voltage Detection  Regulation Pump & Manitoring Boards
Distribution Unit Supply Unit Unit Valve Unit

\\ Unit

Unit

Control Unit

o

L Serial Interface

Figure 3.2: The modular architecture of the PCR/CE instntnsebased on mul-
tiple single-function printed circuit boards on common gowand communication
buses. The 'future boards’ can readily be added as the syfsign evolves.

controller (PIC 18F4550, Microchip Technology Inc., ChimdAZ, USA) and is
responsible for control of, and communication with, allatmodules (via SPI).

b) Thermal regulation unitThis module controls the current through the thin-film
heater on the PCR/CE chip and simultaneously measures ttegy@across the
heater. The MCU uses this information to calculate the teatpee of the heater,
thereby enabling this unit to be both an actuator and a sdtisenmal control is
discussed in depth below).

c) Temperature monitoring unifThe operation of the system is affected by shifts
in room or component temperature. This board monitors tlaeshek temperature
and the ambient temperature.

d) Optical detection unitThis unit consists of a laser, a lens, an interference filter,
a photodiode, an amplifier, and a 16-bit analog to digitaveoter. The collected
fluorescence is converted to a current by the photodiode igiitcsdd, with the data

transferred over the SPI bus (further details in SectioBs3&and 3.3.8). In related
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work, we are transferring this functionality onto a singleraelectronic (CMOS)
chip.

e) High voltage supply unitThis board uses an EMCO DC-DC converter (C60,
Sutter Creek, CA, USA) to generate up to 6000 V. In total, falays are used to
control the state for the electrodes interfacing with theroghip, to either apply
a fixed voltage, electrically disconnect the electrode,rougd the electrode. We
recently reported on a low-voltage version of this powemdypn a single CMOS
chip [20].

f) Pneumatic pump and valve control unithe valve board offers valving (and
pumping) functionality necessary for fluid handling withttre microchip. Each
valve board consists of up to seven three-way valves (siewsed here) that can
be addressed individually and that can switch up to 30 pfareifitial pressures pro-
vided either from external sources or from on-board minipsaias in [1]). We have
recently demonstrated an on-chip version of these micrgguend microvalves in
conjunction with an implementation of PCR [21].

g) Power regulation and distribution unifThe input to this unit is a laptop power
supply at 24 V, 3A and the unit regulates and distributesditlpower” within the
toolkit at +24 V,£+14V and 7 V. This approach limits the amount of electricabeoi
that is distributed within the unit. To further suppressseqgvicked up by the power
lines within the unit, thet14V and 7V supplies are regulated 4612V, and 5V

respectively on each board.

Modules that use the same SPI commands can be upgraded waffexting
system operation. Although successive versions of thews may be signifi-

cantly improved, this approach makes most hardware chamgstble to the higher
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levels of the system (i.e. firmware, software and user, asritbes! below).

Firmware: All time-critical functions, such as thermal control andioal data
collection, are handled by the microcontroller executimgivare (programmed
in the C language) that provides a simple real-time opegasystem. The mi-
crocontroller communicates with the external computeravldSB serial link and
follows a standardised set of commands (referred to as tegfane protocol). To
increase the versatility of the toolkit (particularly foelolgging operations), a user
can also communicate with the microcontroller using a teaiprogram on an ex-
ternal computer (using the USB link as a serial port). Thé&alzation of each
module, communication, control, and data acquisition $& gdrogrammed in the
firmware. Although successive versions of the firmware mayssgnificant im-
provement, this approach makes any firmware changes ifevisilthe higher levels

of the system (i.e software and user, as described below).

Software: The use of an embedded microcontroller for time-criticadtions
allows us to use conventional consumer-grade external oterg(e.g. a Windows-
based laptop) for data acquisition without concern for tinatee timing characteris-
tic of multi-tasking operating systems or overwhelming bla@dwidth of the serial
link. To enable platform independence, the GUI was writteRython (a language
that is a standard component of many operating systemsjiditi@n to logging the
raw data as a time-stamped text file with the run informatiod the user-entered
information, the plotted raw and processed data are alsaldavthe GUI as images
(png format). After the completion of each run, the GUI conds the run-specific

information, user notes, and images into a report in a stantdaML format.
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3.3 Methods & Materials

3.3.1 Microchip Fabrication

Our PCR/CE microfluidic chips consist of two layers (top amtktdm) of 1.1 mm
Borofloat glass (Schott AG, Germany) and a PDMS membranedegtthem (Fig-
ure 3.3) based on the approach taken by [22, 23]. This steiemables the in-
tegration of microvalves and pumps within the microfluidigpcwhile requiring
a relatively simple chip fabrication technology. The PCRcateon chamber has a
volume of 600 nL and is 99m deep, while the fluidic channels are g deep.
The detailed fabrication procedure is much as describedriearlier report [1] and

only variations will be discussed here.

The substrates were diced with the resulting edges showsliglatly frosted
appearance with a root-mean-square roughness of 80 nmwayattirough this
work, a number of changes were made due to equipment faihdecamponent
replacement (notably the interim use of another dicing sam)l subsequently the
diced edges were significantly poorer - i.e. rougher, legthra highly frosted ap-

pearance and sometimes showing chipping.

The sensitivity of the CE detection was very dependent onwelMhe channel
could be illuminated by the laser and we believe that this dusesto some form of
shadowing, possibly from chipped edges from the dicing@ss®r non-uniformity
of the PDMS-glass interface. Within chips without such sivéidg, the laser illu-

mination could readily be focused to a spot of less th&®0 um. By contrast, in
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chips with such shadowing, the laser illumination was scatt across the channel

and could not be focused - such chips were not used for CE.

For optimal control of membrane properties (i.e. thicknasd uniformity),
we fabricated PDMS membranes with the monomer and curingtagixed in a
10:1 weight ratio (Sylgard 184, Dow Corning). The PDMS waantipoured onto
a Cr/Au substrate, followed by a 15 s spreading cycle at 109 apd then 300
s at 140 rpm. The substrate was then placed in a pre-heatadad89°C for 2
hours and this resulted in a PDMS membrane with a thickne284fm (+ 10%
variation). The PDMS membrane was irreversibly bonded ¢ouipper and lower
etched glass plates (referred to as the fluidic and contyelr leespectively, Fig-
ure 3.3). Bonding was performed with a protocol based ondah§4], using an
oxygen plasma exposure within a reactive ion etch chambar{®tch RIE). We
exposed the control layer and the PDMS film to oxygen plasm&0as (25% Q
flow, 500 mTorr, 40 W (13.3%) RF power). The exposed face of FDNas then
placed on the glass surface. The fluidic layer glass platett@dtbonded control
layer-PDMS plate were bonded by the same procedure andreftiched for 8
hours to ensure irreversible bonding. For the first 2 howes &fonding, nitrogen
was blown through the fluidic channels intermittently towresthat the valves did

not inadvertently bond permanently in the closed position.

To access the control layer and metal layers through thiehdiiés, the PDMS
layer was cut (after bonding) by using a 2 mm diameter actyle that had been
sharpened at one end to a knife-edge. This was hard enougi tteecPDMS, but

soft enough not to damage the platinum electrodes. As acadrdn that no damage
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Figure 3.3: a) Schematic representation of the componeithgwthe chip — PCR

chamber, valves (3 in a row forming peristaltic pumps), tetgahoresis channels,
fluidic wells and platinum heating/sensing elements. b}pestive view of the

glass/PDMS/glass chip with orthogonal laser beam. ¢) Admi of the chip atop

heat-sink and LIF detector. Chip dimensionsxd®x2.5 mm.

to the electrodes occurred, the chip was turned upside dodiingpected under a
microscope with illumination from below. Damage, such asrateh, was readily

apparent as a patch of light in a dark field.

3.3.2 PCR Protocol

Although our PCR protocol is essentially as in our past wdi, for com-

pleteness we briefly describe the protocol here. AR5PCR mixture con-
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sists of 2.5uL of 10X PCR buffer (containing 200 mM Tris-HCI and 500
mM KCI, pH 8.4), 2uL of 50 mM MgCl (final concentration of 4 mM),
5U Platinum®Taq polymerase, 0j8. of 10 mM dNTPs, 0.5uL of 1% BSA
(Sigma-Aldrich, Oakville ON, Canada), dL of 99.7% DMSO (final concentra-
tion of 4%) (Fisher Scientific, Ottawa, Canada), QU5 of forward primer (5'-
GTGACCAACACAGCTACCACAGTGT-3’, 10uM), 0.75 pL of reverse Cy5-
labelled primer (Cy5-5-TCAAACACCCTAACCTCTTCTACCTG-3L0 uM, In-
tegrated DNA Technologies, Coralville, IA, USA), Quk of sample standard, and
15.75uL of PCR grade water (nuclease-free, MP Biomedicals Inc. OHA).
Platinum®Taq DNA polymerase kits (including Platinum®Taglymerase, 10X
PCR buffer and MgQGl) and dNTPs were purchased from Invitrogen Canada Inc.
(Burlington, ON, Canada). The sample was a reference stargtaciously pro-
vided by Dr. Xiao-Li Pang (of the Provincial Laboratory foulitic Health (Mi-
crobiology) [PLPHM], Edmonton, Canada) and consists of BKu¥ DNA at a
concentration ofc 10° copies/mL. The thermal conditions were: pre-denaturation
temperature of 94C for 120 s, 35 cycles of 94C for 10 s, 56°C for 20 s, and 70
°C for 20 s, and a post-extension temperature ofG@@or 120 s. As described in
our earlier work [7], the BK virus can be a threat to indivithaaith compromised
immune systems, such as immunosuppressed organ-transgdgoients where an
increased viral load can lead to organ failure. The refexestandard was purified
and quantitated (by the PLPHM) from human urine using a QiagBA mini-
kit (Qiagen Inc., Mississauga, Canada) following the maaotufrer-recommended
procedure, resuspending in the elution buffer of the kitldwing resuspension it
was quantitated by RT-PCR. Although we have previously destrated analysis

directly from urine, this purified standard is less infeago
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3.3.3 Operational Procedures for Microchip PCR

As a standard procedure, B0 PCR mixtures were prepared, and simultaneous
on-chip and conventional thermal cycler runs were perfakman aliquot of 10uL

of each mixture was run as the positive control on the theoyeler (GeneAmp
PCR System 9700, Applied Biosystems, Foster City, CA, US%iJe the remain-
ing 40 uL (stored on ice for the period between PCR runs) was usedrforpe
multiple on-chip PCR/CE experiments. This positive cohtvas electrophoreti-
cally analysed, and if the product peak intensity was leas th2 times the usual
intensity, or if anomalous peaks were evident, then the PGiune was considered

to have been contaminated and further analysis was notrpextb Negative con-
trols (PCR mix with PCR-grade water in the place of the sajnpkre performed

to ensure that the processing and the PCR reagents did raztuce contamination.

Loading PCR Mixture: After 5 L of the PCR mixture was pipetted into the
PCR sample well, the on-chip pump was actuated to fill the Piiinber (Figure
3.3a). Typically, 3-4 pump cycles (sequential action of Bsgxutive valves with a
time period of 500 ms between each individual valve) on a BERhip was found
sufficient to fill the PCR chamber. If a larger number of pumpleg was required
then this was an indication that the on-chip valves were petating effectively,
and further testing was not performed on that chip. Once (BB Phamber was
filled, the valves were closed, and any remaining PCR mixtuag extracted from
the PCR sample well with a micropipetter. Thermal cyclingswlaen performed

based on the parameters (above) set in the GUI.

Unloading: After thermal cycling, 5uL of 0.01xTTE (see Section 3.3.4) was
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pumped through the PCR chamber by actuating the valves fantpycles. This
mixed 0.01XTTE and the PCR product, and moved the mixtucetivé CE sample
well (see Figure 3.3a). Approximatelyh of thermo-cycled PCR product in buffer
was present in the CE sample well post-cycling. Howevees§lthan 4iL was re-
covered, then this was taken to indicate a failure of containt due to valve failure,
and further analysis was not performed. In total, two chigd Valve-failures, both
at the PCR loading stage when the valves were found to be sttick closed state.

This was likely due to an error in microfabrication.

In order to assess the relative strengths of on-chip andectional PCRs, we
performed consecutive on-chip PCR and conventional thieayeiing PCRs as fol-
lows: One 50uL PCR mix was made (as per the above procedures)L10f
which was run on the conventional thermocycler, anduR®f which went to 4
on-chip products, all run on the same day. The resulting ygbttom both on-
chip, and tube-based PCR were electrophoretically andlg@ih the our system,
as described below). To ensure analysis of similar DNA cotraéions (and similar
ionic strengths) between the on-chip PCR, and the tubed26&, 4uL of the on-
chip PCR (0.6uL of on-chip PCR product diluted with about 4ub of 0.01XTTE as
it was flushed out from the PCR chamber, a dilution of 12 tim@8%) was com-
pared with 0.51L of tube-based PCR (mixed with 3i& of 0.01XTTE in the CE
input well, a dilution of 12.5 times). The means of the PCRdoici peak heights
on the electropherograms were compared between the orfrC€HrRpand tube-based

PCR to estimate the relative PCR yields.
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3.3.4 Capillary Electrophoresis Protocol

As in past work [7], we used 4% linear polyacrylamide (LPA)ths separation
matrix in order to discriminate between the PCR product maakthe PCR primer
peak (the BKV primers were 25 or 26 bp in length and the resgRCR product
was expected to be 299 bp in length). The LPA and chip wereapeelpas de-
scribed in [1, 6] with a 10X TTE buffer that was 500 mM tris-baS00 mM TAPS
and 10 mM NaEDTA. Since we are seeking to show scalability of the insgom
to smaller distance separations (without changing theafiigdic chip) we have
chosen here to use a separation distance of 13 mm even thoaighip is signif-
icantly longer. Again, as in past work [1], prior to first filly the sieving matrix
in the PCR/CE chip, the CE channels were coated to minimiag/smnadsorption
and electro-osmotic flows. The channels were then filled A, and 4uL of 1x
TTE buffer was pipetted into each of the wells except the Gida well. Once the
sample was loaded (as described below), DNA was electrikatly injected into
the shorter channel using 200 %222 V/cm) for 80 s, followed by a separation
voltage of 600 V (electric field o&67 V/cm) for 250 s. Likely due to variabil-
ity in the unloading process, the samples gave rise to ioeaurrents that also
showed run-to-run variability. If the injection currenta@eded 4QA then the in-
jection voltage was reduced to 150 V for the remainder of tijection period. In
either case, the injection time was sufficient to have the@riand product DNA
reliably reach the intersection. The typical maxima of theents during injection
and separation were about 30 andAtrespectively. Following injections were for
20 s under the same field as used in the first injection. Deteetas performed at
13 mm from the CE channel intersection, along the longei@eci the channel.

Due to evaporative losses, the wells would dry out in appnaxely 15 minutes
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(depending on airflow and humidity). The runs were perfornmeduplicate or, if

there was enough time before the wells dried out, in tripdica

We performed CE using the PCR/CE chip in both our custom-mstrument
and, as a reference, in a commercial PMT-based confocaliment (theuTK,
Micralyne, Edmonton, Canada). Unless otherwise indicatieel electrophoresis
conditions were identical for the two systems, a gain of 0a8 wsed for th@TK
PMT, and the laser of our system was turned on for 10 minuies faruse. From
the 5pL that was moved through the PCR chamber into the CE sample Imgl
of this was used to perform control runs using the PCR/CE wiitip the uTK and
the remaining 41L was used for the on-chip CE within our instrument. To run the
on-chip PCR sample on thélK, 1 yuL was loaded with 3uL of 0.01XTTE in the
CE sample well (further diluting the on-chip PCR sample}hwtine rest of the chip

prepared in the same manner as above.

As a control, the CE of the conventionally thermal-cycledRR@oduct was run
on our system or thgTK. In either case, 0.pL of the PCR product was pipetted
with 3.5 L of 0.01XTTE into the CE injection well and all other conditis were
as above. In this manner, the dilution of the conventioniiymal-cycled product

was comparable to the dilution of the on-chip product.

In order to size the amplified PCR product, we performed attign and sep-
aration of 1uL of DNA ladder (ALFExpress, Amersham Biosciences, NJ, USA)
along with 3pL of 0.01xTTE in the CE sample well. We noted the peak arrival

times of the DNA ladder, and interpolated to estimate the smresponding to that
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of the arrival time of the PCR product peak as obtained in arsge analysis un-
der the same electrophoretic conditions of injection anmhssion. Separate runs
were required because our signal processing is tailoretsdtated peaks. Signal
processing of the size standard data with its closely sppeaKs led to distortion

but the peak arrival times could be extracted readily.

3.3.5 Operational Procedure: Microchip Alignment

In order to ensure that the laser beam was focused above thedDiEel, a one-time
laser focus adjustment was necessary when the system wassfesnbled. To do
so, we placed a black background (e.g. black vinyl eledttagae) above the centre
of the lens and we adjusted the focus of the laser to obseeventiallest laser spot
size 100 um) on the black background. The focus of the beam was notlgreat

affected by subsequently putting the chip in place.

Prior to performing the CE run, the PCR/CE chip was alignethennstrument
to ensure optimal light coupling into the CE channel. Thisgadure was done
with an empty PCR/CE chip. In the x-y plane, first the PCR/Cip @bas placed to
ensure the CE channel lay over the middle of the lens, 13 mm fhe CE channel
intersection. This alignment was guided via alignment reank the heat sink. The
laser was then adjusted along the z-axis (z-axis is the hefghe chip) to position
it at the same height as the CE channel, as was evident by lat baiger scatter
on the channel wall (within &200 um spot). Laser adjustment along the z-axis
was necessary as materials thicknesses varied slighttyd¢rop to chip. However,

after this alignment process, the chip could be removedepldced without align-
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ment (with accurate dicing and precise thickness contssktivould be no need for

alignment).

3.3.6 Thermal Control

A central appeal of the LOC technologies is that the low tharimertias within
a LOC allow rapid changes in temperature, thereby enabl@ig ®ithin a matter
of minutes rather than the hour or so required by typical rwl thermocyclers.
As pointed out in a recent review [9], the continuous-flow Pd&Rices avoid these
issues of thermal inertia simply by moving the reaction mmigtbetween tempera-
ture zones. As a result, the flow-devices have amplificatroag on the order of 10
minutes for 40 cycles. Other approaches such as IR-mediatgithg (e.g. [25, 26])
allow the rapid thermal cycling of small volumes (e.g. 9 non[R6]), but this may
not be amenable to extremely low-cost approaches. Our apprig to scale the
resistive heating to very small volumes that equilibrateyvapidly. For brevity,
the recent improvements to the thermal control (beyondetikescribed in [1]) will
be outlined here, and a more detailed exploration of thigctegll be presented

elsewhere.

The yield of PCR depends on the temperature at each of the stages of
annealing (56 C), extension (70C) and denaturation (94C) during the thermal
cycling. A customized proportional integral controllamdar to that of past work
[27], was programmed into the firmware, and this ensuredirapd stable thermal
transitions. As described in [28], the PCR chamber tempszacts much as the

voltage across a capacitor connected to resistive diviidethe PCR chamber tem-
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perature will take some time to stabilize (about 10 s) at aevbletween the heater
temperature and the room temperature. The exact relatmhstween the heater,
room and chamber temperatures was established by simu(&tige element anal-
ysis in COMSOL Multiphysics 3.5a) and by calibration witlettmochromic liquid
crystals (TLCs) [29].

Since the temperature sensing was accomplished by meggshsarresistance
of the heater, the relationship of the resistance to the ¢eatpre must be accu-
rately established. We have improved the microfabricatiompared to our ear-
lier report [1] by reducing the variability of the platinurhitkness during depo-
sition, and by using an improved thermal calibration praredo establish the
resistance vs. temperature. This relation was determigdddst-squares fitting
of the resistance of the chip as it was swept through sevamgderatures within a
temperature-stabilised waterbath, Hakke C25P Circu(@tegrmo Fisher Scientific
Inc., Waltham, MA, USA). We now estimate that we can prediettemperature of
the chamber from the heater resistance to within ab&@ @nce these calibrations
are made. Although we do not account for ambient temperatanations during
the run, these variations were monitored to ensure thatwlezg less than 2C.

(No variations larger than IC were found.)

A significant improvement in our system was the use of a he&ti® more
rapidly and reliably control the PCR chamber temperatuneour previous work
[28], we showed that the equilibration time of the heat-suedion scaled with
the inverse square of the radius of the heat sink, enablmig$ter operation with

smaller chips. The copper heat-sink contacts the bottorheothip (Figure 3.3c)
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beyond a radius of 3.5 mm from the centre of the PCR chambe&n ér previous
work [28], the equilibration time of such a heat-sunk regiees predicted to be
about 10 s. (Although the system could operate even fasisrwould require a

new chip design.)

In order to calibrate our thermal control, we produced catibn chips by fill-
ing PCR/CE chips with TLCs within the PCR reaction chambes. d&scribed in
more detail in previous work [28, 29], the TLCs were customtkesized (Hall-
crest, Glenview, IL, USA) to change reflected colour with adwaidth of 3°C
centred around one of several temperatures chosen to lwaltybithose for PCR
(i.e. 58, 70 or 94C). As the temperature was increased, each TLC went through
a red, green and then blue colour phase, with the start ofrengohase coincid-
ing with 58, 70 or 94°C. To assemble a calibration standard, the TLC slurry was
applied and spread onto the PCR chamber within the fluidierlaf/the chip (prior
to the assembly of the PCR/CE chip) using a pipette tip. Theahd TLC slurry
was then allowed to dry for 15 minutes. The PCR/CE chip was #esembled
by applying the PDMS membrane atop the fluidic substratehfwit an oxygen
plasma activation step), and bonding to the control laydthcugh the TLCs are
calibrated by the manufacturer [30], their charactersstan vary with time (per-
sonal communication with company engineers). Therefoesfusther verified the
temperature dependence of the TLCs by placing the caldratiips into a water-
tight bag placed within a temperature-controlled watehlfataake C25P, Thermo
Fisher Scientific Inc., Waltham, MA, USA). The temperatufréhe water bath was
set to the start of the green band of the TLC and it was verifiad the colour

changed to green at this temperature.
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To verify the thermal control of the system, calibrationpshivere loaded into
the system as if a normal PCR run were being executed. Themyclhg was
started while visually monitoring (either by eye or with arexra) to verify colour
change at the appropriate temperature, depending on thecihb€en. The tem-
perature control was verified at 58, 70 and°@! To test variability, we removed
and replaced calibration chips several times. After each seplacement, we ther-
mally cycled the chip and observed the colour changes. Thicappeared to
be the same each time, demonstrating that electrical dpralad thermal contact

contribute minimally to variations from run-to-run.

3.3.7 Optical Detection

We make use of a non-confocal configuration of an interfexdiier (HQ669LP,
Chroma Technology Corp., Rockingham, VT, USA), a gradiedek (GRIN) lens
(LGI630-6, Newport, Irvine, CA, USA) and a photodiode (NF506, Edmund
Optical, Barrington, NJ, USA), (Figure 3.3c) and as dethife[31]. As compared
with light-emitting diodes (LEDSs), diode lasers are adegeious because of their
collimated light and spectral purity. Photodiodes are pemsive, compact and eas-
ily incorporated into microelectronic chip designs (e.gM@S). The photodiode
enables signal acquisition with good sensitivity and highesl. However, as ex-
pected with such a non-confocal system, we have a high bagebout 2 V, or 50

times the signal from a typical PCR product).

As noted by Johnson and Landers [11], diode lasers usuadlgl te be tem-
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perature controlled and filtered for acceptable beam gqudlir instance, both the
laser wavelength and intensity can be nonlinear functidriseooperating temper-
ature of the laser [32]. As a result of such phenomena, fltichsin the operating
temperature can affect the intensity and wavelength. Amiatran in intensity can
lead to a variation in power consumption in a feedback saunahat can lead to
instabilities. While it was feasible to use a commercialMgitable cooled laser
with built-in temperature controller to stabilize the latEmperature (e.g. withitt
0.01°C, with intensity stabilities of less than 1% in the TECRLdaseries, World
Star Tech., Toronto, Canada), such lasers are far more sixpethan our entire
system, and hence unsuitable for our goals. We chose insteese an inexpensive
and miniaturized red (635 nm) laser module (M635-5; US Laddazlehurst, GA,
USA) that contains a simple laser diode with a driver circlibhe laser manufac-

turer states that the optical intensity for this laser \&ahbg~5% when operated at

room temperature (i.e. 21-24). Based on our experimental measurements, us-

ing both our optical module and Keithley 6487 picoammetesiitdey Instruments,
Inc. OH, USA), the intensity of this laser varies #1.5%. (We evaluated several
such lasers and the characteristics given here are repa@ger) This laser inten-
sity varies with a time scale (seconds) and magnitude ccabpato those from the

passage of a DNA peak.

This would seem to preclude effective operation of the systehe spurious
signals from the variation of the baseline as the laser sate indistinguishable
from the real DNA signals (i.e. 1.5% gives an apparent sigh80 mV, compara-
ble to typical product peaks). However, by using both a Isgdt-of about 80 g of

metal), we increased the thermal mass of the laser packeagyebty increasing the
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time constant of any instabilities. We also added a pre-ramwup period of 10
minutes to bring the laser to equilibrium. With these, theetaintensity variation
was reduced to less than 0.5%, comparable to the stabilgyménsive laser mod-
ules. Most importantly, the time constant of the instaieiitvas greatly increased -
the variations were then very slow, typically lasting tehseronds, and were easily

dealt with by signal processing (see Section 3.3.8).

Using these methods we were able to utilise an inexpenssez ta develop a
simple and compact non-confocal LIF detection method. Tdpeas-to-noise ratio
for the optical module was found to be sufficient for medigabdostics (discussed
in detail below). Moreover, this approach lends itself togescaled to smaller sys-
tems. We have built far smaller (though less sensitive)qtypes of LIF detection

systems consisting of as little as a laser and a microelgctohip [31].

3.3.8 Signal Processing

The LIF amplifier is a standard transimpedance amplifier gondition based on
a single op-amp (OPA129U, Texas Instruments) in a high-(0h V/A) and low
bandwidth configuration that suppressed frequency compseregher than about
1.5 Hz (further detail is provided elsewhere [31]). An as#éyof the signal found
that it was remarkably clear of the 60 and 120 Hz pickup nditen@enerated from
power supplies. The main sources of noise were from a sloalibagrift and from
white noise. The white noise (i.e. no spectral peaks werarapp in the analysis
of the data), was likely from the electronics. The slow biasedrift arose from

the system electronics as it warmed up and from instalslitiehe laser (described
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above). The amplifier bandwidth could readily be adjustedhigher speed, but the

present amplifier is well-suited for these electrophoreticditions.

The raw data from the optical module was saved and processa@d the GUI.
The GUI output the processed and raw data in a report forrsadetailed in the
software section. For DNA electrophoresis and detectiooutph LIF, we chose a
sampling rate of 100 Hz. This sampling rate was sufficienbasdata of interest
was slowly-varying (the passage of the DNA peaks are sesecainds in duration).
In order to obtain a smooth electropherogram, the raw dademwent a low-pass

filtering and then a median subtraction (described below).

The low pass filter, implemented in software, suppressewttie noise above
1.5 Hz and results in a smooth electropherogram. This filtbich was designed
using MATLAB's filter design and analysis tool (FDATOOL), wa standard low-
pass finite impulse response (FIR) equiripple filter witlemattation initiated at 1.2

Hz and a cut-off frequency of 1.5 Hz.

Median subtraction is a standard method for removing sleatying baselines.
Such variations can be caused by increases in the photoiogerature and elec-
tronic circuitry, or by the laser itself. The length of the i)y median subtraction
used here was 400 points (corresponding to 4 s). This windaswufficiently wide

to not affect the data of interest (i.e. DNA peaks).

We use the signal to noise ratio (SNR) as a metric to evalhatsignal quality.

The SNR was calculated using data that underwent proceasingtailed above.

45



The first 50 s of the data of the separation phase of CE weretasiztermine the
standard deviation of the noise. The SNR of the product was tletermined us-
ing the ratio of PCR product peak height to the calculateddzted deviation of the

noise in the signal.

The above signal processing method reliably leads to elgleerograms with
isolated peaks corresponding to the primer and productspe@k occasion, just
prior to the arrival of a peak, a brief decrease in the praxksggnal strength (i.e.
a dip) can be seen. Such dips are artifacts of the signal gsowg and are at-
tributable to the sinc-like impulse response of our filtehe$e dips do not affect
the peak height and are proportional to the peak height. Als,sbhey cannot gen-
erate or suppress a peak and therefore the dips do not affe®NR or detection
limits. These artefacts are more evident when (in the raa)dhe product peak is

preceded by a slowly decreasing baseline.

3.3.9 Limit of Detection

To characterise the optical sub-system, we establishddhef detection (LOD)
using known concentrations of end-labeled DNA (Cy5 labglechers, as detailed
in the Section 3.3.2). In order to avoid sample-stackingaff that would lead to
overly-optimistic LOD estimates, the LOD was establisheohg DNA at various
concentrations within a sample that had essentially thesanic concentrations as
for the PCR product from a PCR/CE run. We used an LOD standarghosed of
a mock PCR mixture, i.e. a PCR mixture without the unlabelted/ard primers,

BKV template and Taqg polymerase. The ionic concentratioaevdominated by
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the other components, notably the PCR buffer, and these kegrteconstant. The
Cy5 labeled primer was diluted using PCR grade water fronoekstolution to an
initial concentration of 2.49 ngL (or 0.3 pmol{iL). This mixture was then diluted
with PCR grade water to concentrations of 0.749uhg0.498 nglL and 0.249
ng/uL, and these were subsequently mixed with the other PCR coemis as per
the PCR protocol. This spans the concentration range akeisttéor PCR products

expected from the present protocol.

CE was performed in triplicate or duplicate on each conegiom of primer
using the CE protocol, i.e. fiL of this PCR mix and 3uL of 0.01XTTE was put
into the sample well. For all the electrophoresis runs, tidahchips, reagents and
electrophoretic conditions were employed. The data wesa firocessed and the
peak heights of the three different concentrations of DNAen#otted versus con-
centration. We then made use of a standard procedure [38gta linear regression
on that plotted data to extrapolate the fitted line to a valu® times the average

noise level from the first 50 s of all runs (see Section 3.3.8).

3.3.10 Instrumental, Microchip and Molecular Variabiliti es

Our signal strengths varied slightly from one run to the naxt we sought to iden-
tify the source of these variabilities - i.e. how much vaaatoriginated with the
instrument, how much from the microchip, and, in the caséefRCR, how much

was intrinsic to the molecular biology itself.
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3.3.10.1 Variabilities in CE

In order to establish the variability associated with matrip-based CE on our sys-
tem, we compared the results of running a reference sampl&léfon a commer-

cial CE system (th@TK), and on our system. For each case, the chip was loaded
with a sample as per the CE and LOD protocol, and duplicats were made
(reloading and replacing the chip each time). In all, five gl@s were run twice
each to determine both mix-to-mix, conventional PCR valitgland CE variabil-

ity at the same time. In this way, we achieved an estimatesofititertainties in the

CE signal amplitude that arose from variations in opticejrahent or other errors
(We believe that optical alignment was the dominant soufoeanation in each

case).

3.3.10.2 Variabilities in PCR and PCR/CE

To establish the variability inherent to the molecular bgy of conventional PCR
(due to thermal cycling, pipetting etc.) we compared theltef 5 PCR runs on
a conventional thermal cycler (PCR as detailed above). Thuia@$were made on 5
different days and their product was stored atC4after thermal cycling. Once all
5 samples had been collected the results were analysed gikhender identical

conditions (as above).

In assessing the variability of LOC PCR, a@0PCR mixture was kept on ice
and 4 PCR/CE runs were made over the course of several houtkislway we
assessed the variability in combined PCR/CE either withroencial equipment or

with our system. With knowledge of the variabilities duehie CE component we
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could estimate the contribution from the PCR component.

3.4 Results and Discussion

3.4.1 Thermal Stability and Reproducibility

All calibration standards (Section 3.3.6) were found teegemperature transitions
that were reproducible to within about°C, indicating that placement, alignment,
and thermal contact issues were reproducible. The TLCsaell that the thermal
equilibration times were approximately 10 s, as expectech fsimulation and cal-

culation.

3.4.2 Limit of Detection

As is common with LOC analyses, the chip has far more sampteeisample well
than is used in the analysis. As such, it is more appropratensider the concen-
tration of the sample than the volume of sample used. Thexefioe above LODs
are given as the minimum detectable concentration of DNA&sample as loaded
in the chip. The units nglL are appropriate for the analysis of PCR product where
the product concentrations are often known in such unitsef strong PCR prod-

uct might contain 10009/ uL).

Since our signal is measured in units of millivolts (mV), wertefore estimate

the sensitivity of the system in terms of signal strengthypet concentration, i.e.

mV—pL
ng -
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Following the procedures of Section 3.3.9, two consecut®ts of two runs
each were performed at each concentration, resulting irageeSNRs of 363, 229,
and 194 (with standard deviations of 91, 60 and 51 respég}ifer the concentra-
tions of 0.749, 0.498, and 0.249 ng!. of end-labeled DNA, respectively (Figure
3.4).

The LOD was estimated to be 6 piy/of end-labeled primer DNA, correspond-
ing to 700 pM (i.e. 7.0x18°% mol/uL) of fluorophores. This in turn corresponds
to a LOD of 60 pgyL (also 700 pM since equal molarities give equal numbers of
fluorophores) for detecting end-labeled double-strand& product 0f~250 base
pairs (with both primers labeled). If intercalators weredisve might expect label-
ing as high as 1 fluorophore per 3 bases, i.e. about 100 fluorepiper molecule
and thus 50 times more heavily labeled. In this case, we nagbéct a LOD of
1.2 pg{lL or about 4 million molecules paiL. Whatever the labeling technique,
the system is orders of magnitude more sensitive than redjtirdetect a standard

PCR product.

The well-known agarose gel and ethidium bromide combinasdhe conven-
tional analysis method for PCR products. As described bi\Rekuil et al. (page
142) [34], this remarkable combination has a lower limit efettion and quantita-
tion of about 20 pgiL and is linear for several orders of magnitude above that. Ou

LOD result indicates that our system is comparably sermsitiv

In part because this type of information is dependent uperptiocedure, we

were not able to locate references to the LODs for any of timencercial systems

50



we discussed above. However, applying the above proce(fseeton 3.3.9) to the
UTK, we obtained a LOD of 2.3 ppL or 2.8x10® mol/uL of end-labelled primer
DNA, i.e. this commercial product based on a confocal apgraath a PMT de-

tector was only approximately 3 times more sensitive tharsgstem.

0.749 ng/uL
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Figure 3.4: Limit of detection electropherograms for 0.7@9198, and 0.249 ng/
pL of DNA. The inset shows the separation of primers and thé&piress size
standard (50-500 bp) over a range of 0.01V and from 100 to.2&9slescribed in
Section 3.4.4, the peaks are distorted by signal procesisaidnas been optimised
for the detection of isolated peaks rather than a regul@dgasd DNA ladder. (An
improved estimate of the resolution is given in Sectiond.4.

mV—pL
ng

for doubly-labeled product DNA (of about 250 bp in Iengthaizifd%éuL for singly-

From Figure 3.4, we arrive at a sensitivity of @%‘ for primers, 13
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labeled product DNA (of the same length). (We estimate treetiainties in these
numbers as about 10%).

The inset of Figure 3.4 shows the results of running the seredsrd and primers.
For isolated peaks (e.g. primer and product), the mediatratton method was

very effective as a baseline removal method. However, agparant from the in-

set, the peaks were distorted and suppressed by the mebiaaciion. The median
subtraction associated with the primer peak has suppréisséi base peak of the
sizer, with the following peaks at intervals of 50 bases up@0 bases. A more

effective estimate of the resolution is made in Section43.4.

3.4.3 CE and PCR Variabilities

As described above (Section 3.3.10.1), we determinedfKeo have a run-to-run
standard deviation of about 16%. We found our CE system te hatandard devi-
ation of about 24%. The conventional PCR products (as aedlgg theuTK) had

a standard deviation of approximately 25%.

Even in a set of on-chip PCR/CE runs performed at much the siameefrom
the same PCR mixture, we found that the intensities varied factor of about 2
from the mean of the set. In other words, the variability af tm-chip PCR was
the dominant source of variability. Similar variability sséound by Legendret al.
[26] - this is not surprising given that we based our pasgivapproach on theirs.
We found that the on-chip PCR product concentration wasélyi about 17% of
that of the conventional thermal-cycler (data not shown)wbrk such as that of

Kim et al. [35], such low levels of on-chip PCR yield are characterisfiinade-
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guate passivation. This is intriguing since work by otherg.([36, 37]) suggested
that the effects of the PDMS were small or negligible relativ the effects of the
glass. As a result, (and as described previously [1]) we loated only the glass

of our PCR chamber with SigmaCote (rather than the entirenblea as done by
Legendreet al). We note that with a surface area to volume ratio (SVR) 060.1
mm?/pL, Kolari et al. found that neither glass nor PDMS suppressed PCR signif-
icantly. However, in our system the SVR is approximatelyiftes larger than in
the work of Kolariet al,, and the surface effects should be far more pronounced. As
Zhanget al. [9] concluded in their PCR review, more work is required teess the
biocompatibility of microfluidic materials. Our resultsash that the further work
suggested by Zhargt al. will need to be undertaken at lab-on-chip scales of SVR.

Clearly there is room for improvement in our chip passivatizethods.

3.4.4 System Level PCR/CE Results

Following the procedures described above (Section 32)1@all but one of the
positive control runs were of normal intensity, the exoepshowed no detectable
product and this was attributed to operator error. As shawsigure 3.5, the result-
ing electropherograms are similar to those obtained withrercial equipment
(not shown), have good SNR and clearly resolve the produaskeThe primer
peak arrives at approximately 130 s of separation (26 basésngth), and the
product arrives at approximately 180 s, corresponding faeacf 300 bp = 20 bp
as estimated from interpolation with a size standard, notvsl). This is in good
agreement with the expected size of 299 bp (as expected fRIA&T prediction
(www.ncbi.nlm.nih.gov/BLAST/ as described by [38]).
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The system has been in successful operation for severahsarithout a fail-
ure (i.e. no false positive or false negative results). Asdistem was tested and
improved, and in addition to the runs described above (witictly the protocols
given), another 22 PCR/CE runs were made with minor vanatio the protocols
(e.g. 2°C shifts in annealing or denaturation temperature). Sincegoal was to
compare system performance (especially LOD etc.) we paddronly 2 negative
control runs on chip in order to demonstrate that our procesiwere not suscepti-

ble to contamination.

With the sample concentration of 16opies/mL, we expect100 copies in the
PCR chamber. With the same protocols as described abovdsaveeated several
dilutions and found the expected statistical behaviourrwerking with dilutions
of 10° copies/mL - arising from having either 0, 1 or several copiethe PCR
chamber (data not shown). This indicates, as in previou& J2di, that the system

is able to detect at or near the single copy level.

We occasionally observed a third broad peak at approxim&®0s (Figure
3.5), corresponding to a size of approximately 700 bp (farsize standard, the
500 bp peak arrives at 201.5s). This peak was attributedriespecific amplifica-
tion, and was low in intensity%8 times weaker than the PCR product peak in both
on-chip and thermal cycler runs), was significantly broatien the other peaks,
and as a result was greatly attenuated by the signal progegsBLAST search of
all known viral genomes found matches for our primers onhy&H virus variants,

all with the expected product length of 299 bp. A wider BLASERgch of all avail-
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able sequences (the non-redundant database) found pbteatches in the human
genome. This non-specific peak was observed in about halfieobh-chip PCR
runs, but was always seen in our control runs performed usiagonventional
thermal cycler and analysed by th€K. This behaviour may be due to variations
in the injection characteristics (Section 3.3.4), or mayehbeen due to statistical
effects that can be expected at low concentrations of huargattDNA. Apart from
the non-specific peak, the conventional and on-chip runs/etidhe same peaks.

As expected, negative controls showed only a primer peaisfrawn).

Using the sensitivity estimated above (Section 3.4.2} #lystem can also be
used to quantitate the PCR product. Using the sensitivitgifigly-labeled product
DNA, the middle peak of Figure 3.5 has a signal strength ouai@ mV which
corresponds to about 2.6 iy, As a consistency check, if we assume that the peak
intensities in the electropherogram are proportional éxctbrresponding DNA con-
centrations in the sample well then we can estimate the pt@MNA concentration
from the known primer concentration (300 nM). From Figurg @niddle trace),
and taking into account the dilution by a factor of about 5 ag pf the unloading
process, we would predict a total concentration of 1.ungGiven the uncertain-
ties (in the unloading) and the assumption made, this isistamd. (Better estimates

could likely be made by using the area of each peak rathertbieapeak height.)

The primary uncertainty in these estimates of sensitivitg BOD originates
from the variation in laser intensity. However, occasionatabilities in laser in-
tensity (even after stabilisation) can lead to bursts of@dge.g. Run 1 in Figure

3.5, near 220 s) that are of significant magnitude, though reor this reason, it
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Figure 3.5: Three consecutive microchip-based PCR/CHtsesre plotted (as per
given protocols). For each of the runs (1, 2, & 3) the peak enleft is the PCR
primer peak, and the peak on the right is the PCR product 22&k{ps) represent-
ing the presence of BK virus in the sample being tested.

is important to perform all electrophoretic runs in duplecar triplicate in order
to identify and discard runs containing such bursts of nfiise ignoring sporadic

peaks). During such bursts of noise, the system sensits/itgduced to about 120

pPgAL.

Using the approach detailed in [39], the resolution in CEasafion was cal-
culated to bex12 bps. This was comparable to the resolution obtained ubmng

PCR/CE chip with a DNA sizing ladder (inset of Figure 3.4),attrer on theiTK
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or our system. As we noted before, [1], this suggests thatebaution was deter-
mined by a combination of the microchip and electrophoretieditions, and that

our system does not cause any loss of resolution.

The peak arrival times varied by abeu2%, and we speculate that this variation
in peak arrival time was due to variations in buffer concatin, electro-osmotic
flow, and perhaps pressure-driven flows. The source of thiati@n is under inves-
tigation. However, given that this variation in timing cesponds to about 5 bps, it
does not seem to significantly contribute to the uncertamtige sizing of the PCR
product. For some applications it might be desirable toeaahhigher resolutions,
and this might be achieved by the use of either longer distaeparations or an-
other separation medium - we note various reports of middhf CE with single

bp (e.g. [40]) resolutions.

3.5 Concluding Remarks

The entire system in its current form is ‘shoebox-sizedthvei component cost of
~ $600, yet it still demonstrates a performance comparaldenamercial systems
that are more that 100 fold more expensive. The modularith@platform allows
individual modules to rapidly evolve without redesign oétbverall system. Our
primary intent here is to demonstrate the functionality ajesmeral purpose and
inexpensive LOC platform that could be used to implementgide applications.
However, a secondary goal is to develop a platform that cansee to develop
progressively less expensive systems. Both the instruarghimicrofluidic chip

we present are modular and scalable to far smaller sizesoaret tosts. Our sys-

57



tem could demonstrate significantly higher performancé aitrevised design of
microfluidic chip. For instance, with the scaling behavsdescribed above, a chip
half the size could perform electrophoresis twice as fadtR@R four fold faster.
Similarly, much of the electronics and optics is readilyegriated into CMOS mi-

croelectronic chips.

In terms of PCR, this inexpensive system has been demast@perform re-
producibly, with single or several molecule sensitivitythiugh there is some vari-
ability in PCR product intensity, this appears comparabléhbse levels reported
elsewhere (e.g. [26]), although it is significantly highear we found for conven-
tional PCR. On average, we found that the LOC PCR product paakabout 17%
the strength of that from a thermal cycler. We attribute thisnadequate surface

passivation, and this is a focus of ongoing investigation.

In terms of CE, this system is comparable in sensitivity tonoeercial laser
and PMT-based confocal systems, as well as to the standa&rdatator-agarose
gel combination commonly used to assess PCR products. Thedf@he present
system is orders of magnitude better than is needed to dete€@R product in a

typical diagnostic application.

The performance of this system, along with its high levehbégration, has led
to it being a standard tool in our laboratory. We intend tolesghigher levels of
integration as we continue to lower the system cost. At tineestime, we believe
that this work clearly demonstrates that the cost of the Laf@astructure need not

be a barrier to future LOC applications. We hope that suchlyaferconfigurable,
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portable and cost-effective LOC toolkit will catalyze theewf LOC technology for

a wide range of applications.
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Chapter 4

Sample Preparation, PCR
Amplification and Analysis in a
Low-Cost Portable Platform

This chapter is based on a manuscript submitted for puldicad the journal of
Microfluidics and Nanofluidics. As more functionalities areegrated into mi-
crofluidic chips, manual sample manipulations get morelehging. To realize a
complete lab-on-a-chip based diagnostic, it is necessabuild a self-sufficient
instrument that accepts raw sample from a patient and pesf@ll the steps to
generate the test result. To do this, we enhanced our mimtifliwolkit with an

automated sample preparation module. We demonstrate tioeidnality of this

module by extracting genetic material from a raw patientganand performing
genetic amplification and analysis all in a single microficichip that is operated
on a single bench-top instrument. As the lead author, | ledristrument design
(i.e. hardware including testing and debugging), thermdl@ptical calibration, as

well as biological protocol adaptation.

A version of this chapter has been submitted for publicati®ehnamet al. 2010.



Preface

We present a low-cost lab-on-a-chip (LOC) instrument theaafgrms polymerase
chain reaction (PCR)-based diagnostic testing, startmg fa raw sample, in a sin-
gle microfluidic chip. Without the requirement for any syadizied equipment other
than this inexpensive LOC system, nucleic acids (NAs) ateaeted from an un-
processed sample (sample preparation, SP), amplified via Bd analysed by
capillary electrophoresis (CE) with laser-induced fluoegxe detection. The sys-
tem integrates a stage to manipulate a permanent magnetthehe chip in either
1 or 2 dimensions, thereby moving magnetic beads with boufg Within mi-
crochannels directly above the magnet, which allows foassmpn of DNA from
cellular debris. Although this is a general purpose platfove demonstrate it here
with human buccal cells, performing DNA purification and RCE on a single mi-
crochip. The SP-PCR-CE system is fully integrated into atmst (approximately
$1000 in component cost), shoe-box sized instrument. Tdéisé of our knowl-
edge this is the first fully integrated LOC-based SP-PCR&Eument capable of
performing sample-in-answer-out analysis in an inexpe@ngortable format. We
amplify and detect th@2 microglobulin gene from buccal cells as a prototype for

a wide range of diagnostic applications.

4.1 Introduction

The implementation of molecular medicine on portable arexpensive systems
has the potential to improve healthcare, particularly i fesource settings [1].
While major strides have been made in medical diagnostipteimented on LOC

devices, one limiting factor in the application of thesentealogies outside the lab-
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oratory is the need for considerable operating infrastineéstmost of which is re-
quired for the processing of raw samples [2]. While a largeber of diagnostic
techniques have now been demonstrated on microfluidic ¢B]pthese typically
require substantial manual, off-chip SP steps in a wellggmpd facility with trained
operators. The current state-of-the-art for commerciatesys consists of assays
that require many steps (e.g. 15 steps) that can take sdénared, while requiring
expensive equipment, and dedicated space for separatiae(obP and amplifica-
tion [4]. In addition, most systems also require reagersttkiait cost $50 - $100/test
in addition to transport and storage below room temperatlinere is therefore a
great need for simple and generic SP technologies thatroirent challenges in
PCR efficiency or versatility [4]. In this respect, currenicrofluidic technology

remains tied to the conventional infrastructure it is iket to replace.

4.1.1 Sample Preparation

The sensitive molecular diagnostic testing of complexdgalal samples (blood,
tissue, buccal cells) requires the separation of nucledsg®NA/RNA) from cell
components that may otherwise inhibit downstream prosesseh as PCR [5].
Well-characterized conventional techniques exist toaettNAs from samples at
the macroscale (e.g. [6, 7]), but, as pointed out by [8], it oaly be with an in-
creased development of SP capabilities that truly autosia®C platforms will be
enabled. As this is a critical area of development for the figsle level of activity is
such that it is no longer possible to refer to all the work ie field, although there

are a number of excellent recent reviews (discussed below).
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Bao and Lu [9] reviewed the microfluidic state of the art for @Macteria via
chemical, optical, thermal and electrical means (with anttiout beads). In an-
other review, Brennaat al. [10] described the ideal specifications for point of care
(POC) applications: a sample to answer capability in leas 80 minutes, a cost
per test of less than $10 and a capital cost of less than $2@0@I-the capabil-
ity of simultaneous testing for 100 polymorphisms! Althbubese criteria are far
more challenging than those required in many applicatiand,clearly beyond the
present state-of-the-art in the LOC field, they would be iegieg with the overall
goal of the LOC field— i.e. “true” LOC systems consisting d@fiéd more than the
chip itself. However, such integrated nucleic acid-baseshgs remain an unre-
solved challenge due to SP-related issues [11]. Dobksah [12] concluded that

there are no currently available SP systems suited for P@(cagons.

Progress in the area of nucleic acid extraction technigassbhieved on-chip
extraction efficiencies comparable to those using congeatimethods (Kinet al.
[13]). While solid phase extraction (SPE) (e.g. silica vatfaotropic salts) gives the
best efficiency in DNA recovery, it is difficult to implement ehip [4]. Successful
demonstrations of SPE SP have analyzed human cells in amatgd platform that
used an isothermal method for genetic amplification ancotiete[14]. SP was car-
ried out on a credit card-sized platform with sample coitactbn a filter, followed
by SPE and washing to remove cell debris. Although a powelnhonstration,
this is a relatively complex system with attached pre-catregion and consisting
of silica filters, membranes, 2 syringe pumps, multiporveal heaters and chips
that are not scalable. The chip itself was assembled by hamad ¥arious com-

ponents (such as valves and filters) and stored all the ngedgénts. In another
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state-of-the-art demonstration, cell lysis and DNA exicacfrom bacteria within
samples of whole blood using a disposable microfluidic chis wresented [15],
with an on-chip performance comparable to that of standasd Khe sample was
first mixed off-chip and 45QL was placed on-chip with a syringe. Multiple rinses
were required in applying a microscale SPE process that ptamiged to enhance

lysis, by using detergents, repeated freeze-thaw cyatdmilbng.

As described in the review by Kirt al. [13], although magnetic beads are the
most difficult SP technology to integrate on-chip, they deeheompelling advan-
tages. Magnetic particles confer both high speed (eg. 10 amid high efficiency,
are commercially-available (ChargeSwitch™), circumvidtg use of chaotropic
salts and solvents, and are inherently less inhibitory tsssquent PCR. Beads
facilitate both the initial reduction of sample volume frahe mL scale and the
concentration of the sample (e.g. from several copies/méa tevel of ngfL).
Duarteet al. [16] characterized the SPE extraction of DNA from blood withg-
netically controlled silica beads, finding that dynamic hoets are more effective
than packed beads and produce more concentrated solutimnént related work
with real-time and Tagman-based PCR (without CE), we nagestgnificant ad-
vancements in integrations of magnetic beads and RT-PCRdnt al. [17], and
Huaet al. [18]. Although all of these demonstrations required sulttsthinstru-
mentation, we also note the exploration by Hoasal. [19] of reliable minimalist

SP methods (e.g. boiling) followed by a Tagman assay forquggth detection.
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4.1.2 SP Integrations with PCR and CE

Although the SP-PCR-CE combination has seen less develuphzen SP-real time
PCR/Tagman, the addition of CE gives this system the adgardaproviding the
product size, corroborating the diagnosis by determinfimgpin-specific amplifica-
tion occurs. SP-PCR-CE also provides a general platforrmeory applications as

it is the basis of many medical diagnostics.

The LOC community has sought to develop fully integratedeayps with a
sample-in to answer-out capability, but the challengesPh8ve led to “surpris-
ingly few” complete systems [13]. As noted by these authangersatile SP tech-
nology is critical and the reduction of SP complexity will ejuired for effective
and reliable systems. They put forward the work of the Lasdeoup [20] as rep-
resenting the state-of-the-art in SP integration. Thakweas a powerful demon-
stration, presenting a 24 minute SP-PCR/CE assay thatdesI8P of raw bodily
fluids via SPE in a silica bed. However, the system requirésnswe supporting
infrastructure, including an Ar ion laser, IR thermal cypdiapparatus and a syringe
pump. More recent work from that group describes a micramewith on-chip
silica bead-based SP from blood using commercial kitspigdd by on-chip PCR
using a conventional thermal cycler and then external CE [Zhis approach re-
guires no complex controls (eg. valves), and representsvania simplification of
previous approaches for SP, despite requiring consideatiernal infrastructure

(syringe pump, thermal cycler, CE system).

Lui et al. [22] recently presented a review of the state-of-the-anticleic acid-

based detection of pathogens in integrated LOC systemb,aMibcus on strate-
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gies and challenges for portable platforms. They note tlmencercial develop-
ments by ACLARA Biosciences, Fluidigm, Affymetrix, Agileffech., Alderon,
Roche Molecular Diagnostics, Motorola and others, and garéicular mention to
Cepheids GeneXpert (GX) system for single use cartridged&P, amplification
and detection. They presented the work of the Mathies gr28igs being the state-
of-the-art in portable implementations of PCR/CE. Demiaigins of microfluidic
implementations of PCR/CE and SP-PCR/CE by that group Hewerssystems of

great functionality ([23, 24, 25]), albeit with relativegxpensive instrumentation.

In spite of many recent advances, a portable, self-cordaind inexpensive (i.e.
less than $2000) system capable of SP-PCR-CE has yet to mdated. We are
developing such highly integrated, low-cost and portal&FCE-based LOC sys-
tems. To this end, we earlier demonstrated a shoebox-sihadye-coupled device
(CCD)-based PCR/CE instrument [26] for applications sughathogen detection
[27], cancer biomarker detection [28], and genotyping [28)d more recently, the
highly modular and scalable architecture of a LOC toolkithwphotodiode-based

detection [30].

In the present work, we significantly increase the versatdind functionality
of our PCR/CE toolkit/instrument by integrating a SP uniptocess raw samples,
making nearly handling-free diagnostic testing possibith wssentially no addi-
tional equipment required. In terms of SP, the ideal SP teldgy would be one
that was simply a miniaturized version of a widely-used @mtional method. With
this in mind, we have chosen to use a paramagnetic bead-bppeshch, a minia-

turization of the widely-used conventional method. Withisingle integrated mi-
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crofluidic chip, we perform cell lysis, magnetic particlarisport and delivery, par-
ticle trapping for nucleic acid purification, fluidic moventemixing, confinement
of the fluid, and thermal cycling with on-chip microvalveslampatterned platinum
heater/sensing element. We demonstrate the versatilayrahstrument (shown in
Figure 4.1A) in the processing of samples by detecting3twenicroglobulin gene
using magnetic bead-based purification of nucleic acida toaccal cells, followed
by amplification via PCR and analysis by CE. To the best of mavkedge, this is
the first demonstration of such a portable instrument withP&IR/CE functionality

within a single microchip.

\
- - Ry
I 2-D: 1-D:
Requires 2 stepper motors. Magnet Requires 1 servo motor. Magnet
e —— can move in vertical or horizontal motion is confined to a
directions. This prototype zllows semicircular arc. This improves
complex choreography and wide speed and simplicity of the
range of bead motion. system.

Figure 4.1: (A) Photograph of our shoebox sized lab-onip-dolkit (30x20x11
cm for the main box) (B) The two-dimension sample prepanati@dule consists of
a miniaturized motorized X-Y stage and drive electronidsisThodule controls the
magnet movement along predefined paths, manipulating tigeetia beads within
the SP-PCR-CE chip as specified via a graphical user interf§C) We further
constructed a simplified servomotor driven stage capahteodion in only a single
dimension.
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4.2 Materials and Methods
4.2.1 Microfluidic Chip

Here we briefly describe the architecture of our tri-layefrF8ER/CE microfluidic
chip (further fabrication details are presented elsewf8&p. The chip (Figure 4.2)
consists of two layers (top and bottom) of 1.1 mm Borofloasgkschott AG, Ger-
many) and a 254m thick polydimethylsiloxane (PDMS) membrane between them
Such an architecture enables the integration of microgadwel pumps within the
chip using standard microfabrication technologies. Th&RP&action chamber is
etched 9Qum deep, allowing for a volume of 600 nL, the CE microfluidic shals
are 45um deep and 10Qm wide, and the SP channel is 1 deep and 500m

wide.

Valves/Pumps  Platinum heater PCRchamber  SPoutput SPchannel SPinput CE channel

\ | / \ | L.
ARV e L

Figure 4.2: Design of the integrated SP-PCR/CE chip showirgsample prepa-
ration (SP) input and output wells, SP separation channetopumps, valves, CE
channels, PCR chamber and platinum thin-film heating elémEme pumps and
valves are etched into the upper face of the bottom layeredtrthayer stack desig-
nated as the control layer. The CE, PCR and SP channels aezlefito the bottom
face of the top layer of the tri-layer stack. The platinunmedat is patterned onto
the bottom layer of the tri-layer chip.
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4.2.2 Instrument Architecture

The instrument (shown in Figure 4.1A) consists of severaluhes, including ther-
mal regulation, temperature monitoring, optics, highagé generation and switch-
ing, pumping and valving, power, and SP. Each module has pemiously de-
scribed [30], except the SP module which enables a samgdeswer-out func-
tionality (detailed in 4.2.3). The supporting electrong&ee controlled via a micro-
controller regulated by resident firmware (written in thea@duage). This firmware
also performs data collection and interacts via a USB iaterfvith a graphical user
interface (GUI, written in python) running on a laptop cortggu During CE, the
fluorescence signal (from the diode) is sampled at 100 Hz.efwowe electronic
noise, we process the raw data using a low-pass filter to eappvhite noise above
1.5 Hz and perform median subtraction to remove slowly vayyaselines. The
GUI logs the data collected by the firmware, interfaces withuser for the collec-
tion of run parameters and generates run reports. Furthefsief signal processing

can be found elsewhere [30].

4.2.3 Sample Preparation Module

We have developed both a two dimensional (2D) and a one diomis(1D)

SP module, shown in Figure 4.1B and Figure 4.1C respectivihe 2D module
consists of two computer-controlled stepper motors thatvedrbitrary movements
of a neodymium-iron permanent magnet in the horizontal eléiange of 25
mm x 25 mm), with encoders for position sensing, and infraredsitaivers for
auto-zeroing. The permanent magnet is machined to a 2 mno tipcalize the

magnetic field for the migration of beads within the SP mibarmel (Figure 4.3).
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The 1D module is composed of a simple servomotor connected standard
3-wire pulse-width modulated (PWM) interface to a microcoler. In such
compact (thumb-sized) motors, the duty cycle of the PWM mdrine is used
to control the degree of rotation of the servomotor shaft.aBgching an arm to
the servomotor shaft, the degree of rotation is translated position along an
arc of rotation. Since the PWM signal is controlled by sofyahe position of a
permanent magnet (attached to the arm) can readily be detmnwith nothing

more than a motor, 3 wires and an arm.

For the chip shown in Figure 4.2, with its straight SP chajthel 2D module is
most appropriate. For simplicity we will describe the apation of the 2D module.
The only change required to use the 1D module would be to usgpahaving a
circular arc for a SP channel. We have found both the 1D and a8utes to work
equally well for the relatively simple bead movements déscr here. Further

details are provided in the supplementary data section.

4.2.4 Bead-based Nucleic Acid Purification

Our approach to NA extraction using beads is to take the gistplossible approach
while performing what is essentially a miniaturized vensiad the conventional pro-
cessing, yet using no additional instrumentation such ang&ituge. To do this,
we have developed an approach that involves the use of a pipetter, a swab
and reagents from a standard SP kit (ChargeSwitch™gDNA Bkib, Cat. #
CS11000, Invitrogen, Carlsbad, CA). The development df pinatocol, its appli-
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Figure 4.3: Manipulation of the beads in two dimensions (Xwithin the SP chan-
nel from the SP input well into the SP output by a computetitcdied magnet
beneath the chip stage. This entire process of bead migraticompleted within
~100 seconds.

cation to extraction of parasite DNA from blood, and a quatitie comparison of
its performance to that of conventional methods, will bespreged elsewhere [31].

The present work is focused upon the on-chip integratiorroivdh PCR-CE.

Nucleic acids are purified using ChargeSwitch™magnetid®ég controlling
their surface charge with the pH of the surrounding liquid.ldw pH conditions
(< 6.5 pH), the beads are positively charged and bind to thetiwveggacharged
backbone of nucleic acids. The bead/NA conjugate is segafedm the surround-
ing solution by the application of a magnetic field and the N subsequently
eluted by raising the pH above 8.5, by virtue of simply mixthg beads with PCR
reagents (Figure 4.4).

Before each on-chip DNA extraction, we perform an off-chip.(tube-based)
extraction as a reference experiment to test the Chargel$Witnagnetic bead kit

and to compare on-chip performance with the conventionsthaas. Our protocol
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for tube-based purifications replaces the ChargeSwitchdMvbaiffer and elution
buffer with our SP separation matrix (25% sucrose, 1% TweginZZhargeSwitch™wash
buffer) and PCR master mix, respectively, for compatipiNith on-chip extraction

(Section 4.2.6).

Binding & Separation §Pyan DNA on (P

@)

Lyse cells Add beads and Separate beads Remove Add PCR
to release DNA low pH buffer | from solution supernatant mix and
to bind DNA with magnet amplify DNA
<€—1— Cotton
g swab Cellular
o € Lysis €T debris 2! N4
% buffer :‘ f:ﬂ L ) ] rl
B Buccal J‘ | _Beads | ‘ '
cells bound
to DNA
(b)

Figure 4.4: (A) Working principle of magnetic beads. Theface charge on the
magnetic beads is controlled by the pH of the surroundingl flim low pH con-
ditions (< 6.5 pH), the magnetic beads are positively charged and bititetneg-
atively charged nucleic acids. Nucleic acids are eluteddisimg the pH>8.5.
(B) lllustration of multiple step processes performed gsianventional tube-based
DNA purification (adapted from Invitrogen Product Manual).
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4.2.5 Off-chip Bead-based Nucleic Acid Extraction (Refenace
Method)

Buccal swabs were obtained from healthy volunteers witbrmed consent us-
ing a 15 cm sterile swab (AMG Medical, Montreal, QC) appliedttie left and
right buccal surfaces for 30 sec each. The swabs are inaibatel5 min in
500 uL lysis buffer to lyse the epithelial cells, followed by a 10rmncubation
with 5 pL of Proteinase K to digest the histones and improve primeess dur-
ing PCR. Subsequently, the addition of @b of purification buffer, 5pL of the
ChargeSwitch™beads (stored in 10 mM MES (2-(N-morphoétttgnesulfonic
acid), pH 5.0, 10 mM NacCl, 0.1% Tween20) and d2 of 10% Tween20 (Sigma
Aldrich, USA) results in a mixture we refer to as the SP lysatgture. 5uL of
SP lysate mixture is added to a tube containind-®f SP separation matrix (25%
sucrose, 1% Tween20 in ChargeSwitch™wash buffer). The tiSaveen20 and
sucrose is used to enhance washing effects and to increasenkity and viscos-
ity. However, the increased viscosity aids in allowing tleadbs to move through a
stationary fluid (i.e. the viscosity holds the separatiotrméixed) while tending to
break up the bead pellet for better sample washing [31, 3#.rilagnetic beads are
then collected into a pellet at the bottom of the tube by asrexd magnet, follow-
ing which, 1pL of the bead suspension is removed using a micropipettstedal of
then adding the entiredL volume of beads and SP separation matrix present in the
pipette tip to the PCR mix (2444, see Section 4.2.7 for description of PCR proto-
col), we transfer the magnetic beads by placing a permanaghet directly under
the PCR tube. This transfers the beads to the PCR mixture \eaving behind the
SP separation matrix in the pipette tip, which ensures tleabtads are transferred

into the PCR reaction with minimal SP separation matrix gbation (experiments
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with the SP separation matrix added to the PCR mix showedgfticiency). After
adding magnetic beads from the off-chip SP to the PCR mixR@R is performed
in a commercial thermocycler (PTC-200, MJ Research, MA, JUSA

4.2.6 On-chip Nucleic Acid Extraction

To perform on-chip SP, the swabs are obtained and incubateith (the off-chip
method) to produce the SP lysate mixture. The SP output well&P channel
(see Figure 4.3) are filled with SP separation matrix. After thannel is filled
completely, any excess separation matrix in the SP inputisveémoved using a
micropipetter. The magnet is then positioned beneath the@R well and 4L
of SP lysate mixture is added to the SP input well. The X-Y stédgn moves lin-
early at 140um/s, beneath the SP output well (this takeB00 sec), which drags
the beads through the separation matrix. We believe thadehsity and viscosity
of the separation matrix enhances the washing effect, Wwemet effect being the
separation of the beads from the cellular debris. The beadtan positioned/im-
mobilized in the center of the output well by the magnet socibreent of both SP
input and SP output wells can be emptied by a micropipettdraui removing the
beads. Subsequently, 4.8 of PCR mix (see Section 4.2.7) is added to the SP
output well in preparation for on-chip PCR. The pH of the PCR (pH of 8.8)
releases the DNA from the magnetic beads and this PCR mixersphimped into

the PCR chamber.
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4.2.7 PCR Protocol

As a standard procedure, a & mixture is prepared with all PCR reagents
except DNA template. This mixture is used for both on- andcbip reactions.
The PCR reaction contains: 20 mM Tris pH 8.4, 50 mM KCI, 4 mM N@C
200 pM dNTPs (Invitrogen, Burlington, Ontario) 0.02% BSA (New dtand
Biolabs, Ipswich, MA) 4% DMSO (Fisher Scientific, Ottawa, tamo), 200 nM of
eachp2M specific primer (forward 5-GTACTCCAAAGATTCAGGTTTACT,
reverse  Alexa647-5-ACGGCAGGCATACTCATCTTTTTCAG-3’; budrated
DNA Technologies, Coralville, 1A) and 0.2 WL Platinum®Taq polymerase
(Invitrogen, Burlington, Ontario). The primers are desidrio amplify a 236 bp

segment of th@2 microglobulin gene.

As a positive control for amplification (off-chip), purifisduman gDNA (puri-
fied from whole blood; FlexiGene DNA kit, Qiagen, Mississau@ntario) is used
as a template. An aliquot of 1912 of the above 241L PCR mixture is used as a
PCR control reaction on the commercial thermocycler, whi8yL of the remain-
ing PCR mixture volume is used for the on-chip SP-PCR/CE exyant. This 4.8
pL of PCR mixture is pipetted into the PCR sample well in thepatontaining the
bead/DNA conjugate. The magnet is moved away from the welevthe PCR so-
lution is mixed with the beads by pipetting in/out the PCRusioh. Subsequently
the on-chip pump is actuated to fill the PCR chamber. Typic8#4 pump-cycles
(sequential action of 3 consecutive valves with a time geab500 ms between
each individual valve) on a PCR/CE chip is sufficient. Onadhamber is filled,
the valves are closed, and any remaining PCR mixture is rechbom the PCR

sample well with a micropipetter. The well is then washechwiater to remove
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any residual content of the PCR mixture.

On-chip thermal cycling is performed by setting parameteithin the GUI.
The thermal conditions are: pre-denaturation temperaati@°C for 120 s, 35
cycles of 94C for 30 s, 60C for 30 s, and 7ZC for 30 s, and a post-extension
temperature of 72 for 120 s. Positive and negative controls (i.e. PCR reastio
with and without beads, with and without gDNA) are perfornogda conventional
thermocycler using identical PCR conditions in order toueagshe PCR reagents
are not contaminated. For each chip run, the 12 2liquot of the PCR mixture
was combined with an estimated 76 ng of purified human gDNAtmfa positive
control. On-chip negative controls (SP-PCR) were perfarmeensure that no con-
tamination from the chip was introduced prior to or during®P@etails in Section

4.3).

4.2.8 Unloading Thermally Cycled Mixture and Capillary Elec-
trophoresis
After on-chip thermal cycling, 3L of 0.01xTTE (1XTTE; 50 mM Tris pH 8.2,
50 mM TAPS, 1 mM EDTA) buffer is pipetted into the PCR input ivahd then
pumped into the chamber by actuating the on-chip pumps. mixss the buffer
with the PCR product and moves it into the CE sample well. lRahgsis, approxi-
mately 4L of diluted product is present in the well after thermocggli Analysis
of the on-chip thermocycled product is performed using ltayi electrophoresis
and laser induced fluorescence (LIF) detection. As in past y&®], for microchip

CE we use 4% linear polyacrylamide (LPA) as the CE separatiatnix. The LPA
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and chip are prepared as described in [23] with@ TE buffer. Prior to loading
the CE separation matrix, the CE channel surfaces on theoahigr are coated to
minimize electroosmotic flow [26]. The channels are theedillvith LPA and 41L

of 1xTTE buffer is pipetted into all CE wells except the samplelwel

DNA from the thermocycled product present in the CE sampl# iweelec-
trokinetically injected into the shorter channel (see Fegd.2) using 200 V222
V/cm) for 80 s, followed by a separation voltage of 600 A/6(/ V/cm) for 250
s. Detection is performed at 13 mm from the CE channel intéieg, along the
longer section of the channel. As our goal is to miniaturtas tnstrument even
more, we chose to perform CE separation at distance of 13 nem though the

chip is significantly longer.

4.3 Results and Discussion

With our custom-built instrument (Figure 4.1A) and integdhmicrofluidic chip
(Figure 4.2), we amplify and detect tB2-microglobulin 32M) gene from buccal
cells collected from cheek swabs. Buccal swabs are a caawvesource of genomic
DNA for non-invasive genotyping, as they are safer and e&si@btain than blood,
and human saliva is generally less pathogenic than humaa bldhus, chip-based
genotyping of buccal cells enables cost-effective diagoossting and population
screening.32 microglobulin is a housekeeping gene expressed in all maiam
white blood cells. Amplification of this gene on-chip usirgtintegrated instru-
ment provides a proof-of-concept for a wide range of appbee, including the

pathogen detection. With a simple change in the primer sespsewe can detect a
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wide range of targets, thus demonstrating the broad afylityeof this system.

Successful SP and amplification in quadruplate (runs 1-dgnsonstrated and
shown in Figure 4.5. The PCR primer and product peaks arevdsat~100 s and
~140 s respectively. Each sample was analysed electrojptadhgiat least twice
and we found the second run to slightly more consistent inartimes. By com-
paring the electrophoretic mobilities extracted from teeand run of each product
with those of the size standard (data not shown), we obtarsze of 236-20 bp.
We would have been able to make more accurate measuremémssafe if we had
performed an electrophoretic analysis of a sample of treestemdard mixed with
the PCR product, especially if separated over a longermtistaHowever, in the
present work we have attempted to size from timing alonegthesimplifying the
analysis. We suspect that most of the uncertainty arises fariations in reagent

concentration from the manual loading of the chip.

The results obtained by the on-chip SP-PCR/CE were suctkysatrified with
tube-based SP, followed by PCR amplification on a bench-toB Bystem, and
analysis on a commercial microchip CE instrument @&, Micralyne, Edmon-
ton, Alberta) using a similar microfluidic chip under the saatectrophoretic con-
ditions. This inidcates that on-chip processing resukkscamparable to those ob-
tained with conventional bench-top systems. A third weadkpe typically seen
at approximately 180 s, likely indicating non-specific aifiqgation — i.e. that the
PCR could be optimised further. Since the third peak wassdsa in the off-chip

reference runs this is not a chip-related issue.
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We performed several negative control runs to confirm anratgsef contam-
ination from the chips, reagents and laboratory envirortmiar the first control,
we skipped the SP step and performed on-chip PCR/CE, regl#t sample/beads
in the PCR mix with PCR-grade water. This control ensuresrtbaontamination
was introduced during microchip fabrication or reagenefipg, and was found
to be negative (Figure 4.5). As a second set of control ruespevformed the en-
tire on-chip SP, amplification and analysis process withiociuding buccal cells
in the SP lysate mix (water replaces the lysate buffer anddumell volume as
detailed in Section 4.2.7). As seen in Figure 4.5, no PCRymbdas generated
in the absence of buccal cells, indicating our on-chip SRME technique and its

associated reagents, including the magnetic beads, datnadiuce contamination.

4.3.1 \Variability and Limit of Detection

The PCR/CE component of this system is detailed in our eadort [30] and the
CE component of that system was found to have a limit of detectf 6 pgfiL of

end-labelled primer DNA. As a first-order approximation, weuld expect to see
the same total fluorescence signal split between the prima&k pnd the product
peak. In practice, the total fluorescence signal in that wairked by a factor of
1.5 from minimum to maximum (this variation was attributedstight variations
in operator handling of the reagents). After normalizatéhe product peak by
the primer peak (to account for handling variations), thdRB@ld varied by as
much as a factor of 3 from minimum to maximum. This variatioasvattributed
to variations in surface passivation in the high surfaca &wevolume devices (this

phenomenon is under investigation).
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Figure 4.5: In a single microchip we isolate genomic DNA frbatcal cells using

magnetic beads, perform PCR, and visualize @& product using LIF based
capillary electrophoresis. This electropherogram (tire fluorescence signal in
volts) demonstrates the successful result of this proéess. consecutive SP-PCR-
CE runs are performed to demonstrate repeatability. Reptasve traces from

our negative controls are included to demonstrate the PGRupt peak signal is

from the buccal cells and not contamination. On occasiomjed decrease in the
processed signal intensity (i.e. a dip) is seen just afeeathval of the primer peak.
These are artifacts of the signal processing and do nottdffedimit of detection.

The present system has the same detection system and hersaarih limit of
detection. The PCR product peak intensities (Figure 4.5)he SP-PCR/CE runs
are 0.024 Vv, 0.015 V, 0.028 V, and 0.016 V, with signal-toseoratios (SNR) of
154, 152, 56, and 53, respectively. The SNR is defined helleeagtio of the peak
amplitude to the standard deviation of the noise in the $iggadculated using the

first 50 s of the processed data from the CE separation phase).
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However, the total fluorescence signal varies by a factor®frdm minimum
to maximum — a variation that is significantly larger than mepous work, likely
reflecting a combination of there being more operator hagdi the additional SP.
However, we cannot, at present, rule out a chip-to-chipatdity in the amount of
collected light coupled into the CE microchannel. Givert tihe PCR yield var-
ied by as much as a factor of 3 after normalization, similahtd seen in previous
work, the PCR yield does not appear to have been adversebtadf by the addition

of the SP stage.

The focus of this demonstration is the integration of sdveracesses onto a
single microchip and instrument, in a manner that allowsbfmh integration and
flexibility in the choice of the protocol used. Future workivexplore techniques
to improve run-to-run and chip-to-chip variability thrdugnproved surface pas-
sivation and chip design. Our present chip is the size of aastope slide for
convenient handling. Except for the volume of the PCR chanthe chip could
readily be scaled to far smaller sizes or have many more ¢estard. In past
work, the 600 nL PCR volume was chosen to be large enough $ttizstical
effects do not play a role for typical concentrations of sgs in PCR-CE done
without SP (e.g. [27]). Past work with this design (withot®)Svould have been
problematic with low-concentration samples. However, ohthe most powerful
features of bead-based SP is that the beads can convey taogmts of DNA (well
beyond statistical levels) even from dilute samples. AssaltePCR volumes are
no longer constrained so that this integrated SP-PCR-C agsign can now be

greatly reduced in size.
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4.4 Conclusion

Challenges associated with the processing of raw sampleslimaited the use of
LOC systems in molecular diagnostic settings. To analynepses, we demon-
strate a magnetic bead-based nucleic acid purificatiomiqah requiring simple
and inexpensive instrumentation, and its integration WA@R amplification and
analysis/detection via capillary electrophoresis usimgmpact photodiode-based
optical detection module. The SP module is integrated irsboe-box size instru-
ment and performs bead manipulation without the need forpdexrfluid manipu-

lation, reducing the potential for sample handling errors.

The SP module can be used for a wide range of applicationshoédth we
have purified nucleic acids from buccal cell swabs, therecaremercially avail-
able beads for isolating DNA and RNA from a wide range of bgodtal sources,
including yeast, bacteria, human tissues, plants, anch$aresamples. In addition
to nucleic acid isolation, magnetic bead-based collecti@m be used to concen-
trate DNA and RNA in nanoliter volumes for subsequent trangd microscale
reservoirs within the microchip for molecular testing. 3ktrategy can enable the
analysis of large sample volumes with analytes or cellsvatdoncentration, a sit-

uation that is otherwise incompatible with microscaleitegt

We believe that such an automated LOC approach for raw saamabysis
would reduce the variability associated with inter-run awtdr-patient analysis in-
herent to manual processing of samples. We are also exgleanous surface

passivation techniques on glass (or an alternate redutade surfaces) to reduce

87



the interactions of the nucleic acids with the microfaltecbsurfaces of the chip.

This integration of sample purification, PCR, and CE alloatsdirect molec-
ular analysis of a patient sample within a single LOC micidftudevice. The
present system was designed for modularity such that SPaR@GRE can be opti-
mised and run separately, or operated in an integratedofastith limited manual
support (i.e. the use of a micropipetter). Having establilstihhe optimal protocol
for the integrated system, we are developing a more compiesowalving system
for performing the same operations in a manner that requoiresnal operator in-
tervention. Moreover, since the present system is scalalsimaller sizes (or larger
numbers of samples), and since it is readily adapted to a saidige of molecular
biology protocols, we believe that it could form the basisrtany LOC applica-
tions. We believe that this low-cost$1000), integrated and portable LOC toolkit
may facilitate high-throughput diagnostic testing, angresents a significant ad-

vancement in the use of LOC for diagnostics.
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Chapter 5

An Integrated CMOS High Voltage
Supply for Lab-on-a-Chip Systems

This chapter is based on a manuscript published in the LabGhi@aJournal. The
dramatic development of the computer and consumer electréield has been at-
tributed to the ability to mass produce integrated circoytsneans of microfabrica-
tion technologies. This integrated circuit fabricationheology offers advantages
such as high reproducibility, small size, low power, andeaxiely low fabrication
cost in mass production, all of which are well-suited fordpensive and miniatur-
ized lab-on-a-chip instruments. In this demonstrationliustrate the possibility
of using this technology for miniaturizing one of the maimgmonents for capillary
electrophoresis (i.e. high voltage generation and switphi As the lead author,
in addition to being part of the microelectronic chip desigaup, my roles in this
demonstration were: designing and building the instrunfiest hardware includ-

ing testing and debugging), calibration, and experimesigiheand execution.

Preface
Electrophoresis is a mainstay of lab-on-a-chip (LOC) impatations of molecu-

lar biology procedures and is the basis of many medical distizs. High voltage

A version of this chapter has been published. Behegai. 2008. Lab on a Chip. 8. 524-1529.



(HV) power supplies are necessary in electrophoresisumstnts and are a signif-
icant part of the overall system cost. This cost of instrutagon is a significant
impediment to making LOC technologies more widely avadablVe believe one
approach to overcoming this problem is to use microeleartacthnology (com-
plementary metal-oxide semiconductor, CMOS) to generatecantrol the HV.
We present a CMOS-based chip (3 mm2.9 mm) that generates high voltages
(hundreds of volts), switches HV outputs, and is powered By\ainput supply
(total power of 28 mW) while being controlled using a stamdesmputer serial in-
terface. Microchip electrophoresis with laser inducedriiscence (LIF) detection
is implemented using this HV CMOS chip. With the other adwanents made in
the LOC community (e.g. micro-fluidic and optical devicetflgse CMOS chips
may ultimately enable true LOC solutions where essentalllyhe microfluidics,

photonics and electronics are on a single chip.

5.1 Introduction

Despite progress in lab on a chip (LOC) systems, the costtefémess, ease of
manufacturability and portability of the external instremtation remains largely
unaddressed [1]. Microfluidic chips have been demonstrastedwide range of

medical diagnostic applications, from genetic profiling @amagnosis [2] to disease
monitoring [3], but this has been done in conjunction witpexsive and large in-
struments. To realize a truly portable LOC system it is neassto replace this ex-
ternal infrastructure while simultaneously reducing ¢este and power consump-
tion. Capillary electrophoresis (CE), a key LOC technoldms important medical

applications but typically requires high voltage (HV) povseipplies, optics, and
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interface circuits that limit portability and hinder thev@dopment of a LOC-based
point-of-care tool. Several advancements in the integmadind cost-effectiveness
of optical detection on microfluidic chips [4, 5] have beend@and many pho-
tonic components have been ported to microelectronic deips/et so far, little
has been achieved in miniaturizing HV components. Much efittirastructure
needed for CE is for the high voltage sub-system, consistifggh voltage gener-
ation and control, switching and interfacing. We recendyndnstrated [4] a $1000
genetic analysis tool that implements CE and is an advanaemeortability and
cost-effectiveness. In that system, the HV subsystem atsdar almost 50% of
the system cost and most of its size. In a more general comtextomponents are
central to the operation of many micro-electro-mecharsgatem (MEMS) devices
in addition to CE systems, yet there are no demonstratiomalgfminiaturized HV

sub-systems.

In terms of electrophoresis, there are presently severalttep electrophoresis
platforms such as the ABI PRISM 3100 (Applied Biosystemsstéio City, CA,
USA), Agilent 2100 Bioanalyzer (Agilent Technologies, &flara,CA, USA),
and the Microfluidic Tool Kit (iTK, Micralyne Inc., Edmonton, AB, Canada).
These systems are based on relatively large external luljage power supplies
(and relays) requiring complex control/interface hardwand software, thus are
not suitable as portable systems. In recent reports rgladirHV subsystems for
CE [7, 8, 9, 10], the required HV is generated using either @aneultiple off-
the-shelf DC-DC converters (e.g. a widely used commeraaiponent made by
EMCO, Sutter Creek, CA), and switching is performed eithemanual switches

or electro-mechanical relays assembled on printed citmards (PCBs). Often,
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to also ensure electrical isolation, multiple circuit kamare used, one for the HV
components, and the other for the control circuitry — thighfer increases size. Ad-
ditionally, the interface and communication with these poments adds to com-
plexity and cost. Recent developments involving HV sulteays include: Jackson
et al. [7] incorporated a DC-DC converter into a CE system with tetehemical
detection. In another demonstration, Kappéesl. [10], presented a battery pow-
ered CE system that could generate up to 30 kV with amper@npttentiometric
and conductiometric detection. Similarly, Gareial. [9] built a battery operated
3-channel HV supply (with 3 DC-DC converters). Ericksaral. [11] introduced

a single HV module that generates up to 700 V, but provideg asingle channel
(i.e. a single DC-DC converter) with manual switching. Irkated demonstration,
to achieve HV precisely, Collinst al. [12] presented a resistor divider network to
vary the generated voltages, based on the use of a DC-DCrtemv@ne of the
first demonstrations of a portable CE system was by Sandwad#dries [8], in work
that miniaturized the entire CE system (with DC-DC suppdied relays) and is di-
rected towards protein separations. A particularly impikesand optimized HV
module reported recently by Jiaeg al. [13] demonstrated a HV sub-system that
is powered froma universal serial bus (USB) port. In thatkvowltiple DC-DC

converters with multiple control circuit boards were used.

Although the development of the LOC technologies, inclgdime above work
in HV sub-systems, has been impressive, there have beemodsdo date of a
HV sub-system that is compatible with a very inexpensivetgiide and highly in-
tegrated diagnostic. Our goal is ultimately to build true@ @iagnostic instruments

consisting, almost entirely, of a single (or several) chipsorder to do this, there
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is a need to realize an integrated HV sub-system (i.e. aesimgldule that could
generate and control high voltages) that is inexpensivehagtdy compact — to our

knowledge there have been no prior demonstrations of suzisystems.

In the present work, we demonstrate a single-chip HV subgy#iiat generates,
controls, and distributes HV potentials, and interfacehan external controlling
device (a laptop computer). This chip is designed and fatwtt with a mixed
high/low voltage microfabrication process. Because ofrtiireed high/low voltage
devices, both low voltage and high voltage components degiated in a single
chip. The low voltage (high density) electronics providesiaterface capability
over a serial link to a personal computer, while the highagt (lower density)
electronics interfaces directly to the microfluidic chips A result, one serial link
(with power delivery capability, such as USB) can be usedawgr and control
this chip. Eight independent HV outputs are provided in tasigh, which facili-
tates the implementation of wide range of CE protocols. &awitching capability
(in the range of several kHz), coupled with longevity, isiagbd by replacing the
commonly used mechanical relays with solid-state HV swveitcbutput circuits, in-
tegrated on the complementary metal-oxide semiconduCtdidS) chip. In addi-
tion to the CMOS chip, only a few external discrete composenth as capacitors
and a single inductor and diode are required to perform a tete@E functionality
(Figure 5.2b). Thus, the small footprint(3mm x 2.9 mm) of the chip itself and
its low power consumption (28 mW) make this module highlyadie for portable
and manufacturable LOC solutions. To the best of our knogéethis is the first

demonstration of a microelectronic chip-based LOC HV satmy.
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5.2 System Description

To demonstrate the functionality of the HV CMOS chip for CE mplace the HV
module in our earlier demonstration [4] with the presentroetectronic chip. As
shown in Figure 5.1, the system uses a CCD camera, a filteskiowin), a lens and
a solid state laser for fluorescence detection. AlthougtH¥eCMOS chip could
be interfaced through any serial interface, it was converigeuse a microcontroller
(PIC 16F877, MicrochipTechnology Inc., Chandler, AZ, USé&perform the USB
to serial peripheral interface, SPI (a standardized conication protocol) conver-
sion. Although both SPI and USB interfaces are serial inneatthe latter is far
more complex and would require a very considerable amouadditional CMOS
design. Such USB interfaces are commonly implementedioosiland are not the

focus of this work.

Laser PC +
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HV Chip
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. 4

l . N B
Microfluidic €= Lens S—
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-« D/ /

PIC Microcontroller CccD {
Camera *
—

Figure 5.1: System level block diagram of the set-up to perfmicrochip elec-
trophoresis.

Data Acquisition
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5.2.1 CMOS Chip

This HV chip (Figure 5.2a) was designed with the Cadencegmated circuit design
tools (Cadence Design Systems Inc., CA, USA) and fabrinatias performed us-
ing DALSA Semiconductors (Bromont, QC, Canada) three mayadr, triple well,
dual gate oxide 0.8m 5 V HV CMOS/DMOS (double diffused MOS) process.
This process supports both the HV circuitry, along with the-Moltage circuitry (5
V) for digital logic control and communication. From a fuiactality standpoint,
this chip consists of three main units (Figure 5.2c): (a) DC-boost converter that
generates the required voltage, (b) eight independentiyraited HV switched-
outputs that are coupled to the microfluidic chip and, (c) camication and con-

trol interface (CCI) that controls and monitors the opematf the chip.

5.2.1.1 DC-DC Boost Converter

A common non-isolated inductive DC-DC boost converter jglemented in CMOS
to generate up to 150 V using a 5 V input supply. The operatimgiple of this is
detailed in [14, 15]. Briefly, the implementation involvesring energy on an in-
ductor from the 5 V supply and periodically breaking the euatrflow. By doing so,
the inductor opposes any changes (a decrease in this casgyemt by reversing
its potential and inducing high electric potential acrasserminals, briefly supply-
ing current at high voltage through a diode to the HV supplyacitor. This HV
supply is programmable via the serial interface, with aarimél voltage comparator
shutting down the boost converter when the supply reachesdhpoint specified
by a digital to analog converter (DAC) (all of these functiotegrated on chip).

This closed loop control mechanism has a resolution of lems 2 V at the output.
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Figure 5.2: (a) Photograph one of our HV CMOS CE chips — we akeldping
several variations of this HV microelectronic chip. (b) Tgrénted circuit board (7
cm x 7 cm) for hosting the HV CMOS chip. This board can readily beisk by
compact placement of components and smaller footprint compts. To operate
this HV CMOS chip, in addition to the CMOS chip an inductor,apacitor and a
diode is used. (c) High voltage switched-output designviging 8 HV outputs.

Further details can be found in [16, 17].

5.2.1.2 HV Switched-output Circuit

The CCI circuitry controls the HV transistors, which driveeteight HV 300 V tol-
erant outputs, with each output separately controllede Bihese outputs can be

driven to the positive supply voltage (e.g. 150 or 300 V),uya (O V) or discon-
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nected (alternatively described as open circuit, floath mgpedance or tri-state).
To reduce the number of HV-transistors, three of the outpaitsonly be driven to
ground or disconnected. The HV outputs are coupled to theoftuadic chip wells

by platinum electrodes (Figure 5.1).

5.2.1.3 Communication and control

Communication between the HV CMOS chip and a microcontrgtie any other

control system such as a computer) is via a standard seteafane protocol (SPI).
The communication and control interface decodes the SPhwmds sent by the
microcontroller using standard logic. These commandsrsgtantrol the on-chip

high-voltage supply output, as well as the state of the H\poist

5.3 Electrophoresis

5.3.1 Electrophoresis System

The optical set-up is based on a CCD camera detection mucksasiloed in [4].
A 5 mW commercial red laser (635 nm, M635-5, U.S. Lasers Baldwin Park,
CA, USA) is used for excitation of the fluorophores. The eeditfluorescence is
focused on a CCD detector (Meade Instrument Corporatigimdr CA, USA) by a
15 mm lens (MGF2TS, Edmund Optics Inc., Barrington, NJ, US#&dugh an in-
terference filter (D750/100 m, Chroma Technology Corp.,kRagham, VT, USA)
that prevents the excitation light (from the laser) fromcteag the detector. Data
acquisition software (running on a computer) captures ames a sequential set

of images taken during the electrophoresis run. This setmages is processed
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by custom-developed software to determine the intensith®fluorescence. The
analysed data is then plotted against time, producing atrefgherogram (graph of

fluorescence intensity vs. time) as shown in Figure 5.4a.

5.3.2 Electrophoresis Protocol

Prior to the usage of the microfluidic chip (Figure 5.3a),-fremtment of the
channel surface is performed using a commercial dynamitintpdGel Co.,
San Francisco, CA, USA) solution. The channel is then fillathw% linear
polyacrylamide (LPA) that is prepared by mixing 9Q0 of water with 100uL
10xTTE [18] (Tris TAPS EDTA) and 400 mg of 10% LPA (Polysciencésg,
Warington, PA (Cat # 19901, MW 600 000—1 000 000). TTE buffeswwrepared
from 0.01 mM EDTA (ethylenediaminetetraacetic acid, Sigrd&A), 0.5 mM
TAPS ([(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)amindjpropanesulfonic acid,
N-[tris(hydroxymethyl)methyl]-3-aminopropanesulforacid, Sigma, USA) and
0.5 mMTris (tris(hydroxymethyl) aminomethane, Fishereatific, Canada). The
buffer well, sample waste well, and buffer waste well arentfibed with 3.0 L
1x TTE buffer solution while the sample inlet well (where the B be separated
is included) is filled with 0.3uL of 1xTTE, 1 L sample (ALFExpress™Sizer™,
50-500 base pair sizer, Amersham Bioscience, PiscatawByJSA and labelled
with DyeAmidite 667 (Cy-5) dye that has a maximum excitatiavelength of 646
nm and maximum emission wavelength of 664 nm) and. Histilled water. We
adapted and optimized the CE protocols for adequate peafocenat short distance

detection (e.g. 13 mm from the intersection). The protaedkbtailed elsewhere [4].
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Figure 5.3: (a) Glass—glass CE chip with separation chdength of 21mm and
optical detection performed at 13 mm from the intersectiothe two channels (b)
During the injection stage of CE, positive HV is applied te gample waste well,
with a ground state applied to the sample well and a floatiaig ¢high impedance)
to both buffer well and buffer waste well. Injection is perfeed for 120 s. During
separation, positive HV is applied to the buffer waste wallf80 s while the buffer
well is set to ground and the sample well and sample wasteaneelet to a floating
state — thus producing electrophoretic migration of DNA.

detector

5.4 Results and Discussion

5.4.1 Electrical Characterisation

The integrated DC-DC boost converter supplies 150 V to thputs at up to 15
HA. A leakage path in an internal rectifier diode limits the Hiypply to 150 V.
This limitation has been corrected in the next integrateclidi design, now being
manufactured. The remaining functionality of the HV chipcluding the switched
output, internal comparator, and control circuitries waltelemonstrated success-
fully up to 300 V (using an external power supply). In the resvork, we perform
electrophoresis with 150 V applied, corresponding to eledields of 71.4 V/cm.
The output voltage ripple is measured to4e.8 V using a digital oscilloscope
(MSO06034 A, Agilent Technologies, Santa Clara, CA, USA)ddrOMQ load (fur-

ther details can be found in Table 5.1). The electrical taste of the CE channel
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filled with 4% LPA is approximately 100 K2, and hence, the output voltage ripple
in practice will be lower than 0.1V, since the output voltaigple is inversely pro-

portional to the load.

Table 5.1: Switched-output circuit measurements for u@\3(driving a 52 pH|
10 MQ load).

Parameter ‘ Measured‘ Unit
Rise time (10%—90%) 9.99 us
Fall time (10%—90%) 5.82 ps
Slew rate (rising) 24.00 | V/ps
Slew rate (falling) 42.00 | Vlps
Min operating voltage 5.0 V
Source current (@VOH =299V) 149.9 PA
Sink current (@VOL =1V) -387.6 PA

For certain applications, such as field inversion electoogsis [19], switching
of the HV outputs at up to 1 kHz is necessary. Commonly usechargcal re-
lays have an operation life on the order of Hvitching cycles. Therefore, when
they are rapidly switched the mean time to failure as per ifleéirhe specifica-
tion is about 20 minutes. Hence, for such applications dsstiite switches are
necessary—such as the ones integrated in our HV CMOS chig nBdasured HV
output combined rise time plus fall time is 16.4%, far exceeding the requirements
for 1 kHz switching, thus demonstrating the applicabilifyttis HY CMOS chip

for CE variants such as field inversion.
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5.4.2 CE Experiment

The HV CMOS chip is used to perform CE with the set-up in Fidufewith a stan-
dard injection—separation electrophoresis procedureatyse fragments of end-
labelled DNA. Using the same microfluidic chip, comparabdéefgrmance (peak
arrival times of the DNA fragments) was the present chipedaSE system (Fig-
ure 5.1) as with a commercial confocal-based CE systenTKe(manufactured
by Micralyne, Edmonton, Canada). Additionally, we adapted CE protocols to
achieve short distance electrophoresis (21 mm long chamtelL50 V) to realize
comparable performance (resolution in separation of thé Bddgments) to our
earlier demonstrations using a 95 mm long chip and 6 kV [20]odr earlier CE-
based diagnostics we typically detected the presence enabf a fragment of
DNA (signifying the presence or absence of the genetic semer pathogen) in
the size range of 200 bps to 300 bps [20], hence, here we ¢gdhm fragment
resolution of the electropherograms in this particulageariJsing the approach in
[21], the resolution in DNA separation for this prototypetgm was evaluated and
found to be 15 bps, which is comparable to the 12.6 bps on thmerarcial yTK

system [4].

The signal to noise ratio (SNR) of the present system is sdraelower than
that of the commercial system and this is due to the simplifiptics and CCD
camera in our set-up (Figure 5.1) as compared to the expeosivfocal optics in
the commercial systemu{K). Although we are in the process of improving the
performance of the optical detection, the present systamaguate for performing
genetic analysis. Hence, the present chip enables theesgygiem shown in Figure

5.1, along with a CCD, a solid state laser, a lens and filtgpréeide comparable
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capabilities to more conventional electrophoresis ims&nts (Figure 5.4).
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Figure 5.4: Comparison of electropherogram results bettlee presented design
and the commercial electrophoresis equipmghk().

Here, we demonstrate HV generation, switching and low geltzontrol and in-

terfacing using a single microelectronic chip. With thisrastration of a CMOS-
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based HV sub-system, we replace the widely used DC-DC ctamgerelays, con-
trol and interface circuits on multiple boards with a 3 mn2.9 mm HV micro-
electronic chip. We demonstrate separation of a DNA sizezdmgbining this HV
microelectronic chip with a microfluidic chip, and have foutcomparable perfor-
mance with a commercial bench-top system, yet the HV chifdocast as little as

$10 in mass production.

With this technology and with minimal additional cost, wepegt to integrate
other functionality on the CMOS chip to realize a complete@®based LOC CE
system. The present HV chip halves the cost of our earlieo@{€omponent cost)
genetic analysis system demonstration [4] by eliminatlhgther HV components.
In the future, with the integration of other sensing tecbgas on CMOS silicon
wafers, the cost of the entire system is expected to be bel®®.$NVe expect such
manufacturable CMOS technology will greatly simplify thE @frastructure while

having a major impact on the development of LOC technologies
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Chapter 6

Integrated Circuit-Based
Instrumentation for Microchip
Capillary Electrophoresis

This chapter is based on the manuscript accepted for ptiblida the IET Nanobiotech-
nology journal. This chapter illustrates integration dftaé required instrumenta-
tions for capillary electrophoresis into a single micraeglenic chip. This demon-
stration paves the way fortaue lab-on-a-chip i.e. one, in which fluidic manipula-
tion is done on a single microfluidic chip and all the instruntad¢ion is integrated
into a single microelectronic chip. In addition to beingtpafrthe microelectronic
chip design group, my roles in this demonstration were:giesg/building the in-

strument (hardware), debugging, calibration, experirdestgn and execution.

Preface

Although electrophoresis with laser induced fluorescebtfe) detection has tremen-
dous potential in lab on chip-based point-of-care dise&mastics, the wider use
of microchip electrophoresis has been limited by the sizk @st of the instru-

mentation. To address this challenge, we designed an aiegycircuit (IC, i.e. a

A version of this chapter has been published. Behegal. 2010. IET Nanobiotechnology. 4. 91-101.



microelectronic chip, with total silicon area @.25 cnf?, less than 5 mnx 5 mm,
and power consumption of 28 mW), which, with a minimal adaial infrastruc-
ture, can perform microchip electrophoresis with LIF detet The present work
enables extremely compact and inexpensive portable sgstensisting of one or
more CMOS chips and several other low-cost components eTdref to our knowl-
edge, no other reports of a CMOS-based LIF capillary elptinoesis instrument
(i.e. high voltage generation, switching, control andiifaee circuit combined with
LIF detection). This instrument is powered and controllsoshg a USB interface to
a laptop computer. We demonstrate this IC in various cordigums and can readily
analyse the DNA produced by a standard medical diagnositogol (end-labelled
PCR product) with a limit of detection e£1 ngjiL (~1 ng of total DNA). We be-
lieve that this approach may ultimately enable lab-on4g-blased electrophoretic

instruments that cost on the order of several dollars.

6.1 Introduction

In order for lab-on-a-chip (LOC) technologies to be moreelydadopted in appli-
cations such as point-of-care (POC) disease diagnostiespénsive and portable
instruments are essential [1]. One key microfluidic/LOGtexogy is electrophore-
sis, the basis of analysis/detection for a large number déoutar biology proto-
cols for disease diagnostics (e.g. [2]). While there haventsgnificant advances
in LOC technologies, the limiting factor in employing théeehnologies in a POC
setting is the need for considerable support/operatingsifucture. Hence, there is
a pressing need for LOC instruments that can perform maetiblogy protocols

and yet be inexpensive and compact. Although LOC systems demonstrated
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extensive functionality (e.g. representative demonsinatby Easely [3], Blazej

[4] and Hupert [5]), LOC systems largely rely on substargidkrnal infrastructure
(e.g. high voltage power supplies and switches, detecyistems, valves/pumps,
and thermal cyclers). In essence, microfluidic devices &snalemonstrated in
what might be called “chip-in-a-lab” approaches (i.e. liggg significant support

infrastructure) rather than “lab on a chip” approacheshdéuigh the “chip-in-a-lab”

approach is an effective way to develop and demonstrate nesefhaidic technolo-

gies, and is suitable for use in centralised laboratories unsuitable for POC ap-
plications. We focus on one widely used LOC technique, tapiklectrophoresis
(CE). Laser-induced fluorescence (LIF) is one of the mostrononiy used detection
methods in CE, due to high sensitivity and an abundance d¢fchakracterised pro-
tocols that have been developed in the life-sciences [6higchapter, we present
an integration of most subsystems needed to perform epgairesis, onto an inte-
grated circuit (IC). We believe that this demonstratiorsllye groundwork for an

ultra-portable LOC electrophoresis system.

Electrophoresis-based LOC commercial instruments ircthe Agilent 2100
BioAnalyser, BioFocus/Experion™from BioRad and the Lalp®®0 system from
Caliper. More recently NEC [7] and Sandia [8, 9] demonsttalectrophoretically-
based genetic analysis tools. This progression in the dprent of the LOC in-
frastructure will continue, but is limited by the challengkintegrating the mi-
crofluidics with an optical subsystem, a high-voltage ssbmy and an interface
subsystem, all composed of discrete components. We beghatsuch system in-
tegration is of central importance to the LOC community sjrfor simple medical

diagnostics based on genetic amplification and analygjsiRCR and electrophore-
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sis), much of the costly infrastructure is for the analysisiponent.

A LIF-CE system is typically built around four subsystema) & high voltage
(HV) subsystem to generate and switch (i.e. distributeicaify with mechanical
relays) the HV for electrophoresis, (b) an optical subsystensisting of an exci-
tation source (i.e. laser), optical lens and filters thattesahe fluorophores, filters
out the excitation light and collects the fluorescence, @gtaction subsystem con-
sisting of a photodetector, amplifier, and an analogue taaligonverter (ADC),
and (d) an interface/control subsystem. The size, costamglexity of these build-
ing blocks has hindered the development of LOC applicatip@k Challenges in
terms of both design and integration prevent more effeathgementations of the
CE infrastructure. In this work we address these challebgéstegrating the most

costly subsystems onto a single IC.

Design: In recent reports, the HV subsystem design for CE [8, 11, 3Phas
been based on HV generation using either one or multipleheffshelf DC-DC
converters with switching performed using manual switatreslectro-mechanical
relays on printed circuit boards [8, 12, 13, 14, 15, 16]. Agsuit of these many
components, HV subsystems are a significant part of the coksiae of any CE
instrument. To minimise electrical interference, segacatcuit boards are usually
used for the HV components and for the control and interfaciitry — further

adding to the cost and the size of an instrument.

Photomultiplier tubes (PMTs) are the most commonly usedtalptietection

transducers for LOC fluorescence measurements [17]. WNMIEsRare highly sen-
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sitive, they are costly and delicate. Charged coupled éef@€CD) imagers have
also been demonstrated in the context of a portable syst8mHit they tend to
be slower and less sensitive than PMTs. There has been sagtifnterest in pho-
todiodes [19, 20] as they are suitable for compact instraatem and can be built
using standard microelectronic fabrication processeghotigh photodiodes are
less sensitive than PMTs, with appropriate circuitry amghal processing they can

be applied in very cost-effective implementations.

Optical subsystems are commonly based on a confocal o&igr— as seen
in most LOC based LIF-CE instruments. The confocal desitpwal LIF detec-
tion that has low baseline signal — allowing more sensitetection. The Mathies
group has made impressive advancements in building perMiT-based confocal
CE instruments [17, 21] that are both versatile and highhsgee. However, this
design results in systems that tend to be expensive ancatielidhich arises from
the complexity of the optics system assembly, and also Isecaiithe costs of the

detection system (typically PMT-based).

Integration: Clearly, it is a challenging task to integrate the wider &g
the subsystems and technologies required for a microflW@C-instrument. The
LOC community has been moving to progressively more integraolutions. In-
tegrated LIF detection systems for CE have been well redew§l0, 22, 23, 24].
Broadly speaking, these integration efforts for LIF systeran be characterised as
either 1) better integrations of the optical subsystem aont&gration of the detec-

tion subsystem (optical electronics).
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The optical integration efforts have been well reviewechim above review pa-
pers, these efforts have mainly been to combine the exaitéiht sources, lenses,
filters and detectors that are needed to excite fluorescealtect the fluorescence
and then detect it. As one such example, Hofmetral. [25] combined wavelength-
selective waveguides with their microfluidic systems. $anty, Thrushet al. [26]
combined laser, lenses, and filters on a GaAs wafer while®edt al. [27] com-
bined a laser, detectors, waveguides and filters integdatedtly with microchan-
nels. Although these integrations are impressive, for gatesn-level application
we find it suffices to use an inexpensive assembly of off-cloimmonents (lens,

filter and laser) coupled with integrated optical electesni

The detection integrations have investigated how to comtie detector and
associated electronics. Detection systems for LIF-CE haen well reviewed in
[10, 22], and the authors note that there have been limitetbdstrations of inte-
grated detection subsystems (i.e. photodiodes, amplémisADCs). It is difficult
to do justice to the many advances made; however, the Buoupgs of particular
note. They used a silicon-based microfluidic chip to dematethe integration of
optical transducers, heaters/temperature sensors adid$l{28]. This was a land-
mark in LOC integration; however, this system still reqdimnsiderable external
infrastructure (e.g. high voltage, optical electronicsd aontrol/interface subsys-
tems). More recently [29] they showed an integration of arafigidic system with
a 40-layer interference filter and photodiodes with a lirhdetection (with interca-
lators) of 0.9 ngiL of DNA. Similarly, Kameiet al. [30] demonstrated a multi-chip
system consisting of a glass chip with an integrated phottedi\Websteet al. [20]

demonstrated an integrated photodiode connected to extestrumentation for
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measurements. As an extension to single-point detectiatenmaultiple photodi-
odes [31] and a photodiode array [32] were used, but both extarnal detection
electronics (i.e. amplifiers and ADCs). Subsequently, Mesiat al. [33] inte-
grated both a photodiode and an amplifier on a single chipubed an external
ADC. More recently Mina®t al. [34] demonstrated an elegant combination of op-
tical filters, photodiodes and a “light to frequency” corteefalbeit for colorimetric
use). In the present demonstration we demonstrate a fuélgiated detection sub-

system comprised of detection, amplification and an ADC.

As described in our recent paper [35], several groups haa@atarised and in-
tegrated HV circuits for CE but these systems were basedsmmede components
(as an example [14]). We recently demonstrated [35], a fotlggrated HV subsys-
tem —i.e. generation and switches, along with control atetface, all on a single

CMOS IC.

In general, the integration of more functionality onto agénIC (as opposed
to having discrete components on a printed circuit board)lead to lower noise.
However, the integration of the sensitive detection etetts of the optical subsys-
tem with a high voltage and current switching on the sameasilichip is likely to
lead to very noisy data — as predicted by the Burns group [28}/(integrated pho-
todiodes but did not integrate the HV subsystem). To the dfestir knowledge, to
date, there has been no report of the integration of the HVoatidal subsystems.
We address the challenge of integrating the sensitive tieteelectronics with the

intrinsically noisy high voltage subsystem.
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Path Forward: There are many potential paths forward, both in terms ofgtesi
and integration, but one is typically faced with the needréalé¢ performance for
cost. Since the cost is such a driving issue (especially attiheare), such trade-
offs must be explored. A simple way of looking at the problenia examine the
PCR/CE combination that forms the basis of many geneticndisiics. A LOC
infrastructure that could perform such a test could drara#yi improve the use of
LOC technologies. Hence, we measure our technologies stgairether they can

implement a PCR/CE diagnostic.

Although a large number of LIF-based CE demonstrations makeof interca-
lators rather than end-labelled DNA [36] (intercalated DisAften several orders
of magnitude brighter than end-labelled DNA), the use ddricdilators requires ad-
ditional processing steps hence are not as suitable fondsiig, where rapidity
is important [37]. On the other hand, end-labelled DNA isaltiesuited for LOC
applications based on integration of genetic amplificati@PCR and analysis via
CE. Integration of end-labelled PCR with CE form the basisnahy medical di-
agnostics to the extent that we considered it a design @nstr i.e. the system
must be able to detect end-labelled DNA as would be produtad bn-chip PCR.
The sensitivity of microchip electrophoresis is very degent upon the procedure
used to perform the electrophoresis (e.g. the running baffecentration and how
much sample is used). In particular, if the DNA sample hasitowc strength, then
sample stacking effects [38] could be used to concentrat®MA on-chip and to
thereby demonstrate better apparent sensitivities. Hervanless the means to pu-
rify the sample are also to be incorporated on the microftuithip, this approach

of estimating the sensitivity of the instrument is mislewdi Thus, for the present
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work we seek to use a PCR sample without any purificationielgastep.

The LOC technology has not reached a level that would enablagde-chip
solution for LIF-CE. Most instrumental infrastructure ééspment work has fo-
cused on integrating the optical components, largely mglpin external electronics
support for HV, signal amplification, data acquisition anem@ll interface. Apart
from our past reports, there are, to our knowledge, no otbeorts of CMOS-
based HV subsystems [35]. Subsequently, using that ICdadsesubsystem with
an optical subsystem based on discrete off-chip componemtsiemonstrated a
photodiode-based LIF-CE system [19]. In the present wokkjntegrate the dis-
crete component-based optical subsystem [19] (photodar@dogue to digital con-
verter and an amplifier) with the high voltage subsystem,amdrol and interface
subsystem onto a single IC. We thereby demonstrate a LIFA€lELiment consist-
ing of a single IC with only a few additional and inexpensieenponents — a laser
diode &$30), a miniaturised lens$20), filter &$30) and a few discrete electrical
components (i.e. an inductor, resistors, capacitorsrupst$10). The complete in-
strumentis controlled and powered via a USB connectionaptp computer. The
present work enables extremely compact and inexpensivialjpe systems consist-
ing of one or more CMOS chips and several other low-cost carapts. There are,
to our knowledge, no other reports of complete CMOS-basé&dddtection (i.e.
from photons to digital data). We demonstrate the presestésyin the analysis of

PCR products representative of those in standard mediaghdstics.
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6.2 Materials and Methods

6.2.1 Instrument

This instrument is designed to be fully powered and cordcblly laptop computer
via a USB interface. The IC (Figure 6.1) communicates witiP&3SB converter

module (DLP-2232M-G, FTDI Inc., Glasgow, UK) using a starmbiserial periph-

eral interface (SPI) protocol for control, data managemeéné communication and
control interface (CCl) subsystem within the IC decodesSRé commands. The
CCl also controls and monitors the HV generation, HV switcaed optical detec-
tion circuitry (Figure 6.2a). Since the USB to SPI implenadian is not the focus

of our demonstration, an off-the-shelf module was used fement this function.

The functional block shown in Figure 6.2a is assembled irs#teup shown in
Figure 6.2b. For experimental purposes it was convenieaséothe jig shown in
the above figure - this allowed for manual adjustment of tignatent. However,
in future the alignment will be performed by a simple holdeattproperly posi-
tions the chips. The simplified optical subsystem (FiguBagdetails in Optical
Assembly section) consists of a commercial laser diodent@nference filter and a

gradientindex (GRIN) lens to collimate the emitted liglutrfr the microfluidic chip.

6.2.2 Integrated Circuit

The IC is designed and fabricated using DALSA Semicondigc{@romont, QC,
Canada) three metal layer, triple well, dual gate oxidem85V HV CMOS/D-

MOS (double diffused MOS) process. This microfabricatioagess technology
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supports the integration of both the HV components and lollage components
(for control, data communication, optical transducersratated components) within
a single die. This LOC work has required the development ava design library
and VLSI elements, in an ongoing process that is expecteltitoately benefit the

wider LOC community.

From an operational perspective, this IC (Figure 6.1) ciasif four main sub-
systems: (@) programmable HV generation module (b) eigependently con-
trolled HV switched-outputs that can be coupled to the nilaidic chip, (c) an op-
tical detection subsystem composed of devices and cirthatdransduce, amplify
and digitize the fluorescence and (d) an interface subsydtearcommunication
and control interface (CCI) that controls and monitors tbéunctionality. The HV
subsystem is formed from the generation and switching nesdidor convenience,

the chip was placed in a 40-pin DIP package.

6.2.3 HV Generation and Switching

To generate the required electric potentials, a non-iedlatductive DC-DC con-
verter is implemented within the IC. This DC-DC convertercuit converts the 5
V input supply (from the USB interface) to up to 300 V at theput Briefly, the

principle of this conversion is based on the rectificationhaef back-electromotive
force created by periodically interrupting the currenptigh an external inductor
and storing this energy into an external HV capacitor. Thaitsl operation and

working principle is described in Chapter 5.
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Figure 6.1: Photograph of one of our HV ICs (with total silicarea 0f<0.25 cnf)
comprising of the high voltage capability and optical alesics integrated on the
same silicon die.

In this design, to implement a broad range of microfluidicleyagpions, eight
independent 300 V HV switches are included that could be lealip the microflu-
idic chip. Five of these switches can set their respectitpuds to positive high
voltage supply, ground (0V), or high impedance (float). Bhd¥ switches consist
of an output stage and a level-shifter stage. The outpuedtag one pull-down
and one pull-up transistor. By setting these transist@skg the user using cus-
tom software that communicates with the IC), the outputgch high voltage, and
high impedance states) of the HV switch can be determined I&uel-shifter stage
changes the logic control signal (from control and intezfaab-system, 0-5V) to

an appropriate level to control the output stage transsiy minimise silicon area
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and cost, an additional three switches are designed sutkh#iarespective out-
puts can be set only to either a ground or high impedance dbstiled designs

for these switches have been reported elsewhere [35].

6.2.4 Photodiode and Transimpedance Amplifier

A 150 pm x 150pum Si p-n photodiode was fabricated on the IC. The anode is
a p-well and the cathode is n+ diffusion. The photodiode &@dl in its own p-
well, isolating it from all other circuit components, theduces the current leakage
to/from other junctions. The photodiode is used in a phatdcative mode and is
connected to the transimpedance amplifier as shown in Fig@ee in which the
photodiode is biased across its junction capacitance. &dlabrescently labelled
DNA migrates through the CE channels, the emitted fluoresesgaching the pho-
todiode generates photocurrent and discharges the pbdginction capacitance,
thus reducing its voltage. The change in photodiode cagramit voltage is tracked
and amplified by a common source amplifier (this amplifiergiess similar to the
design used in a CMOS camera pixel) whose signal is therizidiby the internal
ADC. Experimentally, the responsivity of the photodiodesi@und to be 0.35 A/W
(at 600 nm) by applying a known optical power (30.4 pW) to gateea photocur-
rent of 10.6 pA.

6.2.5 Analogue to Digital Converter

The ADC architecture here is based on successive appragimeatchitecture. Al-

though we could have designed and integrated a higher tesolADC (i.e. 12-bit
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Figure 6.2: (a) Functional block diagram of the CE instrutné@) the experimental
set-up consists of an IC, a microfluidic chip, a laser diod# simplified optics (a
single GRIN lens and an interference filter). This stage leas lbuilt for flexibility,
primarily for optical alignment. Once packaged, such ancapstage will not be
necessary. The detailed optical assembly is shown in Figda@ (MEC and MFC
refer to the microelectronic (i.e. the IC) and microfluidiggrespectively).

or 16-bit), in order to save both power and silicon area, ia gnototype IC, we
include only an 8-bit ADC (average errdr 1 least significant bit). This ADC se-

guentially converges to a digital value that representsittadogue input in 8-cycles
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by performing a binary search algorithm as detailed in [J9jis ADC architecture
is suitable for 8-16 bit resolutions at moderate operatiagdencies, has low power
consumption and requires minimal silicon area. In thisgraéon we must balance
the cost of higher resolution against the usefulness ofdnigbsolution in acquir-
ing higher sensitivity (the area of the ADC typically scatesarly linearly with the
number of bits. In this present chip design the ADC occupi2$% of Si area used

by low voltage components).

6.2.6 Isolation Between High Voltage and Optical Electrords

The integration of noisy circuits (i.e. HV supply switchiagd digital logic) with

highly sensitive optical detection circuits is a key chadje. In this demonstration,
a standard isolation technique of placing the photodiodedadicated isolated well
[40] is implemented to minimise the noise coupling betwédenHV and the optical
circuit. The photodiode was then connected to an integgamplifier and then to
the ADC. In order to save silicon area and pin-count we decaea design that
did not also isolate the amplifier and ADC from other circifttss allowed us to

have multiple uses for these circuits).

6.2.7 Optical Assembly

We make use of a highly simplified optical assembly (FiguBapconsisting of a
focusable 6mW commercial red laser (635 nm, Part # 59089 uadr®ptics, Bar-
rington, NJ, USA) that excites the fluorescently taggedrbmecules, an interfer-

ence filter (HQ660LP, Chroma Technology Corporation, VTclRogham, USA)
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that selectively transmits light of a specific wavelengt#f6{0 nm) and a gradient
index (GRIN) lens (LGI630-6, Newport Corporation, IrvineA, USA) to colli-

mate the emitted light from the microfluidic chip onto the tdahode.

During assembly, the lens is placed on top of the interfexdifter that is aligned
to the photodiode (Figure 6.3a). A standard glass-glassoffuddic chip is used
[35]. The spacing between the lens and photodiode is sudtthbanicrofluidic
channel is in focus when viewed from the photodiode. To aehthis, after re-
moving the interference filter, the spacing between lend@r{@hich contains the
photodiode) was set to observe the image of the photodibdeugh the lens) on
the microfluidic channel Figure 6.3b. This procedure of agdtalignment is dis-

cussed in detail in our earlier report [19].

6.2.8 Capillary Electrophoresis Protocol

Electrophoresis is performed using a microfluidic chip thas two intersecting
channels (Figure 6.4a). The injection channel is 16 mm lamgl, the separation
channel is 21 mm long, both with a cross section of @0 (width) and 40um

(depth). These channels link four fluid reservoirs. Adjadernthe separation chan-
nels, a 110 nm thick masking layer of chromium is patterndus Tasking layer
minimises the incident light, both directly from the lasé@ak and from the scatter

from the microfluidic channels onto the photodiode.

We make use of a standard CE protocol consisting of injeiuh separation

steps (Figure 6.4b). As in our earlier reports [19, 35] wepaeid our CE protocols
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Figure 6.3: (a) The optical path consists of the microfluiciiép, a GRIN lens,
an interference filter and the custom-designed IC. (b) Inwghe photodiode as
seen through the GRIN lens when in focus with the microfluchannel. The
photodiode is the area surrounded by the metallic contagt fihe ring-like image
is the reflection of the microscopes light source and is r@vihtline of the GRIN
lens. The metallic pad at the left of the photodiode is forrabterization and
interface purposes.

to perform electrophoresis at short distances with 200 e@t®n at 13 mm along

the CE channel). The HV output from the IC are coupled to therofiuidic chip
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using platinum wire electrodes that are lowered into thalitureservoir using a
gantry. As part of the CE protocol, a commercial dynamic ioggfthe Gel Co.,
San Francisco, CA; Cat# DEH-100) was applied to the micnocbb[41]. Subse-
guently, channels were filled with a 4% linear polyacrylaen{dPA, MW 600,000
- 1,000,000, 10% solution in water, Polysciences, PA, US&lyer matrix. The
buffer, sample waste and buffer waste reservoirs were thed #with 3.0uL of a 1
x TTE buffer solution and the sample well was filled withu2 of 0.1 x TTE, 1.0
UL DNA sample. TTE (Tris-taps-edta) buffer was prepared f@0l mM EDTA
(ethylene diamine tetraacetic acid, Sigma, USA), 0.5mM JAK2-Hydroxy-1, 1-
bis(hydroxymethyl)ethyl) amino]-1-propanesulfonicd&ydN-[Tris(hydroxymethyl)
methyl]-3-aminopropanesulfonic acid, Sigma, USA) andOM Tris (tris (hydrox-
ymethyl) aminomethane, Fisher Scientific, Canada). Theptais a PCR product
(amplified from genomic DNA) with a final concentration of gig/mL. The primer
sequence (tagged with Cy5) uniquely identifig82amicroglobulin gene (273 bp)
from genomic DNA. Further details about the PCR protocollmafound elsewhere
[18]. The time for injection, separation, optical integoatand the sampling fre-
guency were set using a custom-built graphical user inter(&UIl) running on a
laptop computer, which communicates these parameterg t€thia the USB link

(Figure 6.2a).

6.3 Results and Discussion

6.3.1 Signal Processing and Noise Characterisation

It was found empirically that the least noise was preseritérsignal when sampled

at 6.4 Hz, corresponding to a 150 ms sampling time plus 6 net egsl communi-
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Figure 6.4: (a) Diagram of a standard glass-glass CE chip #0tum deep chan-
nels (90um wide channel) and 2 mm wide wells/ports. These chips ateno&id
with a 110 nm chromium layer that is photolithographicabytprned on the bottom
surface of the microchip. (b) In the injection stage of CEsipee HV is applied
to the sample waste well, while ground state is applied tostraple well and a
floating state (high impedance) to both buffer well and buffaste well initiating
electrophoretic migration of DNA. Injection is performeat fLOO s at 200 V. Dur-
ing the separation step, the buffer well is connected torgpicand positive HV is
applied to the buffer waste well, while the sample well antjsie wastes well are
set to a float state. Separation is performed for 200 s at 200 V.

cation time. In the sampling period, a precharged capagéts discharged through

a photodiode in photoconductive mode, and in the reset ghetiwe capacitor is
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charged (explained in the photodiode and transimpedanpéfensection). This
integration time strikes an optimal balance between enguwsufficient gain and
avoiding ADC saturation — either of which would generateming of the signal. It
was verified that the raw data from each electropherogramatidontain clipping
in or near the arrival times of the primer or product peak.eAfinalyzing the raw
data of successive electropherograms, we found that tinalsigntained a noise
contribution with the strongest contribution at 0.8 Hz arithwuccessively smaller
contributions at higher order harmonics. This was deteechito originate from

variations in the laser optical output power.

Since the data of interest is slowly varying (nearly DC, lelshed from past
work [18, 19, 42] and for the electrophoretic conditionsdikere the peaks corre-
sponding to DNA are about 3 seconds in duration) we make uaéa pass filter.
We designed a standard low-pass finite impulse responsg églRripple filter (or-
der of 20) with attenuation initiated at 0.8 Hz and a cut-offquency of 1.0 Hz
(implemented using MATLABsS filter design and analysis tdeQATOOL). This
LP filter attenuates the frequencies above 0.8 Hz causedeldggbr variation, and
other high frequency resulting in a smooth electrophemogfigure 6.5). (The
amplitude of the 0.8 Hz signal was large enough that it wasesiones clipped,
however this clipping generated higher frequency comptatiat were readily re-
moved by the filter.) The baseline variation, which is priityadue to both the laser
module and the photodiode, is suppressed by subtractingédén of the nearest
29 data points (corresponding to 4.53 s), a window suffibjemide to not affect

the data of interest.
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Figure 6.5: End-labelled PCR product representing theepias of thef32 mi-
croglobulin gene[§2M), was electrophoretically separated on a microfluidigpch
operated by an IC-based instrument. The relative fluorescsignal collected
by the IC is plotted against the time axis in seconds. Thresecutive CE runs
demonstrate the repeatability of the peak arrival timesthWieach run, the first
peak (left) is the primer peak (20 bps) and the second pegthkt)iis the PCR prod-
uct peak £273 bps). The minor dip in the electropherogram (before t6& P
primer and product peak arrivals) below the baseline (eeo)is an artefact intro-
duced by the digital filter used to remove the 0.8 Hz noiseeGihat this artefact
is small and proportional to the following peak, its presedoes not affect the limit
of detection. The inset (top left) shows representativeacgssed data.

6.3.2 Single and Dual Chip Operation

Characterization of the acquired data revealed that aoguihe signal when the
HV generation module was operational caused large vanstiothe measurement.
This is due to noise coupling from the HV subsystem to thecaptneasurement
circuits (amplifier and ADC). There are several ways of deplvith this large

source of noise. In the “single IC” approach the HV and optstdsystems of a
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single chip are used simultaneously. In this approach waddbat the standard
deviation of the acquired data (i.e. the signal) was 043004 V (based on three

runs).

We also tested an approach in which we deactivated the H\igéme module
briefly while the optical measurement is being performed ewiine HV subsystem
is turned off the standard deviation of the signal is 0.86@.015 V (i.e.x7 times
lower than when the HV is turned on). However, deactivathg iV for the 150
ms sampling time results in an unacceptable drop of the Hgystbm output volt-
age. In a third approach, the dual IC approach, we used twuiadd ICs, one with
an active optical subsystem and the other with an active Hdéywstem. With this
configuration the standard deviation of the acquired sigfeal the same as the HV
off case. Given that this was the most sensitive and robysbaph, further testing

was performed with this configuration.

As shown in Figure 6.5, the system can reliably detect thdymts of an end-
labelled PCR reaction. CE results are commonly charaeténsth metrics such as
the signal-to-noise ratio (SNR), the limit of detection @@Pand the resolution (in
base pairs for DNA) of electrophoretic separation. TheayerSNR for the DNA
sample used (consisting of a PCR primer and product peakhfee consecutive
CE runs (Figure 6.5) is calculated to be 98. The baselineeétactropherogram
is calculated by estimating the noise in the data from thé 2i@sseconds of the
CE run, long before the DNA peaks of interest arrived. Alornthwhe amplitude
of the PCR product peak, this is used to estimate the SNR. Wereastablished

that such a SNR is adequate for medical diagnostic apmits{il8]. Additionally,
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under similar CE conditions and using the same microfluitlip,celectrophoresis
was performed with a commercial confocal CE system (the digidic Tool Kit
(UTK), Micralyne, Edmonton, Canada), resulting in an avelai®& value 0f~300
(data not shown). This indicates that using the IC with highinplified optics (us-
ing the CE protocol outlined in the methods section) gave R 8dmparable to that

of a commercial system (confocal and PMT-based system).

Limit of detection: We demonstrate the systems performance by operating di-
rectly on a PCR product of representative strength, ratheer tising a calibration
standard directly. In this way we could be certain that noarstacking effects
could lead to misleadingly good sensitivity estimates. \&kbcated our system
against a commercial instrument (theK) by comparing sample peak heights with
the same microfluidic chips and protocols. Briefly, we firdttrated theuTK by
purifying a PCR product to remove its primers and uninccee nucleotides be-
fore measuring the UV absorbance. In this standard methedphic strength of
the buffer was maintained (i.e. before and after purificatice sample had the same
salt concentration). From this, the concentration of PC&tlpct was found to be

~13 ug/mL, a concentration typical of PCR products generatedincal tests.

We use a standard definition for the LOD, i.e. the amount ofpdautinat is re-
quired to produce a peak height that is equal to three timestdndard deviation
(30) in the baseline of the electropherogram. Using the filtetath (Figure 6.5)
after removing the baseline variation by means of subtigdtie median over 29
points &4.5 s), the standard deviation for the first 20 s before thigadrof the

DNA peaks was calculated. From the observed product peaktadgand known
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amount of DNA, the LOD was calculated to b€l ng of end-labelled DNA. As
our standard CE protocol makes use ofill of sample, this corresponds to ap-
proximately 1 ngiL (if we were working with intercalators then we would expect
approximately 100 times more fluorophores per molecule, lette a LOD of
about 10 pgiL). The dominant uncertainty in these calculations is thaug arise
from the calibration process and this is estimated as 30%l¢alation error in our

earlier report [19] gave rise to an overly pessimistic eataof our LOD).

The estimated sensitivities of the system are shown in Taldle In the oper-
ating range of the optical detection subsystem, used inettperiment, the ADC
output is linear to the optical intensity detected by thetpdmde. Hence we ex-
trapolate the LOD for a single IC given that the level of nagsseven times higher
by the same factor. The dual ICs approach was found to be méfrieient for the
analysis of a PCR reaction of typical strength. It is cleanfiTable 6.1 that the use
of standard isolation methods for the photodiode alone didcompletely suppress
the noise pickup. Although the single IC approach was ndicsemtly sensitive to
analyse a typical end-labelled PCR sample with our presetitaaology, it could
be used to analyse a strong end-labelled PCR product or ercatdtor-labelled
product. With such higher concentrations, although it rmigg possible to opti-
mize the integration times to better acquire data, suchertrations were too high
to be relevant —i.e. higher than could be obtained in a starféi@R without adding
sample purification. Therefore, we chose to proceed witl-itiapproach. As we
continue to develop the design libraries and new elementhi® CMOS technol-
ogy we will investigate approaches to increase the seitgjtwt our primary goal

is to improve the noise isolation between the HV and optiaakgstems through
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the use of dedicated amplifier and ADC circuits and by platirgge in their own
dedicated isolation wells (as opposed to only the photajioklloreover, in future
designs, separate digital and analog power supply pindwilised (the IC will still

be operated using a single USB interface), this will mingrtise digital switching

noise.

Table 6.1: Estimated limits of detection of end-labelled®N
Approach‘ Noise Level (V)‘ LOD (ng pL)
Dual ICs | 0.064+0.015 1+30%
Single IC | 0.431-0.004 7+30%

The resolution (calculated according to the procedureilddtan [37]) was
found to bex~30 bps. This resolution was adequate to differentiate tHe p@duct
peak from the primer peak. The repeatability of the eledtovptic performance
was demonstrated by the peak arrival times for five consee@i runs (three con-
secutive runs plotted in Figure 6.5) demonstrating a viandess than 0.4 seconds.
The commercial systenu(K) with a similar microfluidic chip gave an improved
resolution (10 bps [42]) suggesting that this reductioresotution is likely due to
the size of the detector and the selection of the filter foa gbcessing (since the
designed LP filter is similar to the sample averaging, thisl$eto make the peaks

broader, hence reduces the resolution during signal dondit.

6.3.3 Conclusion

We have shown that our IC-based system could perform theofhiatic elec-

trophoresis needed for a demonstration of a PCR/CE-baselitahaliagnostic.
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By adapting a new HV-CMOS technology to LOC applications vegehdemon-
strated that a single IC can essentially integrate (alnadktf the instrumentation
required for microchip electrophoresis. Through the dgwelent and integration
of devices in this CMOS technology, and by applying noiséaison techniques,
we have overcome some of the central challenges preveim@ngider use of the

LOC technologies.

As we build progressively less expensive LOC-based CEunsnts with in-
creased level of integration and functionality being porbato the integrated cir-
cuits [19, 35] we also seek to boost performance. Cost remucd another im-
portant consequence of integrating the optical detectwnponents (photodiode,
amplifier, ADC, control and communication interface) onragée IC. This integra-
tion results in the reduction in power usage such that thieumgent is now fully

powered (and controlled) through a USB connection to a [aptamputer.

The present demonstration suggests it may now be feasiltdailth a CE in-
strument that is the size and cost of a USB memory key. Thefoost CMOS
chip is directly related to the area of silicon used. For higlume manufacture of
CMOS chips of this area, a cost on the order of dollars is glpi¢/e estimate the
cost of this chip in volume production as beirg10, making such CMOS-based
instruments inexpensive and well-suited for POC diagoagiplications. With the
present level of integration, our IC-based instrumentsaggroaching the LOC
ideal, where the major functionality resides upon the chipd with minimal over-
all off-chip infrastructure. We expect that this level ofegration will promote the

wider use of the LOC technologies.
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Chapter 7

Summary and Future Research
Direction

7.1 Thesis Summary

Realizing practical lab-on-chip solutions for point-afre disease diagnostics is
only feasible only if miniaturized, integrated, automatadd cost effective instru-
ments are developed. In this thesis, microfluidic and mieisonic technologies
required to build such systems are presented. To facilitédelevelopment, a scal-
able, general purpose microfluidic platform that perforththe required function-
alities forsample-in-answer-ogenetic-based diagnostics was designed, built, and
tested. These functionalities include microchip-basedpa preparation, genetic
amplification via polymerase chain reaction (PCR) and dieteia laser-induced-
fluorescence (LIF) capillary electrophoresis (CE). Thiadietop system, with a
component cost on the order of few hundreds of dollars, cbaldffectively used
for performing genetic testing in places with minimal (or) rsmpporting infras-
tructure such as a physician’s office or mobile laboratoriéBis system is fully
validated against convectional molecular diagnosticspegent and protocols by

performing a complete genetic-based analysis on a raw hgaraple.
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We demonstrated the scalability of this technology by bngdcustom micro-
electronics chips, which integrated the functionalityuieed for genetic analy-
sis, for a handheld (i.e., USB-key sized) instrument. Attihee of writing this
thesis, we have successfully demonstrated capillaryrelgabresis, laser-induced-
fluorescence detection, and thermocycling using thesescHipe technology (i.e.
CMOS) used for fabrication of these microelectronic chigsnuits instruments
built around these chips to outperform discrete compobased instruments in
several aspects: (1) orders of magnitude lower in cost;o@gt power, allowing
for battery powered operation; (3) size reduction by sdwan@ders of magnitude;

(4) higher repeatability; and (5) fully automated manufiaicty.

This thesis has demonstrated the technologies to realiee. OC diagnostics,
where not only the fluidic manipulation functionalities anéniaturized and inte-
grated into a microfluidic chip but also the required exteinfastructures are
miniaturized, integrated, and automated. By combiningroglectronics and mi-
crofluidics, a path for future evolution of highly inexpevesand small genetic anal-
ysis instruments has been established. The end goal is &bogean inexpensive
handheld, low power instrument (similar to a off-the-shedime pregnancy test)
that can perform all the required steps for genetic-basagndistics. Our demon-
strations have shown many of the subsystems and suggestsibifity of a USB-
key sized device that performs all the required steps in outde diagnostics and

costs on the order of few tens of dollars.
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7.2 0On-going Projects

As this thesis is being reviewed, another two manuscrigt®¥amng prepared by the

author that describe further development in the technekdiscussed in this thesis.

7.2.1 A Bench-Top Integrated Instrument for Sample Prepara
tion, Realtime PCR, and Melting Point Analysis

This instrument performs all the steps required for a coteglenetic diagnostics
procedure based on realtime quantitative polymerase ¢karttion (rqPCR) and

melting point analysis (MPA) with minimal manual intervemt starting from a pa-

tient’s raw sample.

The rgPCR is an advancement to PCR that facilitates simedias amplifica-
tion and quantification of a sample. In this technique therfiscence intensity
emitted by excited DNA strands, which are labeled by intatoa fluorescent dyes,
is measured and plotted against the PCR cycles. Hence dteage in fluorescence

level relates to increase in the PCR product concentratienquantity).

MPA is a technique used for genotyping (studying the geneesgion) of a
DNA sample. In this technique, the temperature of PCR produstowly increased
(or decreased) by0.5°/sec while the relative fluorescence emission is measured.
A sudden change in fluorescence indicates the melting texnperof the sample
or the temperature at which the negative derivative of detetorescence intensity

versus temperature reaches its maximum.
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In order to prove the functionality of this system, in a cbtdeation with Provin-
cial Laboratory for Public Health (Dr. Yanow), we are adagtconventional mac-

ular diagnostics protocols to genotype four different gypEMalaria.

7.2.2 Monolithic Microfluidic and Microelectronic Chip

As it has been discussed in chapters 5 and 6, microelectrectinology provides
an excellent platform for miniaturization and high-volupreduction. I1Cs for bio-
logical applications have already been built that incoap®capacitive sensor arrays
[1] and photodiodes for detection; DEP (dielectrophoid&isand magnetic means
[3] for actuation of molecules and cells, and fluidic compuseover CMOS us-
ing SU-8 epoxy [4] for sample storage and transport. On thelai line, Balslev
demonstrated SU-8 microfluidic channels fabricated onieosilwafer and sealed
with a glass layer [5]. However, to date, no single mondtitbolution has been
developed that integrates all of these components. The kalfeages limiting
developments are difficulties in fabrication and integnatof microfluidics at mi-
croelectronic dimensions using high-volume CMOS wafer nf@acturing methods
and adaptation of conventional molecular diagnostic maito millimeter scale

microchannels.

In this demonstration, we present a CMOS-based lab on cldgjldevice with
mme-scale (mm-scale in length apd-scale in width of depth) microfluidics that
performs capillary electrophoresis (CE). The microchénaee wafer level-bonded
to a LV/HVCMOS microelectronic chip detailed in chapter mribining key func-

tionalities of a standard electrophoretic instrument @itoonolithic LOC enables
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the reduction of several orders of magnitude in cost of n&diagnostic instru-
ments, size from benchtop to USB memory key dimensions aweipconsumption
to allow for mobile operation, all of which are necessarynalde point-of-care ge-
netic diagnostics. This work is the starting point for intgn of polymer based

fluidics atop of microelectronics, detailed in 7.3.1.

Enclosed microfluidic channels over Si-CMOS are fabricaisthg volume
wafer fabrication equipments. Microfluidic channels aralmaf KMPR polymer;
a negative photoresist (similar to SU-8), with high aspatibrand high chemical
and plasma resistance. Fabrication involves applying attéiming the polymer on
Si-CMOS wafer to introduce the floor and channel walls, fobd by a polymer-
polymer bonding to enclose the channels. There are opeirirtge floor polymer
that act as an interface between the integrated CMOS etisstrand the fluid, as

well, there are openings on the ceiling layer for reagenmdl|

7.3 Future Paths

7.3.1 Polymer-based Microfluidic Structures

The number of LOC diagnostics applications is limited by tost of the glass
chip, interfacing, and instrument. In this thesis, we hadgrassed the instrument
cost by first introducing an inexpensive discrete compobaséed device followed
by instruments based on custom microelectronic (CMOS)schiphe remaining
obstacles are the cost of the fluidic chip and its interfadas$&has been used ex-
tensively for microfluidics due to well-established mi@abfication protocols and

suitable chemical/optical properties. However, in massipction the commercial
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use of glass is hindered by the cost of the material, lengtisyly fabrication tech-
niques, and the challenge of interfacing a glass chip wighojerating instrument.
If the technical challenges related to integrating micidftustructures fabricated
from polymers and CMOS technologies on a single mm-scale afé addressed,
this would enable far less expensive (and potentially diapte) microfluidic in-
struments for POC applications. Polymers such as KMPR a&@& ior this inte-
gration due to its excellent adhesion to metals, CMOS coitipgt and excellent
aspect ratios and optical properties all of which are regufor realizing mono-

lithic microfluidic-microelectronic devices with an opgicdetection mechanism.

To achieve similar functionality as our glass microfluiditsp, we are integrat-
ing various components into our polymer-based chips. Thesgonents include,
but are not limited to heaters, temperature sensors, éfitiees, and valves/pumps

(explained in section 7.3.2).

7.3.2 Integrated Electrically Actuated Valves and Pumps

Integrated valves/pumps are necessary for on-chip fluidisipulation. Although
our current design of valves/pumps is efficient, it requaggpressure and vacuum
sources, increasing the cost, size, and power consumgtibe mstrument. More-
over, interfacing the air pressure/vacuum to microfluidips hinders higher level
of integration. To realize a highly miniaturized monolgidevice similar to what
was presented in section 7.2.2, a low power, miniaturiz&dOS compatible elec-

trically actuated valve is necessary.
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As DALSA HV CMOS process offers required voltages for higaottic fields
(few thousands V/cm), an electrostatic valve with a polymembrane (i.e. KMPR)
is an ideal candidate. At the time of writing this thesis, we ia the process of in-

tegrating electrostatic valves into our microfluidic chips

7.3.3 On-chip Reagent Storage

Reagent storage and transportation at room temperatumeei®fothe main bot-
tlenecks for extensive use of LOC-based diagnostics in teraeas. One poten-
tial solution is to spot lyophilize (i.e. freeze-dry) reaggeon microfluidics chips.
Lyophilization enables reagents to be transported at r@wnpérature and also in-
creases the shelf-life of the reagents. In a collaboratih @r. Sigurdson (Me-
chanical Engineering), we are investigating the poss$yiif including lyophilized

reagents on our microfluidics chips.

7.3.4 Test Multiplexing on a Single Instrument

Clinical diagnostics often require several tests to be domea single sample si-
multaneously. These tests can be either positive/negativiol tests for a single
pathogen and/or examining for multiple pathogens. Whilefoaus has been on
developing single reaction instruments, the modular seheinour instruments en-
ables integration of several reaction chambers (i.e. PGR)annegligible technical

difficulties.
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7.3.5 LED-based Light Source for LIF-CE and rgPCR

Although laser diodes have been used extensively as eraitaburces for LIF-
based CE and rgPCR due to their confined beam, and precisdemayk, high cost
and optical power output instability (especially for inexggive uncooled lasers)
limit their use for sensitive LOC application. Advancensaintlight emitting diode
(LED) fabrication technology in recent years have pavedwhg for using LEDs
as a light source for LOC applications. Similar to many ottesearch groups, we
are actively investigating using LEDs for excitation sagdy addressing central
technical challenges including light collimation and gp&icspecificity through op-

tical filtering.

151



Bibliography

[1] A. Romani, N. Manaresi, L. Marzocchi, G. Medoro, A. LeodialL. Altomare,
M. Tartagni, and R. Guerrieri, “Capacitive sensor array lfwralization of
bioparticles in cmos lab-on-a-chip,” Bolid-State Circuits Conference, 2004.
Digest of Technical Papers. ISSCC. 2004 IEEE InternatioRab. 2004, pp.
224-225 Vol 1.

[2] N. Manaresi, A. Romani, G. Medoro, L. Altomare, A. Leodam. Tartagni,
and R. Guerrieri, “A cmos chip for individual cell maniputat and detection,”
in Solid-State Circuits Conference, 2003. Digest of Techri®epers. ISSCC.
2003 IEEE International2003, pp. 192—-487 vol.1.

[3] H. Lee, Y. Liu, E. Alsberg, D. Ingber, R. Westervelt, and Bam, “An ic/mi-
crofluidic hybrid microsystem for 2d magnetic manipulatamindividual bi-
ological cells,” inSolid-State Circuits Conference, 2005. Digest of Technica
Papers. ISSCC. 2005 IEEE Internationgeb. 2005, pp. 80-586 \ol. 1.

[4] Z. Peng, Z. Ling, M. Tondra, C. Liu, M. Zhang, K. Lian, J. &tert, and
J. Hormes, “CMOS compatible integration of three-dimenalanicrofluidic
systems based on low-temperature transfer of SU-8 fildmjinal of Micro-
electromechanical Systeml. 15, no. 3, pp. 708-716, JUN 2006.

[5] S. Balslev, A. M. Jorgensen, B. Bilenberg, K. B. MogensBn Snakenborg,
O. Geschke, J. P. Kutter, and A. Kristensen, “Lab-on-a-ehiih integrated
optical transducers[’ab on a Chipvol. 6, no. 2, pp. 213-217, 2006.

152



