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Abstract

High-Performance Integrated Genetic Analyzers for Forensic DiYAng
by
Peng Liu
Joint Doctor of Philosophy in Bioengineering
University of California, Berkeley and University of California, Saarféisco

Professor Richard A. Mathies, Chair

Microfabrication technology offers great potential for the integnabf all steps of
forensic DNA typing onto a single microdevice. This intéigrashould enable rapid, low-cost
and reliable short tandem repeat (STR) analysis not only in forensic @isdiut also at crime
scenes or other relevant point-of-analysis. As a first steprttsvmaking on-site STR typing
possible, | developed a microdevice consisting of a 160-nL polymetase reaction (PCR)
chamber and a 7-cm capillary electrophoresis (CE) channel qudtable instrument for its
operation. A four-plex mini Y STR typing system was consgadidor testing the capability of
this microsystem for forensic STR typing. The successfalyaas of casework and mixture
samples validate the concept of forensic STR typing on a portable microfiysdem.

To critically evaluate the capabilities of this portable eystind the feasibility of DNA
typing at a crime scene, real-time DNA analyses usigigplex autosomal STR typing system on
a modified PCR-CE microdevice containing a co-injection structore flagment sizing
calculation were carried out at a mock crime scene. Blood stdiection, DNA extraction,
STR analysis on the PCR-CE microsystem, and a DNA praddech against a mock CODIS
database were successfully conducted within 6 hours of crime seaval. This demonstration
establishes the feasibility of real-time DNA typing at rame scene or other point-of-care
situations.

Finally, to achieve a total integrated analysis system falrtime STR typing, an up-
front sequence-specific DNA extraction and concentration methad) usagnetic beads was
developed and incorporated into the PCR-CE microdevice. Fragmented gelDblAi was
hybridized with capture probes and immobilized onto magnetic beadstrejatavidin-biotin
binding in microchannels. The bead-DNA conjugates were then traedpora PCR reactor for
amplification followed by inline injection using a novel capture cotregion method for CE
separation. This fully integrated system significantly advariecesforensic DNA typing by
providing a high-performance platform with sample-in-answer-out kiitgafor real-time
human identification.
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Chapter 1

Forensic DNA Typing



1.1 History of Forensic Human I dentification

The technologies for forensic human identification have evolved withrmlgrstandings
of our own bodies. While visual identification of human faces avdiels seems the most
straightforward strategy to recognize and differentiate gmersit is not uncommon for
eyewitnesses to point out the wrong person during forensic investigatn 1883, a French
police officer Alphonse Bertillon devised a scientific meangdeprding human physical trafts.
But this identification system was only accepted for thirtyrgeand it soon made way to
another more reliable method, fingerprinting.

The modern concept of fingerprinting was developed in the 1880s by Heauitgs.
Inspired by the human finger imprints on ancient artifacts whilgéapan, Faulds published his
idea of using fingerprints in forensic investigations in thiergific journalNature.?> Since then,
the use of fingerprints has been established as a standard fon fdenéfication around the
world. Although fingerprints are effective for differentiatimglividuals, their low availability in
crime cases keeps researchers constantly looking for aitesiaMany methods, such as those
based on blood ABO groups and human leukocyte antigen (HLA) differehags, been
developed, but they can only function as supplementary tools because of the linigteidityan
the population. Forensic human identification has thus been dominattéte Bngerprinting
methodology for almost a century.

The revolution in forensic casework investigations began in 1985 Meenleffreys and
coworkers turned their eyes to DNA for human identificatichThey discovered that some
regions of the human genome contain a number of repetitive sequémnchsare arranged next
to each other. Although these tandem repeat sequences atg tsuahme between persons,
the repeat number could be different from one individual to the othér986, DNA typing was
successfully employed to analyze a blood sample from Colin Pikclafiod match his DNA
profile to that of a semen sample recovered from two murders d¢tedrm England in 1983 and
1986° Since then, the technologies and forensic DNA markers for B§Niig have moved at a
breathtaking pace. Within a short period of time, DNA analyisis been accepted as an
indispensable and routine method by most forensic laboratories. DiNgedatabases have
become available for forensic investigators to search for PhAle matches, and many ‘cold’
or questionable cases have been re-examined using DNA typingus&hef DNA typing in
several well-known legal cases, such as the 0.J. Simpschasaseell as President Clinton’s
scandal, have also helped DNA typing attract great public interest.tifese remarkable
achievements have announced the advent of the DNA era in forensic human idemtificati

1.2 Forensic DNA Markers

Knowledge of human genome sequences reveals that most of the ganations are in
the “noncoding” sequences of the human genome because mutations meg@se can usually
be transmitted to the offspring in absence of selection pressung @wolution® An important
percentage of the noncoding DNA consists of repetitive sequémtesan be divided into two
classes: tandemly repetitive sequences and interspersedienide forensic genetic markers
currently in use are mainly located in the tandem repetitigaesees because this variation can
be readily examined via DNA lengths rather than DNA sequenCiber genetic variations,



such as single nucleotide polymorphisms, also play increasinglyriamt roles in forensic DNA
typing, but are generally more expensive and time consuming.

1.2.1 Variable number of tandem repeats

The forensic DNA markers that Alec Jeffreys discoveredkaoavn as variable number
of tandem repeats (VNTR).Since the lengths of the repeats are in the range of apptekima
10-100 bases and the total lengths are 500 bp to 20 kb, these DNA ragoaso called
minisatellites to distinguish them from the more common regiorsaialite DNA, which are
20-100 kb in length. The method that Dr. Jeffreys developed for examntimésg genetic
variations was restriction fragment length polymorphism (RFLB)efly, the analytical
procedure is as follows: DNA samples are first digested imallsfragments by specific
restriction endonucleases, suchHisfl and Haelll, and then separated based on the fragment
sizes using agarose gel electrophoresis. In a subsequent Southéemng btett, the separated
DNA bands are transferred from the gel onto a nylon membrane, &llby hybridization with
single-stranded radioactive or chemiluminescent DNA probes. Bifteing and washing, the
pattern of the DNA bands on the membrane can be visualized usingagrfibn and analyzed
for human identification. The main advantage of RFLP is its higbridaination power. For
example, using only a single probe, the match probability is estintatbe < 3x13" and two
probes together increase this value to < 5¥0 However, RFLP suffers from some critical
disadvantages: RFLP requires high molecular weight, intact dowteded DNA samples in
order to produce high-fidelity digested fragments using restnicinzymes. The analytical
process is time consuming, usually requiring about 1 week withitthrainescent probes and 6-
8 weeks with radioactive probes, and it is not easily automatedauBe of these drawbacks,
RFLP is used nowadays only in a few forensic laboratories, parigubr paternity testing
analysis.

1.2.2 Short tandem repeats

Over the last decade, VNTRs has been replaced by another typAoimarker for
forensic DNA typing: short tandem repeats (STRs) or micrtisase” *° STR markers are
estimated to account for 3% of the human genome, with a frequency opewn&0,000
nucleotides™ ** STRs have 2-7 bp long repeat units and their total lengithrigisantly shorter
than VNTRs, usually between 100 and 500 bp. Table 1.1 shows the mnpheatween
VNTRs and STRs for forensic DNA typing. The advantages miguSTRs for DNA typing
over VNTRs generally stem from their short total lengths, whe loe readily amplified at
multiple loci from minute amounts of DNA as well as degradedes in a single polymerase
chain reaction (PCR) as shown in Figure 1.1. After PCR, ef@udretic separation coupled
with fluorescence detection is employed, providing STR assayshigthsensitivity and high
speed. Nowadays, STR analysis has been widely accepteel gsld standard for DNA typing
and many countries have established DNA databases based on STh [h®. United States,
the national DNA database is known as Combined DNA Index Sy&idDIS), and as of
August 2009, the National DNA Index (NDIS) of the CODIS contawer 7,344,364 offender
profiles and 281,068 forensic profilEs.

A total of 13 STR loci are employed as the core markers IDISOproviding a
discrimination power of 1 in a trillion among unrelated individdald® Table 1.2 lists the
detailed information of these 13 loci. Multiplex PCR kits whian co-amplify all 13 loci in a
single reaction along with the amelogenin sex-typing mankdrt&@o additional STR loci have

3



become commercially available from two US companies: Prorfiddgdison, WI) and Applied

Biosystems (Foster City, CA).

Table 1.1. Comparison of VNTRs and STRs for forensic DNA typing

Characteristic VNTR using RFLP STR using PCR
Analysis time ~1 week with chemiluminescent ~ 1 day

probes
DNA amount 50-500 ng 0.1-1ng
DNA quality required for analysis High molecularigiat, intact DNA Can be degraded DNA
Mixture sample analysis Yes, single-locus probe onl Yes
Automation No Yes

Power of discrimination

~1in 1 billion with 6 loci

~1in 1 billion with 8-13 loci

Table 1.2. Information of the CODIS 13 STR loci

Locus Name Chromosomal Repeat Sequence GeneBank Range of repeats
L ocation Accession at alleles
D3S1358 3p21.31 [TCTG][TCTA] NT_005997 8-21
THO1 11p15.5 TCAT D00269 3-14
D21S11 21g21.1 Complex AP000433 12-41.2
[TCTAJ[TCTG]
D18S51 18921.33 AGAA L18333 7-39.2
D5S818 5q23.2 AGAT G08446 7-18
D13S317 139g31.1 TATC G09017 5-16
D7S820 7921.11 GATA G08616 5-16
D16S539 16g24.1 GATA G07925 5-16
CSF1PO 5033.1 TAGA X14720 5-16
VWA 12p13.31 [TCTG][TCTA] M25858 10-25
D8S1179 8024.13 [TCTA][ TCTG] G08710 7-20
TPOX 2p25.3 GAAT M68651 4-16
FGA 4931.3 CTTT M64982 12.2-51.2
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Figure 1.1. Schematic of short tandem repeat typing.

(A) STR locus contains 2-7 bp repeat units andttital length is about 100-500 bp. By using a fodvand a
reverse primer on the flanking region, the repegusnces can be amplified for DNA typing. (B) Isiagle PCR
reaction, multiple STR loci can be equally co-affigudi by carefully designing the primers and optimig the
primer concentrations. (C) Following PCR, the affigadi fragments are separated using capillary ob gel
electrophoresis to determine repeat numbers in 83¢h locus with the aid of internal lane standaadd allelic
ladders, generating a unique barcode for eachitheit. To accommodate up to 16 loci in the sizegeaof 100-

500 bp, multi-color dye labeling of the primersusually employed.



STR loci located in the Y chromosome also play an important roléorensic
investigations, enabling male specific DNA typifigAs most violent crimes, especially sexual
assault cases, are committed by males, Y-chromosome STy tigoiparticularly useful for
extracting Y-STR profiles from a mixture with high femalBl®background. The drawback of
Y-STR typing is, however, the limited discrimination power dudht® lack of chromosome
reassortment and recombination in Y STR f8¢h 2003, the Scientific Working Group on DNA
Analysis Methods (SWGDAM) recommended the use of a total of thr¥mosome STR loci
for male specific typing, as listed in Table 1.3. Some comialeYeSTR kits (PowerPleX Y
and Yfiler'™) are also available now, leading to the extensive application $TR-typing in
forensic caseworks.

Table1.3. The information of SWGDAM-recommended Y-STR loci

L ocus Name Position (Mb) Repeat Sequence Range of repeats at alleles
DYS393 3.04 AGAT 8-16

DYS19 9.44 TAGA 10-19
DYS391 13.41 TCTA 6-13
DYS437 13.78 TCTA 13-17
DYS439 13.83 AGAT 8-15
DYS389l/ll 13.92 TCTG TCTA 10-15/24-34
DYS438 14.25 TTTTC 8-12
DYS390 16.52 TCTATCTG 18-27
DYS385 a/b 20, 20.04 GAAA 7-25
DYS392 21.78 TAT 7-18

1.2.3 Single nucleotide polymor phisms

Single nucleotide polymorphisms (SNPs) are single-base variationg human genome,
that are highly abundant (1 in every 1000 bases) and thus likely yoaplale in human
identification?®* SNPs are appealing to the forensic community for sevemabne®® First,
SNPs can be analyzed in short amplicons (<100 bp in length), allovhigher level of PCR
multiplexity and resulting in more successful analysis ofadgd DNA. Second, since no size-
based separation is needed for SNP detection, high-throughput tecbssioch as microarrays
can be employed, and data analysis can be fully autorffatBird, SNP markers can be used to
predict ethnic origins and certain physical traits, whichpamicularly useful for searching for
suspects during forensic investigations. However, some intrinrsacleiintages of SNP analysis
limit its application in forensics and make it unlikely thatFSahalysis will replace STR typing
in the near future. SNPs are bi-allelic markers, which mgmsayshave only two possible alleles
and three possible genotypes. As a result to achieve thedsserienination power as that of
STRs, many more markers are needed, leading to difficultiesmnltaneously amplifying
enough SNP markers from low amounts of DNA. Additionally, the inéésion of mixture



samples using SNPs is challenging because it is dificulifferentiate a true heterozygote from
a mixture of two homozygotes or a heterozygote and a homozygote. eDibgsie drawbacks,
SNP analysis can still be useful in providing vital supplementafgrmation to forensic
investigations.

Single-nucleotide polymorphisms located in the human mitochondrial DN Arsther
powerful tool for human identificatioff. Although it shares the same limitations as the Y-STR
loci, such as less diversity caused by uniparental inheritancegthroatrilines, the advantage of
high DNA copy numbers (200 - 1700 copies) in a single cell makiesxhondrial DNA typing
particularly useful in the analysis of samples that are sBveiamaged, or contain low DNA
amounts (such as hair shafts). The common mitochondrial DNA typétgooh is to directly
sequence two hypervariable regions within a control region, knowgpesvariable segments |
and Il (HVSI, HVSII). Since the cost of DNA sequencing has besluced dramatically,
mitochondrial DNA typing has become increasingly available in forensic laiiest®

1.3 Procedurefor STR Typing

Short tandem repeat analysis has become the gold standard émsi¢ohuman
identification due to its ability to generate highly distinctive pesffrom minute amounts of
DNA.% 1% 27 However, due to the precipitous ghgtween the increasing numbers of samples
submitted for examination and the limited processing capabiflityiwent forensic laboratories,
escalating backlogs are accumulated in our nation’s stdtéederal crime labs. Furthermore, a
unique challenge faced by forensic scientists is the divers@lsaguality in STR analysis,
including low-copy-number (LCN), degraded, and mixture DNA samples;hwisi the major
cause of failure in DNA typin€=° To address these issues, the current process of forensic STR
analysis should be thoroughly reviewed to determine possible improvements.

A typical STR analysis procedure in a crime laboratory inclutlese steps: sample
preparation, PCR amplification, and DNA separation. Forensic DNéples come from a
variety of sources, such as blood, bone, urine, semen, saliva, and hare aadally exposed to
the environment for various periods of time, potentially resultingampde contamination and
degradatior’® As a result, DNA must be extracted from background nagerivhich may
contain PCR inhibitors, and put into a suitable solution format at am@gte concentration.
Historically, DNA extraction methods used in forensic laboratanelide phenol-chloroform
extractiori and CHELEX®®* However, since these methods usually include multiple cegetifu
steps and employ toxic organic solutions, the extraction processlisohautomate and scale up.
Recently, solid-phase extractions with formats of filters, colsirand beads have gradually been
accepted by forensic scientists due to their advantages of simpla@parat compatibility with
robotic system&*3 but further validation of these methods for forensic casewortilis
underway.

For the step of STR amplification, the majority of domegticensic laboratories
currently use the STR multiplex kits manufactured by PromPgavérPleX 16 and 16 BIO,
PowerPleX 1.1, 2.1 and 1.2) and Applied Biosystems (AmpFLSTR® Profiler®, Cofiler®, a
Identifiler®).*"*° The PCR performed in a thermocycler takes about 3 hours, pyirdes to
the slow thermal ramping of these bulk instruments. Thereforberanbcycler with faster
temperature ramping capability is desired to improve the turn-around ti8iERb&nalysis.



Following PCR, DNA separation and detection is carried out usiagtrephoresis
coupled with fluorescence detection. The most commonly utilized piafare the ABI 310,
3100 and 3100-Avant Capillary DNA Sequencer instruments and the MiFRIBBIO® I, lle
and 1Il plus fluorescent image analysis systéfsivhen using an ABI 3100 Capillary DNA
Sequencer with 16 capillaries, which provides the highest throughpihbdeafor forensic
scientists, the analysis time is approximately 30 to 40 mifiotessingle separation and several
hours for analysis of a single tray of 96 samples. Thus, aesingfrument may not provide
sufficient throughput for a forensic laboratory for routine work.

It is evident that the forensic community would greatly beneditnfthe automation,
miniaturization, and integration of the DNA typing process, becafis@utomated analysis
reduces the sample turn-around time, saves labor costs, and @snthat risk of sample
contamination and mix-up; (i) miniaturized instruments consume dasgple and reagents,
speed up analysis, and may enable point-of-care DNA typingafiiintegrated process allows
efficient sample transfer between analytical steps, leddimygcreased sensitivity and reliability
for challenging sample profiling.

1.4 Scope of the Dissertation

Over the past two decades, microfabrication technology has dentedsaagreat
potential to significantly improve the sensitivity, cost, speed, elimhility of genetic analysi&-
2 Although forensic DNA typing has a similar analytical processtlasr genetic analysis, it has
not yet fully benefited from the development of microfabrication. Joe of the work presented
in this dissertation is thus to develop fully integrated micro tatalysis systems for forensic
human identification by applying the state-of-the-art in microfatioa technology.

Chapter 2 reviews the current state-of-the-art for microftuidevices in DNA
sequencing, gene expression analysis, pathogen detection, and forenstgdiigA From this
review, it is evident that several key elements, including dewiaterials, temperature control,
microfluidic control, and sample/product transport, must be carefadgen in order to produce
a microsystem with high performance.

In Chapter 3, a portable forensic analysis system consistingnaérafluidic device for
amplification and separation of STR alleles together with aaplartinstrument for chip
operation is presented. This work is a significant step toveafddy automated portable device
that allows rapid STR analyses in a setting outside the forensic lalyorator

In Chapter 4, | further explore the concept of point-of-analysis farehsiman
identification by developing an improved integrated PCR-CE misiodeand typing method
capable of conducting real-time forensic STR analysis. Ticalht evaluate the capabilities of
this portable microsystem as well as its compatibility witime scene investigation, real-time
DNA typing was successfully carried out at a mock crimensc&ample collection, DNA
extraction, STR analysis on the microsystem, and a DNA prediégch against a mock CODIS
database were conducted within six hours of crime scene aiffrhialdemonstration establishes
the feasibility of real-time DNA typing to identify the caburtor of probative biological
evidence at a crime scene and for real-time human identification.

To move towards a truly micro total analysis system, | devdl@sequence-specific
DNA extraction method using magnetic bead capture and successtatiyated this function as
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well as the improved post-PCR capture inline injection into the BERnicrosystem presented
in Chapter 5.

Finally, Chapter 6 concludes this thesis by discussing the possilMievements that can
be made to integrated microsystems for STR analysis.



Chapter 2

Integrated Microfluidic Systems for High-

Performance Genetic Analysis

Reproduced from “Integrated Microfluidic Systems for High-Pentomce Genetic Analysis” by
Peng Liu and Richard A. Mathies in Trends in Biotechnology, 27, 572(38@9), with
permission from Cell Press.

10



2.1 Summary

Driven by the ambitious goals of genome-related research, ifubgrated microfluidic
systems have developed rapidly to advance biomolecular and espgeiadiifc analysis. To
produce a microsystem with high performance, several key elenmeust be strategically
chosen, including device materials, temperature control, microfluidantrol, and
sample/product transport integration. We review several signifieeamples of microfluidic
integration in DNA sequencing, gene expression analysis, patlkegection, and forensic short
tandem repeat (STR) typing. The advantages of high speed, intsessitivity, and enhanced
reliability enable these integrated microsystems to addresmdlytical challenges, such as
single-copy DNA sequencing, single-cell gene expression asalgathogen detection and
forensic human identification in formats that are enabling for bathelacale and point-of-
analysis applications.
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2.2 Introduction

With the completion of the reference human genome sequence andradditdividual
sequences in harffd’® even more ambitious goals for future genome-related researchtoome
mind. Exploring the implications of genome variation for speciationuéeol, and diseas®,*’
studying gene expression and regulation at the single-cel)*fe{as well as improving forensic
and clinical genetic analysis® are now on the horizon. Technologies that will enable these
advances of genetic analysis must be fast and inexpensive, haveehngjtivity, and provide
flexible and robust platforms.

While automated genetic analysis has advanced significanthei past decade through
the application of robotics, several intrinsic drawbacks are asorgly evident: (i) The liquid
handling limits of robotic analytical techniques usually are inthescale, which not only
consumes expensive reagents, but also leads to inevitable sampten.dil&or example, to
analyze a single gene in a cell, we conventionally put it imor&ing volume of 10 pL, which
results in extreme dilution down to <¥OM. This is problematic since the most sensitive
systems for DNA detection typically require concentrations ha femtomolar-picomolar
range>’ (ii) During conventional genetic analysis, samples are traesfébetween multiple
instruments, which can cause further sample dilution and loss. Fandastin DNA capillary
electrophoresis (CE) analysis, the loaded sample is typicalyull, but only ~2 nL of this
sample volume is effectively injected into the capillary fopasation and detectiofi. (iii)
Contamination issues become prominent when dealing with low-copy-nuonb&ngle-cell
samples, since the contaminants can overwhelm the real taggeissi Current analytical
processes which have multiple open sample transfer steps maleentwiion inevitablé’
Paradoxically, the final analytical systems for genetidyaistypically do not require a large
amount of sample. For example, only-10" molecules are sufficient for CE detection. While
robotics provides the macro integration of analytical processeshvelan address some of the
above problems, a fully integrated and automatic system that epenatthe nanoliter volume
scale would enable improved performance.

2.3 Integrated Microfluidic Systems

Micro-total analysis systems (UTAS) have the potentiabvercome all the above
problems due to their capability of integrating multiple anedytsteps into a single microdevice
at the pL-nL volume scale using microfabrication technology. advantages provided by such
a ‘“lab-on-a-chip” system are recognized as high speed, high tipouyglow reagent
consumption, and the reduction of the instrument %iZ&. Moreover, the limited diffusion
distances and concentrated reagents achieved by performingomeaiti pL-nL structures,
substantially increases the sensitivity and the speed ofsaés@y integrating the analytical
process on a single device, we can achieve efficient connebbusen each functional unit, so
that sample loss and dilution is minimized. Additionally, the migidic automation eliminates
the risk of sample mix-up and contamination. Given all theseramt advantages, fully
integrated microfluidic systems are a promising technology.

In this review we will first discuss several important congitiens for the design and
development of fully integrated micro total analysis systema$orb highlighting significant
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recent advances in the areas of DNA sequencing, gene exprasalgsis, pathogen/infectious
disease detection, and forensic short tandem repeat (STR) typing.

2.4 Development of Integrated Microdevices

To develop fully integrated microsystems for gene expression ariganalysis, four
elements critically impact process integration: i) deviceenm, ii) heaters and temperature
sensors for thermal cycling of reactions, iii) microvalves fatifp@ning analytical steps, and iv)
sample/product transport between analytical steps. The choitewdhaade in each of these
areas will determine the challenges and successes thathaesed in the integrated analytical
system.

2.4.1 Device materials

The choice of device materials is important for the developmenintegrated
microsystems, since the design, fabrication and operation of the degibeavily dependent on
the properties of the substrates. Glass by far remains ake extensively used substrate for
implementing integrated microfluidic devices for genetic analysesto its particular advantages,
including high dielectric strength, optical transparency for dietec and mature surface
chemistry manipulatio”® >*The primary disadvantage of glass is its high materialazabmore
complex fabrication. However, it is also worthwhile to note tlispposable glass microchips can
be made at low cost when manufactured in high voltmiglastics and elastomers, such as
poly(methylmethacrylate) (PMMA) and poly(dimethylsiloxane)DI®S), have also been
successfully utilized in microsystems and are becoming iriogggpopular® ®> In contrast to
glass, the simple fabrication and low material cost makeipkasti elastomers better choices for
disposable devices. However, these materials have some fundanmatiEiges due to their
lack of facile surface modification techniques, inherent fluorestBamman background, low
glass transition temperature, and incompatibility with metal rafabrication for sensor
integration.

2.4.2 Temperature control

Gene expression and genetic analyses usually include DNA ordribfication steps,
which require rapid and accurate temperature control for theryding of reagents in
microreactors. Many temperature control methods, including coatacnon-contact heating,
have been successfully demonstrated on microdevices. Contact heating methddsexiernal
heaters attached to the chip surface, such as Peltier heaigrsicrofabricated thin film heaters
made of either Ti/PE aluminum>® or Indium Tin Oxide (ITOf° Non-contact heating can be
realized by infra-red (IR) irradiatiol. While these heating systems demonstrate similar
performance in a laboratory setting, contact heating is morabkitfor point-of-care
applications due to its inherently small size and facile integration and operation.

2.4.3 Microvalvesfor partitioning analytical steps

In a fully integrated microfluidic system which contains sevexaalytical steps,
microvalves are essential parts for physically separa@uoip functional unit. Microvalves can
be roughly categorized into four different groups: i) active mechinisuch as
electromagneti€’ piezoelectri®®> and pneumatic valvéd, ® i) active non-mechanical,
including phase change material val%&$!iii) passive mechanical, such as check vafies)d
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iv) passive non-mechanical microvalves, including hydropfidbi€ and gel valved' The
selection of a particular microvalve depends on the following consmesatwhether it is
normally in closed or open mode, its dead volume, power consumption, pressistance,
reusability, insensitivity to particle contamination, fabricatiamplexity and cost. Generally
speaking, active mechanical microvalves have the best perforrmaadaae the most commonly
used in microsystems. However, in a given application other spagkive valves may be more
suitable. For example, in an integrated PCR-CE microdevicentéméace between the viscous
separation matrix and the PCR solution can act as a barriestrain the PCR solution in the
reactor during thermal cyclim. While such a passive mechanical valve is uncontrolled and not
resistant to high pressure variations within the channels, it caufbeiently reliable for this
situation with care.

2.4.4 Sample/product transport

The integration of a whole analytical process on a single deviomich more than the
simple combination of several microfabricated units. Efficientrapdoducible sample/product
transport between functional units is the key to seamless integrdtat demonstrates the
previously mentioned advantages of sensitivity, reproducibility, andbrily. Methods to
transport samples within a device include: i) transport by aptiveps’? i) transport by electric
field,”? iii) transport vehicles, such as DNA capture and transport usiggetia bead$* "> and
iv) capture at sample destination by filtétsapture gel! or solid phase columr&. The pump
and electric field methods are simple, but they can requireatielitiming optimization.
Especially, when volume change occurs during transport, sampl&éevdiscarded or diluted.
In contrast, the carrying and capture methods are more effandnteliable, particularly when it
is necessary to make a large change in sample volume or exdidngters. A good example
of the challenges arising from sample transport is provided hgroachip capillary
electrophoresis (LCE). Nearly all the uCE systems develaptd employ the classical cross-
injector to form narrow sample plugs for CE separatfoWhen excess sample is supplied by
off-chip preparations, this method works well in establishing a signif amount of analyte in
the cross-injection region. However, in a fully integrated osigstem, such as integrated PCR-
CE devices? °® “this simple electrokinetic injection can be problematic becdesarhount of
sample provided by the nL-scale device might not be sufficient to provide a goommject

To solve this problem, researchers have developed various inline méthogEmple
preconcentration and injection. For example, Ueberfeld et al. dexelbPNA sample loading
method using carboxyl-modified magnetic beads for DNA capturtiptliased electrophoresis
(Figure 2.1a* As an alternative, Long and coworkers utilized a solid-phasecértracolumn
coupled with a CE separation channel for sample purification, coatientr and injection
(Figure 2.1bY® More recently, the Mathies group developed post-PCR sample capidre
inline injection methods using an oligo- or streptavidin-modifiedwapgel, which purified and
injected PCR products with near 100% efficiency (Figure 2.1c and %:#4)Integrated PCR-
CE microdevices with such simple inline injectors have been sfodgsdeveloped and
demonstrate significantly enhanced sensitivity (10-20 fold) andbibty because of their
quantitative transfer capability.

14



(@) (b)

beads added free dNTPs removed product trapped

)

0.5mm Micro-SPE
2.5 mm
= 0.5mm
6 mm weir
40 mm
Onpmmeffrmmmmmmm et e O
direct injection 7mm Membrane

Hold chamber

P capture
.'i 4 N i gel

1100 ym

From PCR
reactor =~ PCR sample
-~

Capture zone —»|

Hyperturn

Wagle Separation

matrix
-

~

~
To anode 1 mm
o 2, Anode

Figure2.1. Methods for sample preconcentration and inlifecion.

(a) Schematic of DNA loading procedure using pagméc beads for chip-based electrophoresis. Payastia

beads are added to a tube and adsorb the DNA sanipien, the beads are captured on a magnetizexdanil
transported to the microchip, where the wire isduae an electrode for direct electrokinetic injgctof DNA.

(Adapted with permission from Reference 74) (b) iAtegrated PDMS microchip with a solid-phase ecttom

column for sample preconcentration, injection amglasation. A nanoporous membrane is sandwicheuecleet two
PDMS substrates to isolate the upper SPE chanokd (:e) and the lower CE separation channel liddsline).

Following sample purification performed in the uppbannel, a voltage pulse is applied to injectdbecentrated
sample through the membrane to the lower chanmetléxtrophoresis. (Adapted with permission fronfeRence
78) (c) An integrated PCR-CE microdevice with pB&tR capture and inline injectors. In the enlargeltematic,
a capture matrix made of 5% acrylamide/bis gel withvalently linked oligonucleotide capture probes i
photopolymerized in a channel (green). PCR prodgeterated in a reactor are injected through chsufblkie) and
captured on the gel plug. After washing, purifi@ad concentrated PCR products are thermally redeade a
separation channel (yellow). (Adapted with perntissirom Reference 80) (d) Schematic of a CE chipgrated
with an inline injector. A 900-um-long streptaviejel plug is photopolymerized next to a separatibannel.
Biotin-labeled PCR products can be captured aneciaefl into the separation channel for electroplimre3he
embedded photograph shows the photopolymerizedureagiel in the channel. (Adapted with permissioomir
Reference 81)
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2.5 Applications of Integrated Microfluidic Devices

The development of fully integrated microfluidic devices is advancapidly and has
already led to some significant achievements in the areB&NAf sequencing, gene expression
analysis, pathogen detection, and forensic STR typing, which are discussed in ttail be

2.5.1 DNA sequencing

To meet the expanding demands of DNA sequencing, extensive redemscbeen
conducted to develop new sequencing techniques and to improve the Sangerisgauetinod.
Next-generation DNA sequencing techniques are evolving rapidly hade been
commercialized into products providing massively high throughput. Forpm&athe 454 GS
FLX instrument (Roche Applied Science) generates ~ 1 milliadsger run at lengths of 400
bases (http://www.454.com/products-solutions/system-benefits.asp). aSoteghnology
(llumina, http://www.illumina.com/downloads/GenomeAnalyzer  SpecSpefe and SOLID™
3 system (Applied Biosystems, http://www3.appliedbiosystems.com/AB eHom
applicationstechnologies/SOLIDSystemSequencing/overviewofsolidsgstex.htm)  provide
higher throughput (>300 million and 400 million reads per run) with shaéel lengths (75 and
50 bases). Single-molecule sequencing methods, such as HeliSgsign (Helicos,
http://www.helicosbio.com/Portals/0/Documents/Helicos_SalesSpec.pdf) asdguencing
detected by zero-mode waveguides (Pacific Biosciefite®),have also been successfully
demonstrated with performance of 400 million reads at lengths of 88 bad 4.5 million reads
at lengths of 1500 bases suggested in early prototypes.

Sanger sequencing providing long reads (~700 bp) with modest throubbpdtdds of
thousands of reads per day) remains the best optiodefaovo sequencing of complex new
genomes and low-scale applications because of its long read largthexibility in scale.
There is a tremendous opportunity for improvement of Sanger biochertosits ultimate
molecular limits and to higher throughput using microfabricatiohrtelogy. Separations of
sequencing samples on microfabricated CE devices have alretdisdyimpressive result§,®
such as ultrafast separations of 600 bases in just 6.5 min on a G¥ ahd a 768-lane
sequencing system for high-throughput analy5es. However, the true power of a
microfabricated platform lies in its ability to integrate géenpreparation with electrophoresis to
achieve rapid and low-cost DNA sequencing from minute amounts or even singke afdpA
template.

In 2006, Mathies’ group demonstrated a nanoliter-scale microéabdcbioprocessor
which integrated all three Sanger sequencing steps, thegolahg, sample purification, and
capillary electrophoresis into a 4-inch hybrid glass-PDMS mafel his fully integrated system
contains a 250-nL reactor for thermal cycling, PDMS micropumps vaiees for efficient
sample transport, affinity-capture chambers for DNA sequencing grpdufication, and a 30-
cm channel for CE separation. DNA sequencing from only 1 fmolBNA template was
performed in less than 30 min with a 556-base read-length and 98Mta@c This
breakthrough provides an excellent core engine from which funtiy@ovements can be made
to explore the ultimate sensitivity limit of the Sanger biocls#yi- sequencing of a single
template molecule. To achieve this goal, Blazej and cowodersloped a gel-based affinity
method for DNA capture, concentration, and inline injection that wgrated with on-chip
CE.” About 30 nL of sequencing sample produced from only 100 attomole ofnhuma
mitochondrial HVII template could be quantitatively immobilized icagture gel and inline
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injected into a separation channel for electrophoresis. &yporating such an inline injector
into the previous nanoliter-scale bioproceséathe starting template for a successful DNA
sequencing could be reduced 10-fold, from 1 femtomol to 100 attomol -uthss dut to be a
fundamental advance.

A sensitivity of 100 attomol is important as this is the amourgrofluct that could be
easily produced by PCR amplification of a single templateecut#®® This raises the question
whether it is practically possible to amplify a single tertgknd subsequently perform Sanger
sequencing. Recently, Kumaresan et al. provided an affirmativeeariswhis question by
demonstrating the amplification of single-copy DNA templatehwprimer functionalized
microbeads in engineered nanoliter droplets (illustrated in Figuea)®® Long-range
sequencing results generated from ~100 attomol of a 624 bp product dawedndtat these
amplicons are compatible with downstream attomole-scale Saegaencing. By integrating
the technologies presented above, a high-throughput Microbead InteBidfedSequencing
(MINDS) bioprocessor (Figure 2.2b and 2.2c), coupled with a procedusghide genomeale
novo sequencing (see details in Box 2.1), can be envisioned. The tarfyetnaeice of this
integrated microsystem is ~50,000 bases per hour and 1 Mb/day with read lengths oese600 b
and 30 min processor cycle time. While integrating all théseentary steps into a single
device is an engineering challenge, we believe it is onlyaiemof time before the MINDS
bioprocessor is fully realized. This integrated system widlsimlikely never match the
throughput of next-generation sequencing techniques, but it will prowideaortant platform
for medium-throughput personal sequencing and it will be uniquelydstitethe de novo
sequencing of large and complex genomes from single templasesyta cells thereby enabling
an unprecedented characterization of somatic cell variation.

2.5.2 Gene expression analysis

It is now evident that even genetically identical cells wsdemingly identical cell
histories and environmental conditions can have significant differences in gerestan levels,
due largely to the alteration of mMRNA production by random fluanator complex molecular
switches!® # Additionally, many biological processes, such as stem déffretiation?® and
diseases, such as canteare triggered by single cell variation. The highly hetenegus gene
expression and microRNA levels in these cell populations are oftesednby conventional
techniques, which usually analyze (and therefore average)0i@ells. Quantitatively studying
gene expression on the single-cell level is imperative taratdy understand the true
mechanisms behind cellular processes. Reverse transcription PIGRCR) is valuable for
single-cell gene expression analysis; by translating RT-B&Rys into microfluidic formats,
significant improvements can be achieved in cell manipulation, throughpdt sensitivity
ultimately to the single cell level.
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Figure 2.2. Integrated high-throughput nanoliter-scale bigessor for 100-attomole DNA sequencing generated
from single templates in droplets.

(a) Schematic of single cell or single copy genatialysis (SCGA) in nanoliter droplets. Beads ardpiate are
diluted in PCR solution and pumped through a maldtated droplet generator to form uniform PCR driaplets.
The number of droplets containing a single temptatey and a single bead conforms to the Poissdrildison.

Each functional droplet contains a bead modifiethweverse primers, fluorescent labeled forwardnprs in
solution, and a single template. Amplification puods a large number of double-stranded DNA prodihetsare
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linked to the bead by the reverse primer. Aftepkifination, the beads are isolated and pooledotgebeing run
through a flow cytometer to determine the distiidmuitof fluorescence on each bead and to isolatsilpesPCR
colonies. (Adapted with permission from Referen8g 8b) Schematic design of double-ended sequeratiig A
diluted bead solution obtained from SCGA is pumjed the nL-scale thermal cycling chamber to plang/ one
bead in the reactor. After thermal cycling, théeesion fragments (forward and reverse) are punmp@drallel to
two separate capture gels, where one lane selbctieptures the forward extension fragments andother the
reverse. After capture, the chip is heated t§G@nd the dehybridized purified band is injectetd the sequencing
column for separation. (c) Schematic design oDaudit array MINDS processor for high-throughpuhaliter-
scale paired end Sanger DNA sequencing on the 28@limameter wafer. The processor consists of 4éntak
cycling reactors, 80 sample purification and comegion chambers and 80 separation channels witbnamon
central anode. A single sample bus channel alotly evie sample inlet port and one bead detectoreaddall 40

Microprocessors.
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Box 2.1. The Microbead INtegrated DNA Sequencing (MINDS) method for evlggnomede
novo sequencing.

Genomic DNA is first randomly sheared into ~ 2 Kb fragmentsiasetted into plasmid
DNA using standard methods. After that, millions of nanoliteun@ water-in-oil droplets
containing individual plasmids and primer functionalized microbeads asraed using a high-
throughput microfabricated droplet generator. Thousands of thesetdrapecollected in a
single tube and simultaneously PCR cycled in conventional PCR theyalals. In the next
step, the droplets are lyzed and the microbeads are collestedapidly sorted using a
fluorescence activated cell sorting (FACS) machine to sep#na clonal beads from the non-
clonal ones. The sorted clonal beads are then introduced into the Mildpr®cessor (shown
in Figure 2.2), which integrates Sanger sequencing reactionicptiaf, inline injection, and
capillary electrophoresis on a single device, for high-throughput itemstale paired end
Sanger DNA sequencing. Compared with conventional whole genome Saqgenaseg, the
MINDS method can achieve saving of two to three orders of magnititlegegard to cost, time
and space by employing a nanoliter-volume integrated process.
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Figure2.3. An integrated microdevice for gene expressioyaismof single cells.

(a) Schematic of the chip layout. This 4-layer P®¥ylass hybrid device has 4 independent systerok, afavhich
contains a 3-valve pump (blue) for sample movemandijze-limited gold pad (gold) for cell capture2@0-nL
reactor with RTDs and a heater for thermal cycliadyold chamber and an affinity capture chambeltofy for
post-PCR capture and inline injection, and a CEas#jon channel (red). (b) Single-cell gene exgioes and
silencing experiments performed on the microdevdgeuntreated Jurkat cell shows a 200-bp (GAPDH) arR47-
bp (18S rRNA) peak in the electropherogram, whileel treated with siRNA shows only a single peak 18S
rRNA. (c) Gene expression of GAPDH from 8 indivitidarkat cells show GAPDH mRNA levels at 0, 5, 5048,
0, 5, and 0%. However, GAPDH expression measunad 50 cells shows an average of 21+4 %. (D) Histogof
the number of events for siRNA treated cells shtive$ there are 2 distinct populations of cells vehegpression
levels are very distinct from the population averagAdapted with permission from Reference 92)
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For example, Quake’s group constructed a multilayer PDMS mgtersy that was
capable of performing single-cell lysis, followed by affinityRNA purification and cDNA
synthesi€> Several chip components integrated into this microsystem dsteesuccess of
guantitative on-chip mRNA analysis: accurate fluid control agdeéy on-chip microvalves and
micropumps, enhanced reaction efficiency provided by nL-scaleorsaeind reduced risk of
sample degradation due to enclosed structures. Moreover, a key fefathi® system is the
utilization of oligo(dT)-modified paramagnetic beads for mRNA amiNA capture, which
provide efficient product transport without sample loss and dilution dbuffgr exchange and
product collection. Using similar technologies, Zhong et al. coristitan improved system for
extracting total mMRNAs and synthesizing cDNA from single hureabryonic stem celf$.
Bontoux and coworkers successfully integrated single-cell trapted, fRNA extraction, and
RT-PCR into a microdevice with rotary reactors and PDMS mitvesd* Both systems
demonstrated increased efficiency of extraction and reaction @usmnaller volumes and
integrated analytical processes. However, the dependence onseriseff-chip amplification
and detection, limited their throughput and sensitivity.

Integrated PCR-CE microdevices developed for DNA amplification amhration
should be excellent platforms for gene expression analysis usiiRCRTfrom single cells, due
to their excellent sensitivity, integrated operation, and the patkefur high throughput.
However, until recently no such microsystem was available duenhdolack of efficient
sample/product transfer between each step. Toward this end, ourgceunfly reported a fully
integrated microsystem (Figure 2.3) that is capable of peirigrsingle-cell capture, RT-PCR,
post-PCR product capture, inline injection and CE separ&tiorhe 4-inch-diameter four-lane
microdevice has several unique structures that enable quantaativeensitive analysis: 1) a
gold pad in a RT-PCR reactor for single-cell captdii@;a 200-nL reactor for one-step RT-PCR
in 25 min® iii) a affinity gel capture structure for post-PCR purifioatand concentratiot;
and iv) a CE separation channel coupled with the capture structwieiéeainline injection and
separation. With an estimated detection sensitivity of < 11 mRidkecules per reactor, this
microsystem established the feasibility of performing sicglégene expression analysis on an
integrated device.

2.5.3 Pathogen/infectious disease detection

Microchip technology can also play an important role in pathogen atiods disease
detection, where point-of-care analysis is highly desired. P&Rd detection technology has
found the greatest use for pathogen detection because of its(lgssetthan an hour), sensitivity
(down to a single copy), as well as the capability of detecthimyite amounts of targets from a
huge nonpathogenic background. Many integrated PCR-CE microfluidiensydtave been
constructed, and demonstrated the capability of rapid, decentraliegesttion of various
pathogen$§® %1% However, one critical drawback of these systems is thatstifégr from low
or even no PCR amplification when crude samples containing PCR inhibitors are guoCElss
integration of sample processing steps, including cell isolation andl @Mification, prior to
PCR are required to address this problem.

To achieve a ‘sample-in-answer-out’ capability of identifyinghpgens in complex
chemical or biological backgrounds, Landers’s group developed an tegkgnacrofluidic
genetic analysis system (Figure 2.4a-c), which can perflore® tmajor DNA processing steps:
DNA extraction, PCR amplification, and electrophoretic sepamdfi The entire analysis
timeline, as shown in Figure 2.4d, is less than 24 min, which is aboutm#8 faster than
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conventional methods. The successful analyseBaaflus anthracis (anthrax) in 750 nL of
whole blood and oBordetella pertussis in 1 puL of nasal aspirate clearly indicate the possible
application of this integrated system for rapid and large-scale scredmisgase outbreaks.

To achieve efficient sample transfer in integrated mictesys, magnetic beads are an
excellent sample transport vehicle because they can be premiasipulated using external
magnets. Beyor et al. recently developed a cell concentratmbrsalation microdevice using
immunomagnetic beads. E. coli cells are driven through a fluidized bead bed magnetically
immobilized in microchannels using an integrated on-chip pump. Higareaefficiency (70%)
and a detection limit of 2 cfu/uL could be obtained. More recemtiy,dell capture structure
was integrated into a PCR-CE microdevice to achieve cell pteotnation, purification, PCR,
and capillary electrophoretic analysis on a single dé¥iceSince the magnetic beads can
efficiently capture and concentrate target cells in theaoi@nnels, and the cell-bead conjugates
are precisely transported and located into the PCR chamberarsiciyp pumps and external
magnets, leading to an impressive sensitivity of 0.2 cfu/piE. 0bli O157 cells in a 50 pL input
volume. 0157 cells could also be selectively detected in a thousand-fold combashksmbund
of E. coli K12. This cell capture PCR-CE system represents a signifadirdncement in the
development of rapid, sensitive, and specific lab-on-a-chip devicgsathogen detection that
address the macro-to-micro interface challenge.

2.5.4 Forensic short tandem repeat typing

According to the National Institute of Justice (NIJ) 2006 AnnualpdRe
(http://www.0ojp.usdoj.gov/nij/about/annual-reports.htm), officials estithate backlog of
350,000 rape and homicide cases pending examination in our nation’s stdéelenadl crime
labs. In addition, compromised samples, including degraded 5hoty-copy-number DNA?
and mixtures® are often encountered in forensic investigations and pose unique chaltenge
short tandem repeat (STR) typing. To overcome these throughputmsolthee separation and
typing of STR samples amplified from off-chip PCR have been ssfidsy/ performed on
microfabrication CE array devices, demonstrating the extraordame®d and throughptft*%*
However, in order to fully appreciate the benefits provided by nabrafation technology,
sample preparation steps, such as PCR and post-PCR cleanup, sholyibéledegrated into
the CE chips.

Liu et al. developed an integrated PCR-CE microdevice for fare®sR analysis, as
well as a portable analysis instrument containing all therel@ct and optics for chip operation
and four-color fluorescence detecti8i. To explore the concept of on-site forensic human
identification, we further developed an improved PCR-CE device pkxX-autosomal STR
typing system, and a complete typing protocol (Figure ¥°5)Real-time DNA analyses at a
mock crime scene were carried out in collaboration with the Baiach County Sheriff's Office.
A mock crime scene was investigated following standard procedarel three blood stain
samples were extracted, amplified and typed at the sceD&lAAprofile search against a mock
CODIS database with a “convicted offender” sample was ssittlysconducted within six
hours of crime scene arrival. This successful demonstration afeo&ER typing at a crime
scene validates the feasibility of real-time forensic human idenitfica
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Figure2.4. A fully integrated microfluidic genetic analysigstem for pathogen detection.

(a) A schematic of the microdevice. This device taors three domains for DNA extraction (yellow), RC
amplification (red), and CE separation (blue). the reservoirs and structures are labeled as: samigt (Sl),
sidearm (SA), and extraction waste (EW) for DNAragtion; PCR reservoir (PR), marker reservoir (M&mple
waste (SW), and temperature reference (TR) charfrePCR; buffer reservoir (BR), buffer waste (BVénd
fluorescence alignment (FA) channel for electropb@. (b) Expanded view of the PDMS microvalvdegrated
on the chip for microfluidic control. (c) A photaph of the chip assembly. (d) The timeline of &imire analysis
performed on the microdevice. The green line isDNA concentration released from the solid-phasteaeion
(SPE) column as a function of time. The blue limghe temperature cycling profile for PCR. Thadi line
presents the three sequential traces of microdhigirephoresis (ME). (Adapted with permission fr&eference
72)
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Figure2.5. A portable integrated genetic analyzer for or-8itensic STR typing.

(a) Photograph of the portable PCR-CE system. cfi®®atic design of the integrated PCR-CE microchip,
consisting of a 160-nL PCR chamber with a micrafaied PCR heater and a temperature sensor fohiprPCR,

a co-injector for the injection of a sizing stardlaand a 7-cm-long separation channel for electrogdis. (c)
Expanded view of the PCR and injector region. (dlévisuspect’s 9-plex STR traces generated on-doealm
Beach, Florida using the portable microsystem. phidile was searched against the local CODIS deatand a hit
was obtained successfully. (Adapted with permisfiom Reference 106)
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In the PCR-CE microdevice discussed above, a traditional crossomyeas employed,
which produced successful results despite its poor injection efficieio address this issue,
Yeung et al. developed an integrated device for STR sam@eaugeand separation using a
method that employs a streptavidin capture gel chemistry couple€E separation channel for
forensic STR analysfS. Compared to conventional microchip CE with a cross-injector, the
fluorescence intensity could be improved 10-50 fold for monoplex samples, and 14-19 #ld fo
plex STR products. This capture structure can be easily inctegardo the high-throughput
uCAE and integrated PCR-CE microdevices with the aim to significamthgase the sensitivity,
robustness and data quality of low-copy-number and degraded DNA analysis.

2.6 Conclusions and Prospects

Over the past two decades, microfluidic devices for genetic aral egression analysis
have advanced rapidly. Most of the analytical steps have beensutlgasanslated into chip
formats where they demonstrated at least 10 times bett®rmance over their conventional
counterparts. However, thus far, microfluidic systems arepsitifiarily utilized by the academic
research community. We believe fully integrated microflugistems, which contain all the
necessary analytical components and provide a complete solution $o wileultimately find
wide application, because these integrated systems provide diteagradvantages which are
absent in discrete microdevices with single functions. The rddwaetion volume expedites
the assay and enhances the sensitivity; precise fluidic comupled with efficient sample
transport prevents sample loss or dilution and increases the ssssfivity; and automated
operation saves labor and time while eliminating the risksoataenination. While robotics
provides macro-scale integration of analytical processesofiuiclics provides micro-scale
integration and should be thought of as a microfabricated liquid robottiogeed the pL-nL
volume scale.

Considering potential needs in the future, several promising “kiips’aare emerging:
first, portable genetic analysis instruments are now availabth sample-in-answer-out
capability for on-site human identification or pathogen detection. &p@ication is timely
because biothreats are of increasing concern for militady cavilian populations. Second,
integrated DNA sequencing systems which can reduce the totaifaesquencing by two orders
of magnitude (down to $100,000 genome) will yield great benefits geatime-related research.
Third, microfluidic systems with single-molecule or single-selhsitivity will enable pioneering
research in genetic studies of somatic variation in especially tihhecsleand cancer areas.
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Chapter 3

Integrated Portable PCR-Capillary Electrophoresis

Microsystem for Rapid Forensic Short Tandem Repeat

Typing

Reproduced from “Integrated Portable PCR-Capillary ElectrophoMgigsystem for Rapid
Forensic Short Tandem Repeat Typing” by Peng Liu, Tae seok St#wnid Beyor, Kyoung-
Jin Shin, James R. Scherer, and Richard A. Mathies in Analy@icamistry, 79, 1881-1889
(2007), with permission from the American Chemical Society.

28



3.1 Summary

A portable forensic genetic analysis system consisting of aofhiidic device for
amplification and separation of short tandem repeat (STR) fragrasnell as an instrument for
chip operation and four-color fluorescence detection has been delelbpe microdevice
performs polymerase chain reaction (PCR) in a 160-nL chanmaecapillary electrophoresis
(CE) in a 7-cm-long separation channel. The instrumental design integratebd?@Rl tcycling,
electrophoretic separation, pneumatic valve fluidic control, and 4-cdser | excited
fluorescence detection. A quadruplex Y-chromosome STR typing systamisting of
amelogenin and three Y STR loci (DYS390, DYS393 and DYS439) was developadezhtbr
validation studies. The multiplex amplification of these four lochvd5 PCR cycles followed
by CE separation and 4-color fluorescence detection was compietes ir. All the amplicons
can be detected with a limit of detection of 20 copies of matedatd DNA in the reactor. Real-
world forensic analyses of oral swab and human bone extractschsenevidence were also
successfully performed. Mixture analysis demonstrated thataadeal profile can be obtained
even at a male-to-female template ratio of 1:10. The successfelopment and operation of
this portable PCR-CE system establishes the feasibilitgpdl point-of-analysis DNA typing of
forensic casework, of mass disaster samples, or of individuals at a selceckpaint.
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3.2 Introduction

Short tandem repeat (STR) assays have become an indispensableiaadecimnique in
modern forensic casework since their first application in 89Polymerase chain reaction
(PCR)-based amplification of multiple STR loci followed by #apy electrophoretic (CE)
separation provides STR assays with high sensitivity and higtindisation power> 2" 1%|n
addition to forensic identification, STR assays have found applicatiopaiernity testing,
missing person investigations, human identification in mass disastevkition and clinical
diagnosis’ '° However, the limited capabilities of current genotyping technolpgieich are
time-consuming, labor-intensive and expensive, have resulted in backiogerensic
laboratories around the world. To address these issues, high-throughpuntegted
instruments are needed to improve the data productivity. In addiéipin and portable DNA
typing devices that can provide on-site forensic analysis couldaheble in crime scene
investigation, and for law enforcement and security applications.

In the quest to produce portable, real-time analytical deviceskhasvhigh-throughput
analyzers, microfabricated microfluidic analysis systemsiafled micro-total analysis systems
(LTAS), have attracted increasing attention due to their albdiiptegrate multiple molecular
biology processes at pL-nL scale in a single device. Simednception of uTAS in 1995,
much progress has been made to miniaturize and integrate D&lysis steps into a microchip
format!®® *Cincluding DNA extractiort!****PCR amplificatioi* ***and CE separatiotf: ®>
118 These technologies are now beginning to be translated to forensic applications.

In 1997, Ehrlich’s group demonstrated that a quadruplex STR sySi&#RIRO, TPOX,
THO1, and VWA) could be separated with high accuracy in less than 2 min ibsochip
capillary electrophoresi®? More recent work in our group demonstrated the use of a 96-channel
microfabricated capillary array electrophoresis (WCAE) devdoupled to a 4-color confocal
fluorescence scanner for high-performance STR typing using thetiPowerPlex 1% and
AmpF(STR® Profiler Plu§ multiplex PCR system$® The separations were completed in less
than 30 minutes with single-base resolution on 96 CE channels ameolisly. Although these
systems heavily rely upon conventional off-chip sample preparationdthédicate that chip-
based CE technology is poised for application in forensic laboratories.

The on-chip integration of DNA sample preparation by PCR hasakso demonstrated.
An integrated PCR-CE microdevice consisting of a silicon i@macthamber attached to a glass
CE analysis chip was developed in our laboratory in 1996 to amplifyreaigza PCR products,
providing rapid reaction times, low sample consumption, and potential onatégration with
other analytical techniqués.Since then, great progress has been made in the development of
PCR microdevices, including alternative chip formats (flow-througth stationary chamber),
substrate materials (silicon, glass and polymer), and heatittgpdse(contact and noncontact
heating)'*” *® However, most of these systems either require a high startimplate
concentration or are not suitable for integration with CE separation.

Based on the development of integrated PCR-CE microdevicesgayly at al.>® 119120

a fully integrated portable PCR-CE microsystem was recei¢imonstrated for pathogen
detection applications. The limit of detection for this systens ®& E. coli cells and the
amplifications required only 20 mft.More recently, a nanoliter-scale microdevice has been
developed, which integrates the three Sanger sequencing steps:| tiogohteg, sample
purification, and capillary electrophoresfsBuilding on this work, a 4-lane integrated PCR-CE
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array microdevice was also demonstrated to amplify femtograoumts of DNA followed by
electrophoretic separation in less than 30 fifihese advances raise the possibility that these
technologies can also be used for forensics whose stringent requsentude high-efficiency
and balanced amplification of multiple STR loci, reproducible edpbioretic separation under
denaturing conditions, and high-sensitivity four-color fluorescence dmtecti

Here we present the design and operation of a new PCR-CE micedewviforensic
STR analysis, as well as a new portable analysis instrumaidh wontains all the electronics
and optics for temperature control, microfluidic manipulation, CE s#éipar and four-color
fluorescence detection. To explore the utility of this systemfdoensic DNA typing, a
guadruplex STR system was developed with amelogenin, a sex-typifkgrmand three Y
chromosome STR loci. As over 89% of violent offences are committeaely* Y-STR assays
have a unique value in forensic DNA typing, particularly in semsabult case$:*” *¥Due to
the lack of recombination, Y-STR assays have also become a pamllértpaternity testing,
evolutionary studies, and historical and genealogical res&aksfith this quadruplex Y-STR
system, we evaluated the limit of detection of the portable BERnicrosystem as well as its
ability to analyze forensic casework samples and to deteet DA in a background of female
DNA.

3.3 Experimental Section

3.3.1 Microdevice design

The microdevice contains two identical PCR-CE systems, synzadgtrarranged on the
4-inch wafer (Figure 3.1A). The structure of each system igasito the device developed in
our group previousl§? but the design has been adapted for the portable instrument. Emrh sys
consists of a 160-nL PCR chamber, an integrated heater, a fourrpsisiiance temperature
detector (RTD), two PDMS (polydimethysiloxane) microvalves aiddcan-long CE separation
channel. The PCR reactor region with the relative positions of @ ¢hamber, heater and
RTD is shown in Figure 3.1B.

The microdevice is comprised of a glass manifold, a PDMS mempra glass
heater/channel wafer, and a glass RTD wafer (Figure 3TI&)PCR chamber (bottom side of
the heater/channel wafer) and the RTD (top side of the RTBrvafe laid next to each other
after bonding. The microfabricated PCR heater is deposited doptsde of the heater/channel
wafer and covers the PCR chamber and the RTD to facilitate thermialgcyoder the control of
the temperature feedback from the RTD. The PCR chamber contassettits, two of which
are connected to a loading reservoir and a vent reservoir, regbedirough microvalves for
the sample loading. The last exit is coupled to a CE separdt@mel through a narrow
injection channel. The glass manifold wafer actuates the PDMS3ovalves for fluidic
control %2
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Figure 3.1. The design and structure of the microdevice.

(A) Mask design for the PCR-CE microchip. The glagsrochannels are indicated in black, the micrdtated
RTD and electrodes are in green, the heater is showed, the gold leads of the heater are in gatd the valves
are drawn in blue. (B) Expanded view of the he&di), PCR chamber and CE injector. (C) Explodedawié the
assembly of the PCR-CE microchip, showing the RTdbsthe upper surface of the RTD wafer, the glass

microchannels etched in the lower surface, andhteters fabricated on the upper surface of theehehtinnel
wafer.
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3.3.2 PCR heater design

The design of the microfabricated PCR heater is intended tte aradiorm heating over
the entire PCR chamber and to facilitate fast thermal respiomsg. In general, the edges of the
heater show the most deviation from temperature set point due tgytte thiermal dissipation.
To adequately maintain the entire chamber volume at a singpetatare and keep the thermal
mass of the PCR system as low as possible, the thermal potier extremities of the heater
were increased to diminish the temperature deviation. The PCRr headedesigned in an
iterative process using computational simulation as a guideshasvn in Figure 3.2, an
optimized heater design contains 8 serpentine heating elementscteohbe gold leads in
parallel. The width of each heating element in the center @artset to 140 pum. Optimal heating
distribution was achieved by narrowing the width to 70 um on theddrtie central six heating
elements, and to 130 um on the outer two heating elements. Figuf€op)2shows a color
contour plot of the simulated temperature distribution of the PCR lmdvamt 95°C using
FEMLAB 2.3 (COMSOL, Inc., Burlington, MA). Using this design methda; temperature
differences between the center and the edge of the PCR chamsreereduced to less tharf@
in both the X and Y directions. Figure 3.2 (Bottom) presents two typi€&R cycles. The
temperature ramp rates can reach PCf for heating and 4.7C/s for cooling without any
active cooling.

3.3.3 Microfabrication

The microfabrication process is similar to that described pusly>® ®* Briefly, to form
the heater/channel wafer, a 550-pum thick D263 glass waferaadsdcwith 2000-A amorphous
silicon on one side and 200-A Ti and 2000-A Pt on the other side. The clpmtteeh was
photolithographically transferred to the amorphous silicon side, andthieesacrificial silicon
was etched using $kn a parallel-plate reactive ion etching system creatiigurd mask for
subsequent glass etching. The exposed glass was etched to aod&&hum in a 49%
hydrofluoric acid (HF) bath. After etching, the photoresist anidosil were removed using
acetone and SFrespectively. The integrated PCR heaters were fabricatéloeori-Pt side of
the same wafer. Using a backside contact aligner, a pattemndefhe gold heater leads was
photolithographically transferred to the surface. Gold was ef@ated onto the open Ti-Pt seed
layer to a thickness of 5 um to form the heater leads. Photoresist was then rencotedveafer
was repatterned to define the heating elements. Using an aomn ékehing system the heating
elements were etched into the Ti-Pt seed layer. Finallgsheére drilled using a CNC mill for
via holes, fluidic reservoirs, as well as electrical and pneumatic access hol

To form the RTD wafer, a 700-um D263 glass wafer coated 20€rA Ti and 2000-A
Pt was patterned with photoresist and etched using hot aqua regiformiothe glass
microchannels and PCR chambers, the RTD wafer and the heaterlohaferevere thermally
bonded in a vacuum furnace at 58Dfor 6 hr. The glass manifold was fabricated from a 700-
pm D263 glass wafer using the same glass etching methodoéelsakiove, and diced into 23 x
18 mm pieces. The microvalves were assembled by cleaning thS Piembrane in a UV-
ozone cleaner for 1 min and then sandwiching the membrane betweeontted wafer stack
and the glass manifold. This method results in a tight but reversible gl&4S-Ba@nding.
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Figure 3.2. The design of the microfabricated PCR heater.

(Top) Color contour plot of the simulated temperatdistribution of the PCR chamber layer at°@5 By varying
the widths of the heating elements in the differeegions of the heater, a uniform profile was aehie The
differences between the center and the edge ofie¢ater are only 2C. (Bottom) Thermal cycling amplification
profile. Black line shows the measured temperafune the RTD and red line is the set temperatusamgerature
ramp rates were 11% /s for heating and 4°C /s for cooling.
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3.3.4 Instrumentation

The instrument used to perform analyses with the microdevidewnsin Figure 3.3A
and 3.3B. The instrument contains a 488-nm frequency doubled diode laser, ahsygtem
for detecting four different fluorescence signals, pneumatictheé on-chip PDMS microvalves,
electronics for PCR temperature control, and four high voltage poweriesupi CE. The
weight of the instrument is 10 kg with a power consumption of 20 W, which can be supplied by a
car battery. A LabVIEW graphical interface (National Instemts, Austin, TX) developed in-
house was used to control the system through two DAQ boards (National Imgg8ume

The schematic of the detection system is shown in Figure 3.3Chekms from the laser
(Protera, Novalux Corp., Sunnyvale, CA) is reflected by a dichmicor (505DCXT, Chroma
Technology Corp., Brattleborro, VT) into an attenuator that limits the powendity of the laser
beam to 4 mW (measured from the objective). Then, the attenuated beam teddilea second
dichroic mirror (505DCXT), passes though a dichroic beamsplitter (&P, Chroma), and
is focused into the channel in the microdevice with a custom-builtctolge(0.70-mm focal
length in D263 glass, 0.88 NA). The returning fluorescent signal is callbgtéthe objective and
reflected into a four-color confocal detection cube by the dichseamsplitter. As shown in
Figure 3.3D, the detection cube separates fluorescent lighioutalistinct channels, blue (505-
530 nm), green (530-560 nm), yellow (560-595 nm), and red (>595 nm), by salquent
reflection from a serial of dichroic beamsplitters (595DCXR, 570BCE37DCLP, Chroma).
Fluorescent light is further filtered by a filter in easttannel (Ch1: D520/26m, Ch2: D550/20m,
Ch3: D580/26m, Ch4: E600LP, Chroma). The filtered light is focused bschromat lens
(45208, Edmund Optics, Barrington, NJ) into an optical fiber (Newpom.Cbwine, CA), the
entry of which functions as a confocal pinhole and is provided withagyastment, and then
guided by the optical fiber into PMT (H9306-03, Hamamatsu Corp, BridggwNJ). Together
these signals are processed using an active 5-Hz low-gassafitl collected at 10 Hz using the
16-bit DAQ board.

The microdevice is placed onto a recessed area on the top asthaerient and held in
place with a plexiglass manifold. Two 1/2” PDMS spacers aegl tig support the manifold and
provide a soft contact to the microdevice. The manifold containspsing-loaded pins pressed
against the electrical pads on the device, providing the connectiorserising the RTD and
powering the PCR heater. The manifold also contains Pt electiaatesre positioned within the
reservoirs on the microchip for application of high voltages during CE. A thinaiiater, (9.2,
Minco, Minneapolis, MN), sandwiched between the microchip and a@bag used to heat the
CE separation channel. Flush contact between the magnetic hedtéreachip is obtained by
embedding a steel bar on the surface of the instrument.

The design of the electrical circuits for driving the RTD andtéreis the same as
presented eariléf. Briefly, a 4-mA current source powers the RTD through the meteof leads,
and the resulting voltage is sensed through the inner set. Theisigmatessed using an active
low-pass filter at 5 Hz, and then transferred into the DAQ boarthp&eature control is
accomplished through a proportion/integrator/differentiator (PID) modiiten the LabVIEW
program, which outputs through the DAQ board to control the PCR heater gpapgy within
the instrument from 0 to 10 V.

The PDMS microvalves are controlled using vacuum or pressure supptieagh
pneumatic connections to the valve access holes on the glass thdidblt pneumatic lines are
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available for fluidic control. Each line can be switched betweacuum (open valve) and
pressure (closed valve) using a solenoid valve (HO10E1, Humphrey, Kalayhal controlled
through the DAQ board. Pressure (4.5 psi) and vacuum (-8 psi) weratsgpaupplied by two
rotary pumps (G12/02-8-LC, Thomas, Sheboygan, WI) inside the instrument.

3.3.5Microdevice preparation

Before operation, the channels were first coated for 1 min wdgmamic coating diluted
1:1 with methanol (DEH-100, The Gel Company, San Francisco, CA) it@mine
electroosmotic flow. The separation matrix, 5% (w/v) linear polgamide (LPA) with 6 M
urea in 1xTris TAPS EDTA (TTE) buffer, was loaded from an@dervoir with a syringe to fill
the entire CE separation system. A prepared PCR mixture (L&/ad_pipetted into the sample
reservoir. Vacuum applied at the vent reservoir moved the samplthenPCR chamber and a
gel-solution interface was formed at the end of the narrow igjeathannel. This interface
functioned as a passive barrier to prevent the flow of reagentshet€E channels during
thermal cycling. Using this method bubble-free loading of the P&Rtor was consistently
achieved. After sample loading, the PDMS microvalves were clbgeabplying pressure to
prevent hydrodynamic flow.

Table 3.1. Locus information, dye labeling and primer sequences

9948 male standard

Repeat Dye ) DNA
Locus _ Primer Sequence (5> 3’) :
Motif Label Repeat Amplicon
number  Size (bp)
) FAM- CCCTGGGCTCTGTAAAGAA
Amelogenin - X, Y 106, 112
FAM ATCAGAGCTTAAACTGGGAAGCTG
[TCTG] FAM- CTGCATTTTGGTACCCCATA
DYS390 24 171
[TCTA] R6G GCAATGTGTATACTCAGAAACAAGG
FAM- AACTCAAGTCCAAAAAATGAGG
DYS393 [AGAT] 13 123

TMR GTGGTCTTCTACTTGTGTCAATAC

FAM-  ACATAGGTGGAGACAGATAGATGAT

DYS439 [GATA] 12 191
ROX GCCTCAAGTGATCCACCCAAC

The 5'G of the DYS439 reverse primer was added to proradéaylation.
FAM: 5-carboxy fluorescein; R6G: Rhodamine 6G; TMR:N, N’, N'-tetramethyl-6-carboxyrhodamine; RO&:
carboxy-x-rhodamine.
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Figure 3.3. The structure of the portable instrument.

(A) Photograph of the portable PCR-CE system. Tadyais system box has dimensions 12 x 10 x BhClose-
up of the microchip and the manifold. A plexiglasanifold was used to fix the microchip in place augply the
electrical and pneumatic connnections to the diip.The schematic of confocal fluorescence detectisstem. (D)
Expanded top view of the four-color detection cube.
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3.3.6 PCR amplification and capillary electrophoresis

PCR amplifications were conducted from 9948 male and 9947A female ge DA
(Promega commercial genomic DNA controls, Promega, Madison, WYelhss two samples
from forensic caseworks previously processed by the Palm Bxagaiity Sheriff's Office. These
casework samples were extracted from an oral swab and humanrégpectively, using the
DNA 1Q™ system (Promega), and then quantified using Quantiblot (Appliey®&emss, Foster
City, CA) with Hitachi CCDBio (Hitachi, Alameda, CA) signaetection. All the DNA
templates were also amplified in a thermal cycler and apdlyz an ABI Prism 3100 Genetic
Analyzer (Applied Biosystems) to obtain the sizes of the alliethgments and validate
corresponding on-chip results.

The quadruplex STR system included amelogenin and three Y-chromoSotn@,
DYS390, DYS393 and DYS439. Table 3.1 presents the PCR primers and aslsdgatabels,
as well as the expected STR repeat numbers and amplicahdere forward primers were
labeled with energy transfer (ET) dye cassettes developed ingmuwp and described
previously*?® The 20-uL PCR mixture prepared for each experiment was commis&old
ST*R buffer (50 mM KCI, 10 mM Tris-HCI (pH 8.3), 1.5 mM Mg£D.1% Triton X-100, 160
pg/mL BSA, 200 uM each dNTP) (Promega), templates ranging @r&6h copies in the 160-nL
PCR chamber, primers, and FastStart Tag DNA polymerase (Rogpdied Science,
Indianapolis, IN). The corresponding primer concentrations in théepieg PCR amplifications
were 150 nM for amelogenin, 80 nM for DYS390, 120 nM for DYS393 and 180 nM for
DYS439, respectively. In the multiplex PCR reactions, the primoecentrations were adjusted
to 150 nM for amelogenin, 150 nM for DYS390, 120 nM for DYS393 and 180 nM for DY S439.
The final DNA polymerase concentration was 0.2 U/uL in all arpents except for the
analyses of male DNA in female DNA background, where the concentrat®mevaased to 0.4
U/uL. The thermal cycling protocol was comprised of initiahatton of the Taq polymerase at
95 °C for 4 min, followed by PCR cycle of $& for 10 s, 58C for 60 s, 72C for 30 s, and a
final extension step for 2 min at ?2. For the singleplex reactions 32 cycles were employed
while 35 cycles were used for the multiplex.

Following microchip PCR amplification, the CE separation chanas! eated to 78C
using the channel heater. After the microvalve adjacent toathels reservoir was opened, the
amplified sample was electrophoretically injected into the @&em towards the waste by
applying an electric field of ~100 V/cm while floating the anadd cathode. A separation field
of 250 V/cm was then applied between the cathode and anode. In tbesfiothe separation, a
backbiasing field of 80 V/cm was applied at the sample and wabktel) were floated for the
remainder of the separation. Raw electropherograms were speatevith BaseFinder 4.0.
Processing procedures include baseline adjustment, cross-tBigisaad convolution filtering.
After each run, the glass manifold was removed, the PDMS naembwas replaced, and
channels and chambers were cleaned using piranha ¢&G4:HH,O,) to prevent run-to-run
carryover contamination.

3.4 Results and Discussion

The quadruplex STR system for testing the portable 4-coldR-€E microsystem
consists of the loci DYS390, DYS393, DYS439 and amelogenin. DYS390, DYS393 and
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DYS439 are members of the extended minimal haplotype loci, whichcplatyal roles in the
current Y-STR DNA typind® The haplotype diversity of these three loci is 0.9473 in the US
population. In addition to these three Y-STR loci, amelogenin, which cod@sgrotein found

in tooth enamel, was employed. PCR amplification of this marker pesdud 06-bp and a 112-
bp amplicon from the X and Y chromosome, respectively. Amelogenindeslywsed for sex-
typing and sample quality evaluation in the forensic commdfiitin our system, amelogenin
serves as a positive control, providing important information about samgalktygand
amplification performance.

3.4.1 Singleplex and multiplex STR amplification.

Singleplex amplifications on each locus were performed firstamee the functionality
of the PCR-CE microsystem as well as the amplificationopeidnce of these DNA markers. In
these PCR experiments, each DNA marker was amplified frono@@sof 9948 male standard
genomic DNA templates in the 160-nL PCR chamber with 32 PCR cycles tiidtenal cycling,
the PCR product was immediately injected and separated on ttieogh®resis channel. An
entire analysis was completed in 1.5 hr. Panel A in Figure 3.émiseean amplification of the
amelogenin marker. A 106-bp X-chromosome and a 112-bp Y-chromosomea@mialbeled
with FAM-FAM were observed, indicating that the template &arDNA as expected. Panel B
presents an amplification and detection of the DYS390 locus, revealinfil-vp amplicon
labeled with FAM-R6G. Similarly, a 123-bp DYS393 amplicon labeldth WAM-TMR and a
191-bp DYS439 amplicon labeled with FAM-ROX were obtained, respectiveRanel C and
D. With optimized primer concentrations (150 nM amelogenin, 80 nM DYS390, 120 nM
DYS393 and 180 nM DYS439), each DNA marker demonstrated a similplifiaation
efficiency and good sensitivity.

Following successful amplifications on each locus individually, dtiplex PCR-CE
experiment was carried out on this four-locus multiplex systemtir®aemplate (50 copies of
9948 male standard genomic DNA) was loaded in the PCR chamber ar@R3byEles were
performed. Primer concentrations used in the multiplex system were ddjligtely to maintain
balanced peak intensities for each locus (150 nM for amelogenin, 156ri¥ S390, 120 nM
for DYS393 and 180 nM for DYS439). As shown in Figure 3.4 (Panel E), all the peaks (106, 112,
123, 171 and 191 bp) were fully resolved and balanced. Compared with singleplex
amplifications, multiplex STR amplifications exhibit lower ansph yields due to competition
between each locus. Therefore, both the initial template copy nubstbeopies) and the PCR
cycle number (35 cycles) were increased to compensate for this effect.

A limit-of-detection (LOD) analysis for multiplex amplifigahs of 9948 male standard
genomic DNA was performed. Figure 3.5 presents results from ias sef amplifications
conducted from 0, 20, 30 and 50 copies of template in the PCR chamb&5wRGR cycles.
Even with only 20 copies of DNA template, the multiplex amplifmatstill shows all the
expected peaks in the electrophoregram. An amplification from 10sco@ie also performed,
however, a complete profile was not obtained. The amplicon peak irdsraigé reduced and
show more variability as the initial templates decrease &0rto 20 copies. When the template
copy numbers fall into the low copy number (LCN) amplificatiamge (<100 pg or <33
copies)?’ stochastic effects occur, and repeated amplifications of iéérg@utions exhibit
fluctuations in peak intensity. Finally, it should be noted that thenaesof any amplicons in the
negative control (0 initial copies) demonstrates the effectivenésthe piranha cleaning
conducted after each run.
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Figure 3.4. Singleplex and multiplex STR amplification perfadion the PCR-CE microsystem.

(A) Amplification of the amelogenin marker from reastandard genomic DNA. A 106-bp X-chromosome and a
112-bp Y-chromosome amplicon labeled with FAM waraplified from 20 copies of the template with 32RPC
cycles. (B) DYS390 Y-chromosome amplicon (171 Igieled with FAM-R6G from standard male genomic DNA.
(C) A 123-bp DYS393 amplicon from male standard amic DNA labeled with FAM-TMR. (D) A 191-bp
DYS439 amplicon labeled with FAM-ROX. (E) MultipleRCR of all four loci from 50 template copies wib
PCR cycles.
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Figure 3.5. Limit of detection for multiplex analyses of 99dtle standard genomic DNA.

PCR cycles were 35 in each case. The trace obtdinad 20-copy template was enlarged twice for d@igplA
negative control experiment was performed to canfine absence of carryover.
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Figure 3.6. Multiplex STR forensic analysis using the PCR-CiErodevice.

These samples are from standard genomic DNA amd famples extracted from an oral swab and humag,bon
respectively. In each case, 50 starting templapgesoand 35 PCR cycles were employed. (A) Analgsisducted
from 9948 male standard DNA, showing the presefiedl the amplicons on these four loci. (B) Analysif 9947A
female standard DNA, showing only the expected qores of the 106-bp X-chromosome peak. (C) Analysis
conducted on genomic DNA extracted from an oraltswidl the expected peaks were observed, showiagdurce

is male. (D) Analysis of a human bone sample. Goilg 106-bp amplicon was detected, showing the soisrc
female.
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Multiplex STR analysis of male genomic DNA (50 ceg)i in presence of a female genomic DNA backgravsiag
the PCR-CE microsystem (35 PCR cycles). The temphatios of male-to-female range from 1:1 to 1:A8.the
ratio increased, the 106-bp amelogenin amplicomfiloe X chromosome became more and more dominanttb®
112-bp Y chromosome product.
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3.4.2 Analysis of forensic casework.

Samples obtained from forensic casework usually have lower @apbh efficiency,
due to PCR inhibitors, which remain with the DNA throughout the sanmpeparation
process?> 2 or due to DNA degradation by exposure to environmental elementstwaina
contaminants®’ Here we selected two typical samples, one from an oral swab and the other from
human bone, which were previously processed and analyzed by the Ralm@minty Sheriff's
Office. Buccal cell collection with a cotton oral swab is oftesed in cases, where reference
samples from suspects or family members are needed to perfonparative DNA testin{f®
Human bone remains in forensic caseworks represent one of the ngoastledk biological
materials for PCR-based DNA typing, since they are ugualllected after a long period of
exposure in a harsh environment, such as burial in“Sdiherefore, these two typical samples
were chosen to test our integrated PCR-CE forensic system.

Four separate amplifications, including 9948 male and 9947A femaléastagenomic
DNA, which serve as controls, and two casework samples fromahiswab and human bone,
were conducted from 50 template copies with 35 PCR cycles. RBgikeand 3.6B present the
PCR analyses conducted from male and female standard DNA, shalvthg expected peaks
with correct gender discrimination. Figure 3.6C presents an aoapiifn and analysis of the
DNA sample extracted from an oral swab. All the ampliconsour foci were successfully
obtained, indicating the sample is male DNA. Figure 3.6D shows onlypeale at 106 bp,
corresponding to the successful amplification of female human bone DR&hip results from
ABI Prism 3100 confirmed the genders of these two samples anatedithat the amplicon
lengths of the oral swab sample in DYS390 and DYS439 are 167 bp and 187 gpeatdess
than those corresponding amplicons from 9948 standard DNA. These rdifferevere also
observed in the on-chip results, by aligning the profiles of maledatd DNA and oral swab
sample.

3.4.3 Mixtureanalysis.

The ability of our system to provide interpretable DNA amplifaratprofiles, when a
minute amount of male DNA is present in a high background of feDidls, is very critical, as
this situation is often encountered in Y-STR forensic analysguadruplex amplification and
detection was carried out by mixing male and female stan@gahgc DNA together during the
sample preparation. The male DNA in each run was maintained apiscwhile the female
DNA was increased to achieve ratios of male-to-femateoiggc DNA of 1:1, 1:5 and 1:10,
respectively, resulting in ratios of Y-to-X chromosomes of 1:3, 1:111at Since a high yield
of the 106-bp X-chromosome product is expected to overwhelm the other Yeduom
amplicons, the DNA polymerase concentration was increased fror/Q12 to 0.4 U/uL to
assure full amplification and to produce balanced profiles. Theltseof this experiment in
Figure 3.7 show that, as the ratio increased, the 106-bp amplicon frdmoMiosome became
more and more dominant over the 112-bp Y-chromosome product. The pealatargaare
roughly equal to the initial template ratios of Y-to-X chromoser(ie3, 1:11 and 1:21). The
other three Y-chromosome loci (DYS390, DYS393 and DYS439) werewhldmplified and
balanced in each case. However, slight signal reductions weegvebls due largely to the
increase of the 106-bp X-chromosome amplicon which used up most of theeBQRces.
These data indicate that the system is capable of analymtegDNA in the presence of a high
female DNA background. Although the ratio could be lowered furth@mplifications without

44



the amelogenin marker, additional valuable information, such as tleetoadmale DNA ratio,
is obtained with this quadruplex system by calculating the pesk ratio of the two peaks in
amelogenin.

3.5 Conclusions

A fully integrated PCR-CE microdevice has been optimized fom&ceanalysis and
combined with a new portable instrument including controls for chip operand 4-color
fluorescence detection. This system was used to perform augleedBTR forensic analysis; the
entire assay was finished in 1.5 hr due to the rapid low-volume (1p€hatmal cycling and
integrated high-speed electrophoretic separation. The detectiomiithis system for multiplex
amplification of genomic DNA is as low as 20 copies in the PG&nber. Two real-world
forensic casework samples extracted from an oral swab and hoonan respectively, were
successfully analyzed, showing the practical application of ys®e®. Finally, male genomic
DNA was tested in the presence of excess female genomic i2idkground. Intense balanced
peaks were observed even at the male-to-female DNA ratio of 1:10.

This microdevice presents a first and significant step towartidlya integrated and
portable system allowing highly sensitive, rapid STR analyses setting outside a forensic
laboratory. For practical forensic applications in the future, #njegtion structure can be
included in the microdevice to facilitate running sizing andialleldders?® and more STR loci
should be included to improve the discrimination power. Additionally, autos8iRltyping is
under investigation to extend the application range of the portabtesystem. The integrated,
high-speed and low-volume STR typing methods developed here wileeteethe forensic
identification process and lower the assay cost, thereby reductidoggg and advancing
forensic DNA applications. Furthermore, our demonstration of succeS$RI analyses on a
portable PCR-CE system validates the concept of point-of-an&)istyping in crime scene,
mass disaster or security checkpoint applications, where capgite human identification is
demanded: 3% 13!
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Chapter 4

Real Time Forensic DNA Analysisat a Crime Scene

Using a Portable Microchip Analyzer

Reproduced from “Real Time Forensic DNA Analysis at a Crisoene Using a Portable
Microchip Analyzer” by Peng Liu, Stephanie H. I. Yeung, Karin Aeridhaw, Cecelia A.

Crouse, James R. Scherer, and Richard A. Mathies in ForensiceShigmnational: Genetics, 2,
301-309 (2008), with permission from Elsevier.
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4.1 Summary

An integrated lab-on-a-chip system has been developed and $ultgessized for real-
time forensic short tandem repeat (STR) analysis. The muomleomprises a 160-nL
polymerase chain reaction reactor with an on-chip heater andperature sensor for thermal
cycling, microvalves for fluidic manipulation, a co-injector faisg standard injection, and a 7-
cm long separation channel for capillary electrophoretic analysis9-plex autosomal STR
typing system consisting of amelogenin and eight CODIS core I83iFhas been constructed
and optimized for this real-time human identification study. RepibBuSTR profiles of
control DNA samples are obtained in 2 hours and 30 minutes witk8 bp allele typing
accuracy. The minimal amount of DNA required for a complete pkAile is 100 copies. To
critically evaluate the capabilities of our portable micremysas well as its compatibility with
crime scene investigation processes, real-time STR analkeyescarried out at a mock crime
scene prepared by the Palm Beach County Sheriff's OfficeodBitain sample collection, DNA
extraction, and STR analyses on the portable microsystem werecteshda the field, and a
successful “mock” CODIS hit was generated on the suspemt'mple within six hours. This
demonstration of on-site STR analysis establishes the feégsilfilreal-time DNA typing to
identify the contributor of probative biological evidence at a crimens and for real-time
human identification.
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4.2 Introduction

Short tandem repeat (STR) analysis is widely employed asverfud and indispensable
technique for forensic human identification due to its ability to produgaly distinctive
profiles from minute amounts of DNAZ"" 1% 132 However, current STR genotyping processes
and instruments are labor-intensive, demanding, and one must wait moeeodays for results.
Accelerating the instrument dependent processes in casewalsisiarwill ultimately assist in
reducing DNA backlogs. Micro-total analysis or lab-on-a-chiptesys offer tremendous
potential for miniaturizing and integrating the steps in foreB3iR analysis because it enables
the production of dense microfluidic circuits for automated low volomeratior{t!: 109 133 134
This microtechnology has enabled high-throughput instruments to impheveurrent STR
analysis process, and it should also lead to integrated devicaBleay performing on-site
forensic DNA analysis to extend the applications of STR anafystg

Much progress has been made to integrate the steps of STRignalgluding DNA
extraction'* PCR amplificatior® *°> *®and STR fragment separatiti, *>* **” into a high-
throughput microchip formdt® ***  Our group demonstrated the use of a 96-channel
microfabricated capillary array electrophoresis (LCAE) defacéigh-performance STR typing
using the commercial PowerPlex®1.&6nd AmpRSTR® Profiler Plu§ kits!®® The separations
were completed in less than 30 minutes with single-base resolon 96 UCE channels
simultaneously. This system has also been successfully ediatathe Virginia Department of
Forensic Science for routine forensic STR analy&ks.Ehrlich’s group also reported the
development of a microchip, which can perform separations of 16 pPuEfiER reactions
simultaneously in 40 mif?’ Although these microfabricated capillary electrophoresis (CE)
devices still rely on conventional off-chip sample preparations, doegiemonstrate the speed
and throughput capabilities of miniaturized separation systems.

The integration of other sample preparation steps, such as PCR ald panfication,
that are necessary for STR analyses, has also advanced.int€gistion concept has been
extensively explored for DNA sequencifigpathogen detectiof; " clinical diagnosticg® 1%
and gene expression studieg® **%on single- or multi-channel formats.”® % 1314 |ntegrated
forensic DNA sample processing is more challenging due toringestt requirements for high-
efficiency multiplex amplification of STR loci and reproduciklectrophoretic separation under
denaturing conditions with single-base resolution. Recently, our groupodedehn integrated
PCR-CE microdevice for forensic STR analysis, as well gsorable analysis instrument
containing all the electronics and optics for chip operation and foar-dtlorescence
detection'®® A variety of control and non-probative casework and mixture saagsays were
performed successfully using a simple quadruplex mini-Y SRy, validating the feasibility
of point-of-analysis DNA typing.

In the present work, we further explore the concept of point-of-gisalgrensic human
identification by developing an improved integrated PCR-CE misiodeand typing method
capable of conducting real-time forensic STR analysis, andibg tigs system at a mock crime
scene. To enhance the discrimination power, a 9-plex autosomaltypliR) system is
constructed with amelogenin, a sex-typing marker, and eight CO@STR loci. Prior to the
field trial, the entire analytical process was evaluated to optimizantipdification efficiency and
separation resolution as well as the sizing calibration accuising commercial genomic DNA
controls. Real-time DNA analyses at a mock crime sceneaarieed out in collaboration with

49



the Palm Beach County Sheriff's Office (PBSO). Blood staliection, DNA extraction, STR
analysis on the PCR-CE microdevice, and a DNA profile sea@@ihsiga mock CODIS database
with a “convicted offender” sample are successfully conductéunasix hours of crime scene
arrival. These results establish the feasibility of usingpmurtable PCR-CE microdevice for
real-time forensic identification at a crime scene or a securityidoca

4.3 Materials and methods

4.3.1 Microdevice and instrument

The design of the four-layer glass-PDMS (polydimethysiloxda"@R-CE microdevice
has been modified from that previously developed in our gfSuprhe PCR-CE microchip
(Figure 4.1) includes a 160-nL PCR reactor with a heater amdrgbint resistance temperature
detector (RTD) for thermal cycling, two PDMS microvalvesficrofluidic control**? and a 7-
cm-long CE separation channel. In addition, a new coinjector and siandard reservoir are
integrated into the PCR-CE system to facilitate co-injectbra sizing ladder for STR size
calibration.

The microfabrication process follows the methods described previdudly!® The
RTDs are photolithographically fabricated on the top of the Rl All the channel features
are isotropically etched to a depth of 38 um on the bottom side of dberfebannel wafer with
hydrofluoric acid. PCR heaters are microfabricated on the tigpadithe heater/channel wafer.
After all the access holes are diamond-drilled with a CN@(@uter Numerical Control) mill,
the heater/channel wafer is thermally bonded with the RTRmmafa vacuum furnace at 580
for 6 hours. The glass manifold with etched channels was diced irto612m pieces. The
microvalves are assembled by sandwiching the membrane betweleontted wafer stack and
the glass manifold.

The portable genetic analyzer instrument has previously been desoritbetil’*> The
instrument contains a 488-nm frequency doubled diode laser, a confocakfieince optical
system for detecting four different fluorescence signals, prgesntor the on-chip PDMS
microvalves, electronics for PCR temperature control, and four highgeopower supplies for
CE. A LabVIEW graphical interface (National Instruments, thysr X) was used to control the
system through two DAQ (Data Acquisition) boards installed in a laptop.
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Figure4.1. The design of the microdevice.

(A) Design of the PCR-CE microchip for forensic DNaghalysis. The integrated device consists of 7amg-

electrophoretic separation channels (black), 16(RRIR chambers (black), RTDs (green), PCR heatedy,(and
PDMS microvalves (blue). A coinjector, including ca-injection channel and a sizing standard rederigo
incorporated into the microdevice. (B) Expandeshwiof the heater, RTD, PCR chamber and CE co-imjecfC)

Exploded view of the PCR-CE microchip assembly shgvthe valve manifold that controls the PDMS meanigr
valves, the PCR heaters fabricated on the uppéacsuof the heater/channel wafer, the glass mienacéls etched
in the lower surface, and the RTDs on the top efithver wafer.
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4.3.2 PCR amplification and capillary electrophoresis

Two standard commercial genomic DNA controls, 9947A female and 9948 DNA
(Promega, Madison, WI), were employed in the standard DNA testliluidof-detection
analysis. A 9-plex autosomal STR typing system is construgsdug primer sequences
employed in PowerPI1&x16 (Promega)’ It consists of the sex-typing marker, amelogenin, and
eight STR loci (D3S1358, THO1, D21S11, D5S818, D13S317, D7S820, VWA, and D8S1179)
used by the FBI Combined DNA Index System (CODIS) withze sange of 106-258 bp. A
10x primer mixture is prepared by combining primer pairs for dachs (Integrated DNA
Technologies, Coralville, 1A) according to the primer concermtnapirotocol developed from the
PowerPleX 16 typing system. The 10-uL PCR mixture prepared for each imaueris
comprised of 1.5x Gold ST*R buffer (50 mM KCI, 10 mM Tris-HCI (pH 8 Bp mM MgC},
0.1% Triton X-100, 160 pg/mL BSA, 200 uM each dNTP) (Promega), DNAlttes at the
empirically dervived amount, the primer mixture, 6 U of FastStagt DNA polymerase (Roche
Applied Science, Indianapolis, IN), and deionized water.

The microchip is prepared for PCR-CE analysis following theesarotocol as described
previously'® The microchannels are coated with a 50% dynamic coating {0IBHThe Gel
Company, San Francisco, CA) diluted in methanol for 1 min to minielzetro-osmotic flow.
The separation matrix, 5% (w/v) linear polyacrylamide (LRAh 6 M urea in 1xTris TAPS
EDTA (TTE) buffer, is loaded into the CE separation channel anB@#e cocktail is pumped in
the PCR reactor. The modified thermal cycling protocol staitts an initial activation of the
Taq polymerase at & for 4 min followed by an initial template denaturing af@&or 1 min.
In the first 10 of 32 PCR cycles, the temperature is held &C9br 30 s denaturing, then
ramped to 60C at 0.5°C /s for 30 s annealing, and then to°@0at 0.2°C /s for 30 s extension.
In the next 22 cycles, all the PCR parameters are kept the saoept for the denaturing
temperature which is reduced to @. Finally, a post extension step is performed a7 €or
10 min. Total PCR time is about 2 hr.

Once the thermal cycling is complete, the denaturing CE depaia performed on a
channel preheated to ?G. The MegaBACE" ET550-R sizing standard solution (15 pL, GE
Healthcare, Piscataway, NJ) is pipetted into the sizingdata reservoir. The microvalve
adjacent to the sample reservoir is opened, and the amplified sanaptee sizing standard are
electrophoretically injected towards the waste reservoir simedtusly by applying an electric
field of ~100 V/cm on the PCR reactor channel and co-injection channelflohifiemg the anode
and cathode. A separation field of 250 V/cm is then applied betWweerathode and anode for
electrophoresis. At least three injections and separations idoenped to confirm the results,
and each separation only takes about 8 min. After each analysiglass manifolds are
removed, the PDMS membrane is replaced, and channels and chamlbokrareeé using a fresh
piranha solution (7:3 $80,: H,O,) to prevent carryover between runs.

4.3.3 Data acquisition and analysis

The four-color fluorescence data are first converted to binangdioand appended with
proper header information by a custom LabVIEW program. The prepextésta files are then
analyzed for allele calling using the MegaBA®EFragment Profiler 1.2 (GE Healthcare)
program which performs baseline and color cross-talk correction. &kth was designated
using the “bins” generated from the allelic ladder in the MegaBA' program. In the field test,
the electropherograms were analyzed and recorded under the revéegeobnd analyst. The
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STR profile of the male suspect was input into a computer and s&B30O by email for a
CODIS search. The search result was sent back to the scene by phone within 20 min.

4.3.4 DNA extraction, quantification, amplification and DNA profile verification

Four commercial DNA extraction methods were evaluated: DNAMI@Promega),
QlAamp™ (Qiagen, Valencia, CA), Ultracled (MO BIO, Carlsbad, CA), and DNA-IY
(Promega) extracted on the Maxwell®1finirobot (Promega). The PBSO Forensic Biology
Unit conducted blood stain extraction protocols following manufacturec®guols. All DNA
samples were quantified using the real-time QuantiFilefrdm Applied BioSystems and DNA
samples were concentrated using the Microcon-100 (Millipore, riBéle MA) to ~15 ng/uL.
Amplification was conducted at PBSO using the PowefP18xBIO kit (Promega) followed by
separation and allele detection using the Hitachi FMBIO Il fthttzanner systent? Extracted
DNA samples were also shipped to Berkeley for analysis opdhable microsystem. All the
extraction methods yield DNA samples with similar quality anchgjtyafor full STR profiles on
our PCR-CE microdevice. Ultimately, DNA-I® using the Maxwell 18 minirobot was chosen
as the DNA extraction method for the mock crime scene studyodtge donsistent performance
and automated process. The average DNA concentration obtained dodhsthins on paper
towels and cloth using the Maxwell followed by Microcon concentnai#16.8 +1.4 ng/uL
(n=6). In the mock crime scene, the DNA concentration adddwtBCR reactor was estimated
by this average concentration.

4.3.5 Mock crime scene setup and evidence collection

The PBSO Forensic Biology Unit prepared blood stain samplessesiiey a male and
a female victim, and a male suspect, from known individuals with doceth&NA profiles'*?
The suspect’'s DNA profile was entered into a mock CODIS “coedioffender” database at
PBSO. Mock crime scene evidence was prepared in advance in &t RBensic Biology Unit
by placing liquid blood onto paper towels and a blue cloth shirt (50% siely80% cotton).
Each stain was made by spotting one drop (3 pL) of each blood semgs#eeral designated
areas on the substrates using plastic disposable pipettes andltengathe stains to dry
overnight. The evidence was placed into separate paper bags addf@etknsporting to the

mock crime scene at Lake Lytal Park in West Palm Beach, FL.

A PBSO Mobile Command Unit (MCU) was deployed to the mock cramene, as
shown in Figure 4.2. This MCU is equipped with a power generatorr aaralitioning system,
and a satellite internet connection, which are necessarfidan-site STR analysis. The DNA
extraction equipment and materials were located in a sepa@tefrom the portable PCR-CE
instrument to prevent interference between these two steps.

The crime scene was set up in a pavilion at Lake Lytak BgrPBSO crime scene
investigators. Two body-shape cardboard dummy victims were laileoground. The blue
cloth shirt (male victim blood stain) was placed on top of a dummy,obrtlee paper towels
(female victim blood stain) was placed next to the dummies, andthiee paper towel (male
suspect blood stain) was placed on top of a park bench nearby the scene (Figure 42A and B
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Figure 4.2. Photographs of the mock crime scene.

The crime scene was investigated by PBSO in Welsh Baach, FL (A and B). Three blood stains on ltlot
paper towels were laid out in the mock crime sce(€) The entire DNA analysis was conducted in &iteo
command unit provided by PBSO. (D) The portabterigic analysis instrument set up in the mobileroamd unit.
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The crime scene was investigated as per Palm Beach Countif’Skfice standard
operating procedures. Crime Scene personnel recorded the scemaligigad photography.
Biological stains were collected by cutting them from the clotth paper towels using scissors.
All samples were packaged separately in labeled envelopes, eo@dmon a PBSO property
receipt and signed over to the on-scene DNA analyst in order tdasenthe chain-of-custody
procedures.

4.3.6 DNA analysisat mock crime scene

All DNA samples were extracted using the Maxwelf® Iiistrument with DNA QM
Casework Sample Kit (Promega) following the manufacturer’pabt Briefly, an entire blood
stain was removed from the envelope and placed in a labeled 1.5 ndcenitifuge tube. A
total of 175 pL of Incubation Buffer with Proteinase K (1.8 mg/matéinase K and 0.1 M DTT
(Dithiothreitol)) was added to each sample tube followed by 30hnambation at 56 °C on a
heat block. Then, 350 pL of Lysis Buffer was added to each tukiger vortexing and
centrifugation, the lysates were released and separatedifecsnltstrate by placing the substrate
in a spin basket inserted into the tube. The lysates (500 pL),llasswungers and final tubes
with 40-uL Elution Buffer, were manually loaded into a cartridgBlA 1Q™) on a rack placed
in the Maxwell instrument. After the Maxwell run was comgdein 30 min, DNA extracts in
the final tubes were concentrated using Microcon columns toahvolume of 7 uL. Four
microliters were used for the on-site analysis; the remaisaigple and unprocessed blood
stains were stored for possible future analyses.

Concurrently with DNA extraction, a microdevice for PCR-CE asialywas prepared as
described previously. The PCR cocktail (4 uL of DNA sampl&0inuL of PCR cocktail) was
loaded into the PCR reactor with a target concentration of 300 @emgpbpies in the 160-nL
reactor. The PCR step was performed following the above dedgorotocol (2 hr) and then the
CE separations were performed 3 times (30 min). During theyohng, another microdevice
for the next sample was prepared for streamlined operation.

4.4 Results and discussion

Crime scene genetic profiling must include successful DNAaetitm, amplification,
electrophoresis, allele detection and data interpretation. ThélgoR&R-CE microsystem must
reproducibly amplify a multiplex STR system with a low linoit detection and accurately
separate alleles with single base resolution. Since the ekjéstio generate a probative DNA
profile which can be immediately searched in the convicted offatmtebase, profiles obtained
from real-time DNA typing should be compatible with FBI CODIshwcted offender database
protocols. Additionally, the instrument must have simple operatiormdbquls that allow the
performance of on-site STR analyses that are consistemtcuitent crime scene investigation
procedures. The ability of the portable PCR-CE microsystemett these criteria has been
assessed using a 9-plex autosomal STR system. The 9-plem sgensisting of amelogenin
and 8 CODIS core STR, has a discrimination power (1.2%10U.S. populations) that is
comparable with commercial typing kits,** together with a shorter amplicon size range (106-
259 bp) that provides a higher amplification efficiency and a shorter separateon {i
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4.4.1 Allelic ladder separation

The separation capability of the portable PCR-CE systemhéochhosen multiplex was
first explored. Since the 9-plex STR system comprises thé ammlicons (106-259 bp) of the
PowerPleR 16 system, we separated and analyzed the Pow&rBéeallelic ladder fragments in
the 106-259 bp size range. To improve the fluorescent signal inteasjiyeconcentrated
PowerPleR 16 allelic ladder (4x) was loaded into the PCR reactor, andjectéd with the
ET550-R sizing standard into the 7-cm long CE channel for aégaration. The CE separation
using this microdevice was completed in 8 min, which is approximateyin faster than the
single-capillary ABI 310 instrumefi?. As shown in Figure 4.3 Panel A, the THO1 9.3 and 10
alleles, which differ by only one base pair, were distinguishiéd avresolution of 0.45. Alleles
which differ by 2 bp in D21S11 were also successfully separatethough the D13S317 and
D8S1179 loci show weaker peak intensities resulting in imbalancedeprdil the alleles in the
9-plex STR system were successfully resolved and sized, deatorgsthat our microsystem
can separate DNA fragments in the 106-259 bp range for forensic hdemdification. These
results were used to generate the bin information in the MegaBA@®gram for designating
the alleles in the subsequent STR analyses. Higher sepaesiadation can be readily achieved
by simply employing a longer separation channel in the microgbgign at the expense of
slower separations or by using improved gel matfité&However, we elected to use the 7-cm
channels in this study because of our focus on rapid point-of-analysis operation.

4.4.2 Standard DNA test

The 9-plex autosomal STR amplification and separation on the porRDR-CE
microsystem was demonstrated using standard female 9947A and®9d@egenomic DNA.
Figure 4.4 shows representative STR profiles of each samplefiathfiom 100 template copies
in the PCR reactor. Each standard DNA template was analgyz&plicate in independent
amplifications and separations using the same conditions. Adligles in each analysis were
resolved, balanced, correctly sized and designated using the MegdBatgram.

In the co-injection structure used here, PCR amplicons and sitandards are injected
into the injection channel simultaneously. To evaluate the siziityateon accuracy, the run-
to-run standard deviations (n=3) of the allele sizes were atéclifrom the traces of 9947A and
9948 DNA obtained in the standard DNA test. As shown in Figure 4dd®D, all the alleles
can be sized correctly with a standard deviatidh8 bp. Although the D13S317 alleles in the
9947A DNA analyses show a higher deviation (0.8 bp) due to their breddéns is little
injection mobility bias in the new injection structure demonstratimagf our microsystem
provides the necessary allele calling accuracy for human idenoficaBome loci, such as THO1,
D7S820, and D8S1179, tend to show n-1 or n+l stutter peaks. This is due to the high
concentration of DNA templates (~1.88 ng/pL) in the 160-nL PCRtogacompared to that
recommended for commercial STR typing kits (0.02-0.04 ngifiL)Off-chip amplifications
confirmed that this is the cause of the observed stutter peates (otashown). This minor
problem is being addressed through improved injection methods.
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Figure4.3. The 9-plex STR allelic ladder separation obtaioerdhe portable PCR-CE microsystem.

(A) The THO1 locus trace has been expanded to $hevd.3 and 10 alleles which exhibit a resolutib®.d5. (B)
The D13S317 locus is similarly expanded for displ@gS1358, THO1, and D21S11 loci are labeled wistMF
(first trace). D5S818, D13S317, and D7S820 are (8@Eond trace). Amelogenin, VWA, and D8S1179TavkR
(third trace). The sizing standard (fourth traieMegaBACEM ET550-R, labeled with the FAM-ROX energy-
transfer dye.
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Figure 4.4. Standard genomic DNA analysis on the microdevice.

Representative 9-plex STR profiles of (A) 9947A &enand (B) 9948 male standard DNA obtained with 10
copies of DNA template in the PCR chamber. Thetadrun standard deviations of the allele sizes(@)9947A
and (D) 9948 DNA amplified and co-injected withisg standards (ET550-R) using the PCR-CE microdewuic
the portable instrument. Each sample was testade? in independent amplifications and separations
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4.4.3 Limit of detection study

The sensitivity of the portable PCR-CE microsystem was etalussing the 9-plex STR
samples amplified from serially diluted 9947A standard DNA (200, 100, 5Q1®@ppies of
templates in the PCR chamber). Figure 4.5 shows the avesaggnfages of full 9-plex STR
profiles of 9947A DNA obtained from 3 runs at each DNA concentrasoa fainction of input
DNA template in the PCR reactor. Complete profiles (100% prqfdecentage) can be
reproducibly obtained from 100 template copies. As the template catemmulecreases (<100
pg or <33 copiesy’ imbalance within two heterozygous alleles occurred, causing dliepout.
As shown in Figure 4.5, when the DNA concentration was lowered to 50 copies, two full and one
partial profile with one allele dropout were obtained, producing a 94.9%epr With only 10
copies, 61.5% of the alleles are successfully amplified and diteetem the limit-of-detection
study, the minimal template concentration needed to reliably prochroplete DNA profiles
was 100 template copies in the PCR reactor. We also found tlessesec DNA concentration
(>500 copies) results in split peaks or massive stutter peaks (data not shown).

4.4.4 DNA analysisat a mock crime scene

DNA analysis was performed at the mock scene in a Mobilemr@and Unit (MCU)
provided by PBSO. The MCU was set up following the National Qualssurance
Standard$®® The evidence handling and DNA extraction were conducted in a tspacam
from PCR-CE analysis. Although PCR preparation and post-PCR @nalgse performed in
the same room, neither sample-to-sample nor analyst-to-sabiphe contamination was
detected. Finally, all allele calls were reviewed andfied by a qualified forensic DNA analyst
to eliminate transcriptional errors.

In the field trial, we arrived in Lake Lytal Park at 7:00 and the mock crime scene was
set up in 10 min. At 7:10 am, the mock crime scene was investigatk the samples were
collected in 20 min by a crime scene investigator from PBAOY: 30 am, DNA extraction was
initiated on the Maxwell system and completed in two hours. Fr@m t®: 10:00 am the PCR
cocktail containing the male suspect DNA sample (blood on a papel ftem the park bench)
was prepared and loaded into the PCR-CE microdevice. The STRisralythe portable
instrument began at 10:00 am. The PCR reaction was complete in &, lamd the
electrophoretic trace was obtained within 30 min. At 12:30 pm, the soalgect profile was
reviewed and submitted by email to PBSO to be searched ag@@nstock CODIS convicted
offender database. The DNA profile from the crime scea® mvatched to an “offender profile”
previously entered in the database. This information was relaykdd#te crime scene within
twenty minutesFrom sample collection to the generation of the CODIS hit, the entire process
took only six hours. Between 1:00 pm and 6:00 pm, the blood stains from the male gatnkt)
the female victim (paper towel) samples were also typed on the goirtablument. These DNA
profiles were successfully obtained and correctly typed 3 Bm and 6:00 pm, respectively.
Figure 4.6 presents the electropherograms of the three samnméyzed with the 9-plex STR
system. These results demonstrate that the portable PC#<@&n can be used at a crime
scene to perform successful real-time STR typing withowdrfering with the crime scene
investigation process.
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Figure 4.5. The characterization of the limit of detection.

Percentage of full 9-plex STR profiles obtainednfr®947A standard DNA on the portable microsystenaas
function input DNA. With 100 template copies irrtRCR reactor, full profiles are reproducibly obéal.
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Figure 4.6. STR profiles from mock crime scene samples udiegobrtable microsystem.

Within 11 hours, three blood stain samples, magpsct on a paper towel, male victim on cloth, addle victim
on a paper towel, were successfully amplified amdectly typed. The suspect’s profile was searchgainst the
CODIS database and a hit was obtained at hour 6.
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The utility of DNA analysis on probative biological materald a subsequent database
search for a suspect depends on the timeliness of processimgtinal recovered from crime
scenes** Following current procedures, it frequently takes about 3 days &widence
collection to CODIS hit generation for a rush cadgy conducting DNA analysis at a crime
scene as demonstrated in this study, a CODIS hit can be obtaitred 8ix hours. This
successful demonstration of on-site DNA typing validates thsilidity of real-time forensic
human identification as well as the utility of identifyingusgect rapidly after a crime has been
committed

Our portable PCR-CE microsystem is best utilized as a presamgentification tool to
provide probable cause in the apprehension of potential perpetrators piodises have
previously been entered into a database, such as convicted felons. eBe#daeshigh frequency
of recidivism (over 66%)® this is a very reasonable strategy. In this context, the W&lef
STR system is not limiting although with further device and ggeemprovements, extension to
16-plex is possible. Due to the limited throughput of the current portable microsystly three
blood stain samples were analyzed consecutively, and no positive gativ@econtrols were
included in the field trial. We recognize that a multi-lanierodevice that can process 4-6
samples in parallel is desirable. Laboratory versions of amratesd 4-channel PCR-CE
microdevice have already been demonstr&ted. Furthermore, an affinity-capture-based in-line
injector in place of the inefficient cross-injector in the curmamntrodevice should achieve >10-
fold detection sensitivity improvemeft.**°

The development and successful utilization of this portable foransilysis system will
initiate an important policy discussion about the possible uses efimgalforensic analysis.
While defense and military applications of this technology ardeenj the deployment of this
portable forensic analysis capability in the domestic areqaines careful evaluation. We
envision two possible applications for the purpose of discussion. dtirstystem could be used
for real-time analysis at crime scenes where biologi@ernal could only have been left by the
perpetrator, to advance case detectives’ investigation before thecsims fled the area or
destroyed secondary evidence. Second, in states that require Digplesat arrest, the ability
to rapidly type an arrestee before release on bail mightrgenprobable cause to hold the
individual because of hits on other earlier criminal activities.

45 Conclusions

We have developed an integrated PCR-CE microdevice together eoth@act portable
instrument for real-time forensic human identification. A 9-pdexosomal STR multiplex is
also demonstrated that provides 2.5-hour analysis time, 100-copywnsitid< 0.8 bp allele
sizing accuracy. A mock crime scene was investigated folpwiandard procedures, and three
blood stain samples were successfully amplified and corregédtgt the scene. The suspect’s
profile was searched against a “mock” CODIS database andvasibbtained in only six hours.
This study is a significant step towards a fully integrated @ortable forensic analysis system,
enabling rapid real-time human identification.
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Chapter 5

Fully Integrated Genetic Analyzer for Forensic DNA

Typing
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5.1 Summary

A fully integrated micro total analysis system for forensimrt tandem repeat (STR)
analysis has been developed that includes sequence-specific Dhglatee purification,
polymerase chain reaction (PCR), post-PCR cleanup and captureimicigon, and capillary
electrophoresis (CE). Fragmented genomic DNA is hybridized wobtin-labeled capture
oligos and pumped through a fluidized bed of magnetically immeliligtreptavidin-coated
beads in microchannels where the target DNA is captured. HEutkE¥A conjugates are then
transferred using an on-chip micropump to a 250-nL PCR reactor comprisetabéabricated
PCR heater and a temperature sensor for autosomal STR ieatipiif. The resulting PCR
products are electrophoretically injected through a streptavidutified capture gel where they
are bound to form a concentrated and purified injection plug. tAémnally released sample
plug is injected into a 14-cm-long CE column for electrophoeparation and detection. The
DNA capture efficiency provided by the on-chip sequence-specifié hplate purification is
determined to be 5.4% using K562 standard DNA. In initial experinstatsiard DNA (80 ng)
was successfully analyzed on this microsystem and a full SdiRepobtained in about 2.5 hr.
This fully integrated microsystem with sample-in-answer-opabdity is a significant advance
in the development of rapid, sensitive, and reliable micro total asaystems for rapid human
identification.
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5.2 Introduction

Forensic scientists always strive to find techniques that mwearease the throughput,
lower the cost, and improve the reliability of forensic short tandsmeat (STR) analysis*’
Microfabricated bioanalysis devices have the potential to addhnesghallenge by providing
facile scaling capability, lower reagent consumption, and thetyalidi integrate multiple
analytical steps on a single devfte®* 8 Significant advances have been achieved toward
developing microdevices on which individual STR typing steps, i.eA BXtractiont'? 113 149
polymerase chain reaction (PCR)® **%or capillary electrophoresis (CE} *** *"can be
carried out. Although these chip-based analyses provide betternpanice over conventional
methods, they are still primarily utilized by the academic researmeinity, because their high
dependence on other off-chip processes makes the adoption of tedechaologies less
attractive to forensic laboratories.

The most valuable advantages provided by micro total analysis Sy$teAS) stem
from their integration capability. Performing the entire DNyping process in a single
microsystem decreases the reagent and time consumption, makgedbéss more automated
and robust, and reduces sample handling by users, which can elithenatk of sample mix-up
and contamination. The Mathies group has reported several pionséuntigs towards the
integration of sample processing steps, such as PCR with nhicoafed electrophoresis
systems for forensic STR typing. > % They have developed an integrated PCR-CE
microdevice as well as a portable detection instrument foitemapid human identificatiotf”
Real-time DNA analyses at a mock crime scene, including saogblection, DNA extraction,
STR analysis on the PCR-CE microsystem, and CODIS databassd shave been successfully
conducted in collaboration with law enforcement agen@esVhile this demonstration validates
the feasibility of STR typing using integrated devices, this microsyfés short in its ability to
analyze real-world samples containing PCR inhibitors; thus, inbegra DNA purification
technique prior to the analysis is necessary.

Several fully integrated microsystems with sample-in-answeércapability have been
developed for genetic analysfs® "2 1% One of the most promising systems which could be
used for forensic STR typing was presented by the Landers Grdbpy successfully integrated
a solid-phase extraction (SPE) column for DNA extraction wifiRRnd CE on a single device
for pathogen detection. However, the delicate operation and lowieaffy of the pressure-
driven cross injection for CE separation and the transfer of @difdiNA from the SPE column
to the PCR reactor might be problematic for analyzing forensiplsamwhich have a great
disparity in sample quality and quantity.

To address the low efficiency associated with the conventional oresdor for CE
separation, researchers have invented various preconcentration anthjetiien method$* ’®
% Yeung et al. successfully applied this concept into forensic &¥Rysis by developing an
integrated STR sample cleanup, capture inline injection, and CHEatiepamicrodevice for
high-sensitivity DNA typindg® The integration of this capture inline injector into a fully
integrated microsystem should significantly advance the systamitizity and reliability.
Furthermore, the near 100% injection of all of the thermallyetygroducts will give the
microsystem quantitative analysis capability.

Sample transfer from the DNA extraction process to PCR i tnoublesome, because
the process involves both sample transportation and buffer exchangexXtaction buffers to
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PCR solutions. Magnetic beads are an excellent sample transfium in an integrated
microsystem because they can be precisely manipulated usiegteanal magnet facilitating
washing and buffer exchange. Several commercial DNA extraggterss that make use of
magnetic particles, such as ChargeSwitelnd DNA IQ", have been used for forensic STR
analysis, and have the potential to be translated into chip ffMmatowever, the DNA binding
in these systems require PCR-incompatible solutions, such as chastlpior acidic solutions.
Moreover, the buffer exchange from DNA binding buffers to PCR isolsitcould cause severe
sample loss as PCR solutions readily release DNA from these particles

Magnetic beads modified by oligonucleotide probes are capableptiricey specific
DNA templates via DNA hybridization from a complex cellutackground>**** This method
is attractive for DNA extraction in a fully integrated microsysteecause no harsh chemicals are
employed during DNA binding and the release of the captured fB&A magnetic beads can be
effectively controlled by on-chip heating instead of buffer erglea In addition, since only
DNA of interest is captured for the subsequent PCR and backgrobi#d dequences are
effectively eliminated, the PCR efficiency could be signifibaimproved. This method has
been successfully utilized for the extraction of plasmid DA genomic DNA fragments from
clinical samples, but no work related to forensic STR typing has been tepett&®*>°

The work presented here demonstrates the successful integrati@raiviel sequence-
specific DNA extraction and the improved post-PCR capture inhection into the well-
characterized PCR-CE system to form a fully integratedadévice for forensic STR analysis.
Using the bead capture structure developed previdusiy a fluidized bed of streptavidin-
coated magnetic beads captures the conjugates of biotin-labé&edualeotide probes and
genomic DNA fragments containing the STR locus sequences. Bitér capture, the bead-
DNA conjugates are pumped to a PCR reactor for 9-plex STR faraptin. The resulting
biotin-labeled PCR products are electrophoretically driven througdtreptavidin-modified
capture gel where they are bound and concentrated into a narrowomjphig, followed by
thermal release for CE separation. By integrating theseponents on a single chip, we
automate the process, improve the reliability, and minimize $keoficontamination during the
sample analysis. This structure has enabled the successfuy@i& from forensic samples in a
fully integrated microdevice.

5.3 Materialsand Methods

5.3.1 Microdevice design

The microdevice shown in Figure 5.1 contains two identical genettysis systems
forming a symmetrical doublet on a 4-inch glass wafer. Thetsie is similar to the device
developed in our group previoust, but the design is modified to integrate the post-PCR
cleanup and inline injection functions and to adapt to the newly developedesdanstrument.
Each analytical system includes a poly(dimethysiloxane) (BPNhicropump and two PDMS
microvalves®® for fluidic control, a 4-cm-long bead capture structure withsystem of
bifurcating channels for DNA template captite, 250-nL PCR chamber with a microfabricated
heater and a resistance temperature detector (RTD) for R&Ral cycling, a 500-um-long
double-T channel junction with a tapered structure for post-PGRugteand inline injectioft,
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and a 14-cm-long channel for CE separation. These two sydtamesas anode, a cathode, and
a waste well to reduce the number of reservoirs on the chip.

The microdevice is constructed using a four-layer wafer staokisting of (from top to
bottom) glass manifolds, PDMS membranes, a glass fluidic waidra glass RTD wafer. The
microfabrication process has previously been described in H&taf°® Briefly, to form the
fluidic layer, a 500-pum thick Borofloat glass wafer is coatéth 2000-A amorphous silicon on
one side and 200-A Ti and 2000-A Pt on the other side. The PCR andt€b metched to a
depth of 40 um while the bead capture structure is etched 3fegmon the amorphous silicon
side using a 49% hydrofluoric acid (HF) bath. Next, the chanaetié on-chip micropump are
patterned on the Ti-Pt side of the same wafer. After etctiiagexposed Ti-Pt layer using hot
aqua regia, the channels are etched to a depth of 30 um usin@hH¢FPCR heaters are also
microfabricated on the Ti-Pt side of the fluidic wafer bycetaplating gold leads followed by
ion beam etching of Ti-Pt for heating elements. Finally, haleslalled using a CNC mill for
via holes, fluidic reservoirs, as well as electrical access holes.

To form the RTD wafer, a 762-um Borofloat glass wafer coaigd200-A Ti and 2000-
A Pt is patterned and etched using a hot aqua regia bath. The RéDand the fluidic wafer
are thermally bonded in a vacuum furnace at ®@or 6 hr. The glass manifold is fabricated
from a 700-um Borofloat glass wafer using the same methalas. The on-chip pumps and
valves are assembled by sandwiching a PDMS membrane betweedavice and the manifold.
A glass microchip which only contains a PDMS micropump and bead eapiarochannels is
also fabricated using the same method as described above to study the DN effigiency.

Prior to use, the microchannels are coated with 0.25% polyDuramide afpidie)
dynamic coating polymer to minimize DNA absorption to the chawad#ls and electroosmotic
flow during electrophoresis. The coating procedure consists of 1 Mnd@bation for 15 min,
DI water flush, and pDuramide incubation for one hour. After treatntieatchips are flushed
with water again, and then dried with vacuum.

5.3.2 Scanner detection instrument

The instrument used to perform analyses with the microdevice isnsimowigure 5.2.
The instrument contains a 488-nm diode laser (75 mW, Sapphire 488-75, Eo8ard¢a Clara,
CA), an optical system with a rotary objective for detectmg fdifferent fluorescence signals,
pneumatics for the on-chip PDMS microvalves, electronics fdR R&nperature control, and
four high voltage power supplies for CE. The analysis systendih@nsions 12 x 12 x 8 in.,
which can be used as a either bench-top or portable instrumeabVWHEW graphical interface
(National Instruments, Austin, TX) developed in-house is used to cah&dystem through a
DAQ board (NI 6259, National Instruments).

The schematic of the four-color confocal detection systemmsgas to the scanners
developed in our group previousf **®but the optical components have been rearranged in
order to fit into a limited space in the instrument. Brieliy laser beam is reflected by mirrors,
passes though a dichroic beamsplitter (z488bpxr, Chroma, Brattlebory@ndTa hollow shaft
stepper motor (U17-7, Empire Magnetics, Rohnert Park, CA), andusddanto the channel in
the microdevice with a custom-built objective (Coastal Opticstlesys, Jupiter, FL) mounted on
a rhomb assembly. The objective scans the microchip at 5 Hz watias of 7 mm. The
returning fluorescent signal is collected by the objective aefidated by the beamsplitter into a
confocal assembly where the light is focused on 200 um pinhole, ddated into a 1 mm
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diameter beam that enters the 4-color PMT (Hamamatsu HO97@dgeRater, NJ). The
converted electrical signals are processed using a 5-Hpdsw/filter and collected at a rate of
5000 data points per revolution of the objective using the 16-bit DAQ board.

During operation, the microdevice is placed onto a 6” heating stagbe top of the
instrument and held in place with a plexiglass manifold as aslacuum supplied by the
instrument. The manifold contains spring-loaded pins pressed agairdeth@cal pads on the
device, providing the connections for sensing the RTD and powering tRehe&ter. The
manifold also contains Pt electrodes that are positioned within the reservoirsnoierihehip for
the application of high voltages during electrophoresis.

The design of the electrical circuits for driving the RTD andtéreis the same as
presented eariléf. Temperature control is accomplished through a proportion/ integrator/
differentiator (PID) module in the LabVIEW program. The PDK&rovalves are controlled
using vacuum or pressure supplied through pneumatic connections to the cab® laaes on
the glass manifold. Twenty-one pneumatic lines are available for fluidicotoEach line can be
switched between vacuum and pressure using a solenoid valve (130DX00BB, The Lee
Company, Essex, CT) controlled through the DAQ board.

5.3.3 STR typing and DNA capture probes

A 9-plex autosomal STR typing system was developed previously loastdte primer
sequences and fluorescence dye labeling scheme used in PoWetBISystem (Promega,
Madison, W) 1% To enable the post-PCR cleanup and inline injection, the unlabeledprime
were replaced with biotin-labeled primers (IDT, Coralville,.IA)he STR loci included in the 9-
plex system are amelogenin for sex typing and 8 CODIS coR I6ci (D3S1358, THO1,
D21S11, D5S818, D13S317, D7S820, vVWA and D8S1179). Primer sets without anyglabelin
were also synthesized by IDT for DNA quantitiation using real-time.PCR

The PCR mixture prepared for on-chip 9-plex STR typing is contprigel.5x Gold
ST*R buffer (50 mM KCI, 10 mM Tris-HCI (pH 8.3), 1.5 mM Mg{D.1% Triton X-100, 160
pg/mL BSA, 200 uM each dNTP) (Promega, Madison, WI), the primgture, 0.12 U/uL
FastStart Tag DNA polymerase (Roche Applied Science, Indianapoljsariti)deionized water.

The biotin-labeled primers in the 9-plex STR typing systevese also employed as
capture probes for DNA template capture prior to PCR. The coatiens of the capture probes
in a 10x capture probe mixture are listed as follows: Amelog&timM, D3S1358: 17 nM,
THO1: 22 nM, D21S11: 43 nM, D5S818: 11 nM, D13S317: 13 nM, D7S820: 47 nM, vWA : 13
nM and D8S1179: 11 nM. The capture probe mixture was incubated with geDdA for
liquid-phase DNA hybridization, and then captured by streptavidiredoatagnetic beads via
streptavidin-biotin binding on the chip.

69



PCR heater

reactor

Magnet

Bead capture
microchannels

CE separation
channel

Via haol
ia hole

Capture well Anode

Detection pathway

: Cathode
1

1
1 Tapered
: structure

|

Capture gel
region

Separation
channel

Figure5.1. The design of the fully integrated microdevice flmensic STR analysis.

(A) Mask design for the microchip capable of penforg DNA template capture, PCR, capture inlinedtign and
CE separation. The microchannels are indicatedaickb the microfabricated RTD and electrodes argréen, the
heater is shown in red, the gold leads of the heatedrawn in gold, and the PDMS micropumps anctawalves
are in blue. (B) Expanded view of the PCR chambedrtae microfabricated heater and RTD. (C) Expanded of
the capture inline injector with a tapered struetur
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Figure5.2. The structure of the scanner system for chip diperand detection.

(A) Photograph of the scanner. The analysis sy$i@sdimensions 12 x 12 x 8 in. (B) Solid-work viefithe four-
color confocal fluorescence detection system. Tstrument is designed and fabricated by Dr. 3areScherer.

The figures are also provided by Dr. Scherer.)
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5.3.4 DNA sample preparation

Standard genomic DNA 9947A, 9948 and K562 were purchased from Promega and
diluted in deionized water (DI water). To determine the heaiing for fragmenting genomic
DNA, K562 DNA (0.4 pg/pL) with high molecular weight was sulgectto 95°C heat
incubation for different times (from 10 to 40 min in 5-min intesyah a PTC-200 thermocycler
(MJ Research, Waltham, MA). DNA samples are then run on a hg@a¥se gel with 100-4 kb
and 1-4 kb sizing ladders (Lonza, Allendale, NJ). These results deatertat 20-min heating
is sufficient to fragment the genomic DNA into a size range-éfkb. To prepare DNA samples
for on-chip template capture, 20 pL DNA samples were firstedeat 95°C for 15 min in a
PTC-200 thermocycler. After mixing the fragmented DNA with 25af 20x sodium saline
citrate (SSC) buffer and 5 uL of 10x capture probe mixture,dlien was further heated to 95
°C for 5 min, followed by incubation at 5C for 20 min to allow DNA hybridization between
the biotin-labeled capture probes and the target DNA fragments.

5.3.5 Sequence-specific DNA template capture

A commercial streptavidin-coated magnetic bead system, Dydsldda280 (2.8 um
diameter, 6x10beads/pL, Invitrogen, Carlsbad, CA) was used for on-chip sequentifiespe
DNA template capture following a modified protocol from InvitrogedO pL beads were
washed two times and resuspended in 25 pL 10x SSC solution for tlmgpoDMNA template
capture experiment.

The evaluation of the efficiency of the DNA template captuais performed on the glass
microchip which only contains bead capture microchannels coupled \WWBDIMS micropump.
The operation procedure is as follows: the microchip is firgdilvith a 1% w/v solution of
bovine serum albumin (BSA) and incubated for 15 min to block non-specifit du#eesion to
the channels. Next, acetonitrile (ACN) is drawn by vacuum imochannel to eliminate any
bubbles in the system followed by rinse with DI water. 10x SSthadly loaded into the bead
capture channels to serve as a running buffer for the subsequent DNA capture.

The DNA template capture process begins by introducing 5 pydregfared Dynabeads
solution (~1.3x1®beads) into the capture well. The magnetic beads are drivethéntapture
structure using the on-chip micropump and immobilized in the microelanasing a
nickelplated neodymium magnet (All Electronics, Van Nuys, GRAG-74). A multi-step
loading procedure is employed to establish equal bead distributions atirgerallel capture
channels” DNA solution (20 pL) containing fragmented genomic DNA and capttobes is
then pumped through the capture structure using a 9-step pumping protocdiresttifiutter”
steps (200 ms/step for pumping and 100 ms/step for flutt€irngj. Following sample loading,
20 pL 1x Gold ST*R PCR buffer (Promega) is rinsed through the eaphannels and beads to
eliminate unbound material from the system. Finally, the eb&esl bed is pumped out of the
channels to a reservoir and collected for subsequent DNA quantitation.

To quantify DNA capture by the Dynabeads, real-time PCpeiformed on ABI 7300
instrument (Applied Biosystems, Foster City, CA) using a SYBReen PCR Master Mix
(Applied Biosystems). Each locus in the 9-plex STR typingesyss quantitated separately. 2
pnL non-labeled primer sets and 2 pL DNA template captured on Hus lzge mixed with the
PCR Master Mix and DI water to a final volume of 25 puL adow to the manufacturer’s

72



protocol. DNA quantity is determined by a calibration curve gerdrusing serially diluted
standard DNA.

5.3.6 Streptavidin capture gel preparation

A 500 pL streptavidin gel solution, containing 5 % (v/v) bis-acrylanii®1, Bio-Rad,
Hercules, CA), 8 M Urea, 1x TTE (500 mM Tris, 500 mM TAPS aoid 100 mM EDTA), 2
png/uL streptavidin-acrylamide (Invitrogen), 0.0006 % riboflavinvjwdnd 0.125 % TEMED
(v/v), is prepared in an opaque 2-mL scintillation vial with Teflsgre (National Scientific,
Rockwood, TN) following the method developed previously in our gfbufpo form a capture
gel, a 5% linear polyacrylamide (LPA) gel is first pushed th channel from the co-injection
well to just reach the injection channel using a syringe. filihetion of the gel is to protect the
PCR reactors from being contaminated by the streptavidinaafie which contains PCR
inhibitors, such as acrylamide monomer and EDTA. Using a UV expsstuip installed on a
Nikon inverted microscop®; 8 a 500-um capture gel plug is formed in the double-T channel
junctions.

5.3.7 Chip operation

Following the photopolymerization of the capture gel plugs in thip, @ separation
matrix (5% LPA with 8 M Urea in 1x TTE) is loaded from the antmléhe waste and from the
cathode to the coinjection reservoir to form a matrix-capturtesirgel sandwich structure in the
capture inline injection regions. The tapered structure in the eapégion ensures that the
capture gel plug will be retained. After gel loading, a 15 mimbaton with 1% w/v BSA
solution followed by acetonitrile rinse is conducted. SSC (10kphadly loaded into the bead
capture channels while keeping the vent microvalve closed teqr&5C buffer from getting
into the PCR reactors.

The bead loading and DNA template capture are performed followiegoitocedure
described above. During this process, the vent microvalvesgaland all waste flows out to
the sample well, preventing any potential contamination of the PCR chanfiteerDANA sample
loading, 10 pL PCR cocktail containing all the necessary compof@n®CR except DNA
template is used to wash the bead bed. The bead bed is then pumpled P@R chamber by
closing the sample valve, opening the waste valve, and placing the magnehab@astor.

Once the magnetic beads are loaded into the PCR reactomaee microliters PCR
cocktail is loaded into the capture well and pumped through the bedaftsr th#at, the PCR
thermal cycling begins with all valves held closed at 20 kPhe modified thermal cycling
protocol starts with an initial activation of the Taq polymers@5°C for 4 min. For the next
32 PCR cycles, the temperature is held at®4#or 10 s denaturing, then ramped to°68for 20
s annealing, and then to 70 for 30 s extension. Finally, a post extension step is performed at
70°C for 5 min. Total PCR time is 40 min.

To perform the purification, the sample valve is held open and the-labeled PCR
products are electrophoretically injected using an electrield bf 25 V/cm from the PCR
chamber to the waste well through the capture gel plug. The prated®und via the biotin-
streptavidin interaction to form a tightly concentrated plug in the capturéJydlound materials
are washed away in the washing step. The fluorescentlyethlA strands retained in the
capture gel are then thermally released into the separationaihay heating the whole chip to
67 °C and applying an electrical field of 250 V/cm towards the anodier Aach run, all the
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gels and solutions in the chip are removed out with water and theethaand chambers are
cleaned using piranha (7:3%00;: H,O,) to prevent run-to-run carryover contamination.

5.4 Results and discussion

5.4.1 Microsystem integration

The integration of the entire STR analysis on a single microglegianore than the
simple combination of several microfabricated uhits!*® Not only must all units have high
performance, the sample/product transport between each analygpalalso needs to be
convenient and efficient. These considerations are even macaldor forensic STR analysis,
where high sensitivity and reliability are desired due to tkeatglisparity in sample quality and
guantity, as well as the probative value of these samples.

In a fully integrated microdevice designed for forensic STR typimge sample transfer
steps should be considered: macro-to-micro interface, DNAaaion to PCR, and PCR to
electrophoresis. The fully integrated microsystem presentexl Hees successfully addressed
each of these issues. First, the capture of DNA-probe congugaileg a magnetic bead bed
immobilized in the microchannels can concentrate DNA samplds weitious volumes and
concentrations into the microdevice, serving as an efficientaxtaemicro interface for the
microsystem. Second, to transfer sample from the DNA @idrastep to PCR, magnetic beads
were employed as a medium to carry DNA into the PCR rea@aring the introduction of the
PCR solution into the microsystem, since no DNA release oqaugsise timing control is not
required and the magnetic beads can be thoroughly washed with &@R®nsto remove
inhibitors. Third, a capture inline injection structure was integrated inteyfiem to replace the
inefficient cross injector for CE separation. These steps notpolkide near 100% sample
transfer efficiency so that high-sensitivity analysis barachieved, they also eliminate the need
for delicate timing control and voltage balance, making the ovepadtation error-proof and
reliable.

5.4.2 Genomic DNA digestion

To enable the sequence-specific DNA capture, genomic DNA with imglecular
weight must be fragmented into an appropriate size range whichecaaptured by magnetic
beads while still providing intact templates for subsequent RBifecation. Physical methods,
including hydrodynamic shearirtg’ **® nebulization:>® and ultrasonicatioff® are the most
extensively used methods for breaking chromosomes in DNA sequerimiany lconstruction.
However, to generate DNA fragments with controllable and reprodusiids, expensive, bulky
instruments are often required. Restriction enzymatic daogess another well-established
method to fragment genomic DN **2 But the enzyme reaction usually takes more than one
hour to complete and requires specific buffer systems and carpbesaxe. DNA digestion by
heating was chosen in this study because it can be rapidtymped in a conventional thermal
cycler. Moreover, since the DNA extraction process in focesemple analysis already includes
a heating step for cell lysis, the heat digestion can beydasibrporated into the extraction
procedure without any additional operation. As shown in Figure 5.3, heating &Ngles at 95
°C for 20 min is sufficient to fragment genomic DNA into a size range of 1-Bkiaking DNA
into small fragments will result in poor PCR efficiency, beeaiisgs more likely that DNA is
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broken inside the target sequences. On the other hand, fragmentshamgérkb will decrease
DNA capture efficiency. Because the size range of SlHRsa in the 9-plex STR typing system
is 106-259 bp, 1-4 kb is a reasonable size range for the subsequéntc&pture and
amplification steps.

5.4.3 Sequence-specific DNA capture

The DNA capture efficiency was characterized on a microclap ahly contains bead
capture channels and a PDMS micropump. Total 0.8 ug K562 standardsDiks digested by
heating at 95C for 20 min, followed by incubation with 1x capture probe mixtures aC50r
another 20 min. The resulting 20 pL DNA solution is then pumped thrduggimagnetically
immobilized beads (~1.3x¥®eads) in the channels at a flow rate of 1 pL/min using ap-st
pumping protocol> *** Following a bead washing step with 20 pL PCR buffer, the béd4l-D
conjugates are pumped out and the captured DNA is quantitatedliiynre PCR. The total on-
chip operation, including sample loading and washing, takes about 45 min petmmmAs
demonstrated previously, *°* factors which affect the on-chip DNA capture efficiency tioe
capture channel design, pumping scheme, and flow rate. The structbesaaipture channels,
including channel number, channel depth and width, followed the design developed previously in
our group to ensure optimal operatfGn-* The pumping scheme including pumping and flutter
steps as well as the flow rate are considered togetherximimea the capture efficiency while
still keeping the operation as fast as possible. Previous stielesnstrated that a pumping
protocol consisting of at least three flutter steps is atitfor optimized capture efficiency
because the pulsatile motion of the beads results in better caittacarget DNA™ However,
these extra flutter steps slow down the sample loading and canthekperation impractically
long. Considering that a sample volume of 20 pL is common in for&WER typing, the
pumping steps were shortened to 200 ms to achieve a flow rate ofnfinpkesulting in a
reasonable sample loading time of 20 min.

Since the capture probes may have different capture efficten different STR loci, the
concentrations of these probes were iteratively adjusted to dreareed template capture for
all 9 STR loci. As shown in Figure 5.4, the capture efficienfoeshese 9 STR loci are in a
range of 3.7 - 7.0 % with an average of 5.4 + 1.3 %. Although th@esfty is lower than those
of many stand-alone DNA extraction microdevices developed prevjbdsly® *°the 100%
transfer of the captured DNA to the PCR reactor compensatélsis drawback and makes the
sequence-specific DNA capture suitable for high-sensitivity STRdypin

Another advantage provided by sequence-specific DNA extractite isnproved PCR
efficiency due to the complete removal of background DNA seqsenEmgure 5.5 presents 9-
plex STR profiles amplified from 1 ng of whole genomic DNA (9948 from ~ 1 ng DNA
fragments purified from genomic DNA by sequence-specific DN#pture. The PCR
amplifications were performed in a conventional thermal cyclégn & PCR protocol which
includes denaturation at 9€ for 10 s, annealing at 58 for 20 s, and extension at 70 for 30
s. Compared to the PCR protocol recommended by the manufacturer, oherid $aved®
Using this shortened cycling, full STR profiles still can be olgdifrom the purified DNA. In
contrast, the profiles from the whole genomic DNA experienced dragfabhe THO1 9.3 allele.
This comparison demonstrates the effectiveness of sequendgespddtA purification for
improving STR amplification.
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Figure 5.3. Photograph of gel electrophoresis separation obiggc DNA thermally fragmented for different
lengths of time.

K562 standard genomic DNA with high molecular wetiglas subjected to 95°C heat incubation for diffetames
and run on a 1.2 % agarose gel. 20-min heatingffcient to fragment the genomic DNA into a siange of 1-4

kb.
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Figure5.4. The capture efficiency of the sequence-specificAD&mplate purification process.

By optimizing the capture probe concentrations,jlaintapture efficiencies with an average of 5.4%ravobtained
for all 9 STR loci.
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This improved PCR efficiency is extremely useful in the quesixpedite forensic STR
typing. In current STR amplifications, high annealing temperatiorg holding time and slow
temperature ramping rate are usually employed in order toeebalanced and highly stringent
amplifications of all STR loci and to avoid non-specific amplicoRer example, the Powerplex
16 STR kit recommends 6T for annealing and a temperature ramping rate of@/$ from
denaturation to annealing, resulting in a PCR protocol longer than 3 $olmsour previous
study of on-chip STR amplifications, we also found that the slompirag rates are critical for
generating reproducible and balanced STR profffedraster temperature transitions resulted in
allele dropout and imbalanced profiles. The on-chip PCR time knes dnly shortened to 2
hours. Sequence-specific DNA template capture is an effegtiyedo overcome this hurdle for
rapid STR amplification. The removal of unnecessary DNA seqaezitrinates the associated
potential non-specific amplification, adding stringency prior he PCR step. Under these
conditions it is possible to use a lower annealing temperatweiad more efficient primer
binding together with a faster ramp rate that accelerates the PCR process

This improved PCR efficiency is extremely useful in the questxplediting forensic
STR typing. In current STR amplifications, high annealing teatpees, long holding time and
slow temperature ramping rate are usually employed in ocdensure balanced and highly
stringent amplifications of all STR loci without products of any-spacific amplicons. For
example, Powerplex 16 STR kit requires®@Dfor annealing and a temperature ramping rate of
0.5°Cl/s from denaturation to annealing, resulting in a PCR protocol Iahgar3 hourd® In
our previous study of on-chip STR amplifications, we also found the sdowping rates are
critical for generating reproducible and balanced STR prdfifes:aster temperature transitions
resulted in stochastic allele dropout and imbalanced profiles. TohiprPCR time was thus
only shortened to 2 hours. Sequence-specific DNA template eajstuan effective way to
overcome this hurdle for rapid STR amplification. The removal of wessacy DNA sequences
eliminates the associated potential non-specific amplificatiadding stringency prior to the
PCR step and allowing primers to efficiently bind to target seges so that a lower PCR
annealing temperature together with a fast ramping rate can be usedlévae the PCR.

5.4.4 Standard DNA test

DNA template capture, 9-plex autosomal STR amplification, po&-Bl€anup, capture
inline injection, and CE separation on the fully integrated mictesysvere demonstrated using
standard female 9947A genomic DNA. Figure 5.6 shows representdtrR/gisfiles obtained
from 80 ng input standard DNA, demonstrating the feasibility oR Syping using this
microsystem. The limit-of-detection testing using the stanBdA as well as analyses of blood
stain samples is still underway to achieve results necessary for publication.

The total analysis time of this assay on the microsysteatasit 2 hours and 35 min,
which includes 40 min of DNA digestion and hybridization, 40 min of DN/late capture
and washing, 45 min of PCR amplification, and 30 min of post-PCR cleaappyre inline
injection and CE. When directly analyzing forensic samples, such as blood bipsdessing
time is estimated to be ~ 3 hours, because the cell lysisadtep 20 more minutes. Compared
to conventional forensic STR typing (7-8 hours), at least 3-4 hawrde saved by using this
system. Therefore, this microsystem can be utilized as an atginmstrument for rapid
forensic STR analysis in forensic laboratories. In additiongesithe instrument for chip
operation and detection has a small size, this fully integratedosystem can be more
effectively used as a portable system for on-site real-time human iickgitif.
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Figure5.5. Comparison of the 9-plex STR profiles obtainedrfrwhole genomic DNA and purified DNA.

A total of 1 ng whole genomic DNA and ~1 ng DNAdraents purified from genomic DNA by sequence-specif
DNA capture were amplified in a conventional PT@2thermocycler with a PCR protocol consisting of
denaturation at 94C for 10 s, annealing at S€ for 20 s, and extension at 70 for 30 s. With these shortened
heating times for PCR cycling, the DNA sample padfby sequence-specific DNA capture still proviflds STR
profiles. However, in the profiles from the wholengmic DNA, the THO1 9.3 allele drops out.

79



D351358 THO1 D21811
] 30
14

: 1)

- D55818 D13S317 D7S820
11

11
1}1\ mM

{ Amelo. 18 D8S1179
13

Relative fluorescence intensity (A. U.)
1

1
200 300 400

Migration time (sec)

Figure5.6. The 9-plex STR profiles obtained on the fully grated microsystem.

With an 80-ng input of 9947A standard DNA, full fites were successfully obtained using the micrasys The
timeline of the overall analysis is as follows: DNlgestion and hybridization: 40 min, DNA templaggpture and
washing: 40 min, PCR amplification: 45 min, postHP€eanup, capture inline injection and CE: 30 milihe total
analysis time is about 2 hours and 35 min. Conth&weconventional forensic STR typing (7-8 hours)east 3-4
hours can be saved by using this system and ptotoco
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5.5 Conclusion

A fully integrated microdevice capable of performing DNAreagtion, PCR, post-PCR
cleanup, and CE separation using a compact detection and control imstmdechip was
successfully developed for rapid forensic STR analysis. Effidample transfer between each
function units was achieved by the integration of sequence-spBbifictemplate capture using
magnetic beads and post-PCR capture inline injection. The operatibrs ohicrodevice was
optimized using standard DNA samples, validating the feasilafitsapid STR analysis on an
integrated microfluidic system. This study is a significaepsowards a fully integrated and
portable forensic analysis system for rapid real-time hurdantification at crime scenes or
other point-of-analysis situations.
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Chapter 6

Prospects
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6.1 Summary

The technologies developed in previous chapters validate the fidasibfbrensic DNA
typing on an integrated microfluidic device to achieve rapid arsalygh high sensitivity. To
further advance the benefits provided by microfabrication technolqgggpbse the development
of a 48-lane integrated microdevice which is capable of performing-iiter PCR amplification,
post-PCR purification, inline injection, and CE separation in a ssaiylintegrated manner for
high-throughput forensic STR analysis. Several engineering nbgabein this high-throughput
system need to be addressed, including the PCR heating syst@of|undic control, and the
high-throughput UV exposure system for gel photopolymerization. The @mops8-lane
microsystem is also an excellent platform for exploring shugll STR typing, which will
positively impact the forensic STR analyses of mixture and low-copy-numb&rsaiiples.
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6.2 High-throughput PCR-capture-CE Microsystems

As the application of forensic DNA analysis has been extendesreviolent crimes
such as property cas€$,and as law enforcement agencies have become more sophisticated
the collection of evidence of probative value, the number of samples tgdrifor DNA
examination has been increasing dramaticafiyAlthough the integrated microfluidic system |
have developed previously has demonstrated excellent performanoeefusic STR analysis,
including high speed, improved automation, and superb sensitivity, its kmaugtill cannot
fully satisfy the requirements of current forensic investigatiolmsforensic casework analyses,
positive and negative controls must be analyzed with evidence sieniltsly to ensure a correct,
contamination-free operatidf® An automated system capable of analyzing multiple samples
simultaneously is thus highly desired by the forensic communBgsed on the previously
developed microfluidic systems, | propose a 48-lane integratexaevice consisting of PCR
amplification, capture inline injection, and CE separation for higbetghput DNA typing. As
illustrated in Figure 6.1, 48 identical PCR-capture-CE units avapgd into 24 doublets and
radially arranged on a 6-inch glass wafer. Each doublet inclivdaesPCR reactors with a
microfabricated RTD and a external Peltier heater for theawcling, two capture gel inline
injectors, two 14-cm-long CE channels with one shared cathode and aleewetls Although
the basic operation this system has previously been tested mgla-lsine format, several
engineering challenges posed by this high-throughput microsystem nussehdly addressed.

6.2.1 Heating system design

STR amplification imposes a stringent requirement on the tetoperaccuracy across
the entire PCR reactor because the multiplex amplificati@®irét loci should minimize false or
non-specific amplicons. Although the microfabricated PCR heatepoged in my previous
microsystems can provide extraordinary heating performancesas@vieinsic drawbacks limit
their integration with high-throughput systems. The microfabdonabf these heaters requires
multiple photolithography processes as well as several thin filetal processing steps,
including sputtering, electroplating, and plasma etching. As atréiseltotal time and cost of
microfabrication of the heaters could account for up to 70% of the whigtedevice, making it
unaffordable. Furthermore, due to the large area covered by thgde heaters in the multi-
lane system, the manufacturing yield could be as low as 50%. &uygehhleaters often result in
a higher risk of damage during operation as well as a highgslerity of training for new users.

To address this challenge, | propose to use external Peltiegrid¢at on-chip PCR
thermal cycling. Peltier heaters have been extensivepfoyed in conventional thermalcyclers
and sub-microliter PCR microchip systefis*®* 1 Since Peltier heaters can function as both
heaters and coolers by simply reversing the direction of théedppbltage, the design of the
thermal cycling system can be simplified in comparison withrdikating methods. In this new
heating system, 24 Peltier heaters are embedded into the stage of the Sgstane as shown in
Figure 6.2. The position of the heaters is determined by tpedelsign. Flush contact between
the microchip and the Peltier heaters is achieved by applyingurat¢o the microchip. For
temperature sensing, the same microfabricated RTD semsoms the previous system are
employed to provide accurate temperature measurement. This dékggnificantly lower the
cost and time of microchip fabrication while providing adequate thermal cyclifgyp@nce.

85



RTD sensor

u

|
| [ Peltier Heater
PCR rleactor 1

! 1
— Capture
inline injector

To anode

Figure 6.1. Schematic of the 48-lane PCR-capture-CE micro@efac forensic DNA Typing.

(A) A total of 48 lanes are radially arrayed on"aglass wafer. Each lane contains a PCR reactgiuce inline
injector, and 14-cm-long CE channel. (B) The exghview of the PCR reactors and capture inlinectiojrs. Two
independent reactors share one PCR heating systentathode and one waste reservoir.
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6.2.2 Microfluidic control

The PDMS microvalves and micropumps developed by our group play essaesdior
microfluidic control in integrated microsystems. In the previo@REE microdevice, two
microvalves were positioned on both sides of the PCR reactor tma&iarhydrodynamic flow
during the thermal cycling. Though effective, these microvalves can dtweviemient during chip
operation for several reasons. To avoid DNA carryover, the PDM3ovalves must be
disassembled and the PDMS membranes have to be replaced fourea€his task makes the
device hard to operate and time-consuming for high-throughput s/stedm addition,
microvalves may cause loading problems when dealing with cellsaats, because these small
particles tend to get stuck in the via-holes of the valves. Fronmphioéopolymerization
experiments, | have found that some viscous gels, such as 5%pgoigacrylamide (LPA) gel,
can be used to effectively stop the hydrodynamatic flow icraohannels while still providing
the electrical connections necessary for the subsequent ClatgapaiT herefore, in this 48-lane
microsystem, PDMS microvalves can be eliminated and replackxhting some stopping gels
into the reservoirs prior to the thermal cycling. Considering the diffiafltgading the gel in an
array chip, 3-mm-thick glass rings cut from a glass plategua water jet cutter (AquaJet,
Livermore, CA) can be thermally bonded to the microchip to functareservoirs, as illustrated
in Figure 6.2. Viscous gels can then be used to easily fill tiss gl@oves to stop the flow in all
channels.

6.2.3 High-throughput exposur e system

The capture inline injection developed in our group can provide near 100&tanje
efficiency for the electrophoretic separation, which is thetkegchieving sensitive and reliable
STR analysis on-chip. However, the photopolymerization of up to 48 ggs pi a reasonably
short time is a challenge. In my previous work, a Mercuryplamstalled on a microscope was
employed for gel photopolymerization through a photomask. Becaussy#iem can only
expose one plug at a time with an exposure time of 5 min/plugyahimg time for 48 gel plugs
would be unreasonable. To resolve this problem, following conversationDritdames R.
Scherer in the lab, | propose a low-cost UV exposure instrumerndgad photopolymerization
of multiple capture gel plugs on-chip simultaneously. As shown inor€&i§.3, a bundle of
optical fibers is employed to guide 365-nm UV light from a lowtco® lamp to the
photopolymerization spots on the microchip. The diameter of these isbemsefully selected to
match the length of capture gel plugs, so that no photomask is neledéead, the fiber holder
is designed to match the features on the microdevice. The adeantf this instrument include
high-speed exposure, low cost, and easy assembly. Prelimingkyusiag a single fiber for
photopolymerization has been completed and demonstrates very promising results.
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Gel loading grooves

Buffer rings

Microchip

Scanner stage

Figure 6.2. The exploded view of the microchip assembly.

Glass buffer rings cut by a water jet are thermbiiypded with the microchip. During operation, thenochip is
loaded onto the stage of the scanner. Vacuum iBeapf hold the chip down and also to provide Hiluntact
between the chip and the Peltier heaters embeddethe stage.
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Figure 6.3. Schematic of the high-throughput UV exposure syste

Optical fibers are employed to guide UV light framlamp to each photopolymerization spot on the.chife

embedded image shows a 400-um-long capture gelgiitajned using this setup with a 500-um-diamepical
fiber.
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By using the method proposed above, the design and operation of this 48Rnre P
capture-CE microdevice can be simplified significantly. Byiefh photopolymer solution
containing acrylamide monomers, streptavidin-acrylamide conjygates riboflavin, is first
loaded into the CE channels, and then the stopping gel is added intostheegkervoir grooves
to stop hydrodynamic flow in the channels. Using the high-throughpuexpésure system,
500-um capture gel plugs are formed in all 48 lanes and thesexoonomer solution is
aspirated out. A separation matrix is then loaded from the cemodle to the waste and from
the cathode to the sample reservoirs to form a matrix-capture<rgal sandwich structure in
the chip. In the next step, a well-mixed PCR cocktail is mpanto each sample reservoir and
drawn into the PCR chambers by applying vacuum on the vent reserfativsved by the
loading of the stopping gels into the sample and vent reservoir grimoseal the PCR chambers.
After thermal cycling, the biotin-labeled PCR products frone tRCR chambers are
electrophoretically driven through the capture gel plug whereaheyound efficiently via the
biotin-streptavidin interaction. While DNA samples form a tigltbncentrated plug, unbound
materials are washed away in the following washing step. [lioee$scently labeled DNA
strands retained in the capture gel can be released integh@gon channel for electrophoresis
by heating the whole chip to 67. The high performance provided by this integrated
microdevice will enable some interesting research in the faatecould help address some of
the challenges of forensic investigations.

6.3 Application: Single-cell STR Typing

In forensic STR typing, researchers are facing unique clgadeposed by samples that
are mixtures from several contributors as well as low-copy-nuifili&N) DNA samples from
“touch evidence®® 2% 1% When dealing with mixture samples, DNA profiles consistingllof a
contributors are usually generated by a homogeneous PCR armtiphficExpert systems are
employed to extract the possible individual profiles based on ratigea height/area and
statistic analysis, but as of yet, these systems have notappeoved by the National DNA
Index System (NDIS) for use with evidentiary sampfed®’ Excessive stutter peaks, allele
drop-out/in, and stochastic effects associated with LCN sammgsaffect the accuracy of the
interpretation. Laser microdissectioffsas well as other cell separation metH8ds°have been
developed to separate samples completely prior to PCR, but theiapésatlow and requires
high precision to achieve pure separation.

In LCN DNA analysis (<100 pg or <33 copy template), many methualse been
developed to enhance the PCR efficiency, including increasing thifieation cycle numbé,
nested PCKE' and whole-genome amplificatil but they usually suffer from profile
imbalance, allele drop-out/in, high stutter peaks, and sporadic asgtpet contamination
problems. One promising method is template concentration and reduceckvéIiCR to
improve the sensitivity”> *** However, the minimum volume of 5 pL which can be performed
in a tube has kept researchers from exploring smaller volumest-PER purification prior to
the CE separation using spin columns has also proved useful for L@plesanalysis’®
Although the signal intensities could be increased up to 4 fold, thig stap in forensic STR
analysis is time consuming, increases the opportunity for saniplepand contamination, and
cannot resolve stochastic effects associated with PCRjnigmits extensive application in
forensic investigations. Improving the sensitivity of forensic Sying to single-cell level will
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not only benefit the LCN sample analysis, but also provide an uétimay to resolve a mixture
by generating a pure DNA profile from each individual cell present imalsa

The 48-lane integrated microsystem with high throughput and high seggutigposed
in the last section is an excellent platform for exploring siegle STR typing. However, the
first question will be “Is this microsystem sensitive enoughlidtect PCR products amplified
from single genome copy?” Previously, our group developed a ifutlgrated microdevice
which is capable of performing single-cell capture, reveesestriptase-PCR, post-PCR product
capture, inline injection and CE separation for gene expression isnafygingle cellS? From
this research, it is known that one single template can gersdrate 18 DNA fragments which
are produced by 85 % amplification efficiency and 30 PCR cytlefor STR multiplex
amplifications, we can thus project that’® 2010' DNA fragments will be generated for each
allele in a single genome template. The limit-of-detectioouwfscanner system is ~20 pM of
fluorescein dye sampl¥8, which is equal to ~3xf0molecules in a injection plug. Since the
capture inline injection structure integrated in the 48-lane migroeleean provide similar CE
injection efficiency to that in the microsystem for gerpression analysis of single cells, PCR
products generated from a single template should be readilgtalgdee using the 48-lane
integrated microsystem.

In single-cell STR analysis, we are also concerned aboutastic effects, which are
stochastically-induced allelic imbalance and drop-out of one or btelesabwhen only a few
genomic DNA equivalents (<100 pg or 33 copies) are used to inRE@R. The stochastic
effects are likely induced by a combination of three factojsTémplate loading variation.
When adding low-concentration genomic DNA preparations into a P&®as, the actual copy
numbers of each chromosome present in the tube conform to the Poissbatidist resulting
in the variation of PCR amplification on each allele. For exaniipthe expected copy number
of template in a PCR reaction is 3 copies, then according to dfesd@ distribution the
probability that the copy numbers of all 30 chromosomes used in the Bexiet6 kit will fall
into the range of 1-5 copies is only 1.35 % (assuming each is introducqeena@atly).
Furthermore, the probability that at least one chromosomenuaiilbe present at all is 88.7 %.
This statistical analysis reveals the fundamental cause efdbkastic variation of DNA profiles
analyzed by conventional means. (ii) Accessibility of DNenplate to primers. Due to
chromosomal sequence and structural variations, the target region lochegamosome may
provide different accessibility to corresponding primers, resylith imbalanced STR profiles.
Since the accessibility is highly related to template sirest it should be reproducible. (iii)
Preferential amplification of alleles. This factor is naickiastic, but is well determined by the
thermodynamics of allele sequence and length. Thus repeated tfypagre samples should
yield similar profiles. Problems ii and iii can thus be corrected or balarycelueimical means in
the PCR reactions.

The “template loading variation” problem can be resolved by iategy a single-cell
capture structure into the microchip. Single-cell loadingowedld by direct PCR amplification
provides efficient sample transfer from a uL sample tube to B@R reactor and guarantees
that each allele has exacthe same starting template number (1 copy) for each allelic.target
enable single-cell capture on the chip, our group has successfuljyoped a cell capture
method using DNA hybridizatiot: 1’® " In this method, a size-limited 25x25-um gold pad is
microfabricated inside the PCR chamber for single-cell capByreising a surface modification
method described previousl{/, capture oligos (~20 bases) are deposited onto the gold pad and
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the complementary oligos are attached to the cell surface.pfbcedure of covalently attaching
ssDNA to cell surface is as follows: Thiolated singlewstied DNA is first exposed to 20 pL of
the NHS-PE@Maleimide solution at room temperature for 10 minutes. Theiogaistpurified
by passing through a NAP-5 column that is pre-equilibrated with $#8ion (pH 7.2). The
modified ssDNA is then incubated with suspensions of live cell8B & room temperature for
30 min, and then washed three times with PBS. Up to 120,000 DNA stramdsbe installed
on each cell. Cells with ssDNA barcodes on their surfadebeisuspended in the PCR cocktail
and drawn into all the PCR reactors by vacuum. When a cell ioessthe gold cell capture pad,
DNA hybridization occurs between the ssDNA on the cell and theé gadl. Since the size of
gold pad is so small, only one cell can be captured and the uncaptisedegashed out of the
system using a well-mixed PCR cocktail without cells. In #&lane high-throughput
microsystem, gold pads can be easily microfabricatedlithal PCR chambers to facilitate
single-cell capture.

Besides adjusting primer concentrations in a STR typing Kkit,“dlceessibility” and
“preferential amplification” factors can also be significamibytrolled by operating the PCR in a
nanoliter volume scale. Recent reseftcf® *"°has demonstrated that PCR in pL-nL ranges
could achieve a single-copy template detection limit due maialyincreased template
concentrations and decreased diffusion distances in such small véfurResl-time PCR from
single copy template in 10 pL droplets {&naller than conventional reaction volume) showed
real-time PCR amplification curves with a cycle threshold ¢€t18. This is 20 cycles earlier
than that in commercial instrumerit8. This expected Ct shift of ~19.8 cycles (which compares
with a 3.3-cycle threshold shift per 10-fold increase in stadopy concentration) indicates that
decreasing the reaction volume has the same effect on PCRrefji as increasing the template
concentration. For example, by loading a single copy tempiagée 100 nL reactor, the PCR
product concentration generated should be similar to that from 250 co@me2biquL reaction,
which is already out of the LCN amplification range. This coneiugs also reasonable from
the view of PCR kinetic¥" '® In a multiplex PCR reactions, the hybridization of primers a
templates is the key step to ensure balanced amplificationsh tdigplate concentration
produced by limited diffusion space favors the formation of primeplate complexes, which
dramatically reduce the effects of preferential ampliiicat Thus, single-cell STR typing
should be enhanced by performing PCR in nanoliter volume scale.

The proposed 48-lane microdevice with microfabricated gold pads inGRer@actors
will provide a reliable and robust platform for forensic STR typaigsingle cells due to its
seamless integration of multiple analytical steps, automatedatape process, and 100%
efficient sample and product transport and analysis. This syssrthe potential to become the
ultimate way for resolving mixture samples in forensic ingagtons, where intact cells can be
recovered from evidence. For visually distinguishable cell migturach different cell can be
selectively loaded and typed on the device to get DNA prdiitea each cell type. But for
indistinguishable cell mixtures, we can repeatedly type randompiuced single cells to
statistically obtain DNA profiles of all the cells and the ratio of tgglés in the mixture.

Additionally, the enhanced process efficiency that is developekisrhigh-throughput
PCR-cleanup-CE microdevice will dramatically enhance the pedioce of LCN and degraded
DNA typing even when it is not in the stochastic single copymeg Moreover, this fully
integrated system could significantly reduce the time itsakeamplify and separate the DNA
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samples and improve the reliability of these analyses, thusvebsitmpacting the throughput
needs of forensic laboratories.

6.4 Conclusions

Current forensic STR analysis is slow, requires signifitachnical expertise, and calls
for the use of dedicated forensic laboratories. There is no doubt Nt tiping will be
significantly improved by automation, miniaturization, and integratiothefoverall analytical
process. Microfabrication technology possesses all the advanthgds are needed to realize
this goal. The integrated microsystems developed in this diisarsuccessfully address these
issues by integrating novel techniques of sequence-specific [BNAaction and sample
relocalization in PCR reactors with improved techniques of on-chig-EE and post-PCR
sample capture inline injection for multiplex forensic STR asialyWith these techniques, the
integrated low-volume analysis will speed up the human identification praog$sveer the cost
of investigation, helping to solve crimes and bring criminals to gists well as to free the
wrongly accused in a timely manner. This work is a sigmficailestone towards a portable
device that allows an individual with minimal training to perfdanighly sensitive, rapid DNA
analyses in a setting outside of forensic laboratories.
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