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1 Introduction
1.1 Bioanalytical Microfuidics

Analytical chemistry performed on biological systems (i.e., bioanalytical chemistry) is
used to derive information vital for improving human health and solving crime. Such
information is obtained by determining the presence, quantity, and/or quality of
components of a biological system. Bioanalysis is extensively applied in medical and
forensic settings, as well as in basic biological research, to improve human health, facilitate
justice, and elucidate truths of biological systems for greater understanding of our own
biology and the biosphere in which we live.

Bioanalytical testing is traditionally

performed using small volumes of liquid in test tubes, and testing requires performing
many operations on these tubes.

Shrinking these test tubes down to sub-millimeter

length scales, and connecting them together, is a conceptual framework for microfuidic
devices.

Microfuidic devices ofer signifcant improvements in sample and reagent

economy, substantial reductions in assay duration, multiplex capability, and portability of
testing instrumentation.

Furthermore, the unique properties of micro-scale fuid

handling have been used to study biological systems in ways that were previously
impossible.
Fluid containers with sub-millimeter dimensions demonstrate a distinctive set of
physical phenomena. Te size scales for microfuidic devices are depicted in Figure 1.1A.
Microfuidic channels and chambers have high surface area to volume ratios (SA:V),
which scale nonlinearly with length dimensions Figure 1.1B. At sub-millimeters length
scales, the surface tension and contact angle of microchannels become the dominant
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forces, as opposed to gravitational forces which generally dominate fuid localization at
the macroscale. Due to the high SA:V, adsorption of important macromolecules can
substantially deplete those species from the liquid, and compensation strategies such as
surface passivation may be required to maintain adequate concentration of essential
reagents. Bubbles are stabilized by the dominance of surface tension forces, and bubbles
are often confned within microfuidic architectures, causing problems such as obstructed
fow and damage to living cells. Another consequence of the large SA:V is that heat
transport between the liquid and the substrate is dramatically increased (heat fux is
proportional to the contact area),. Tis makes rapid thermal modulation possible[1] and
enables more extreme operation of heat-generating processes, such as electrophoresis,
possible without detrimental overheating.

Moreover, the well-defned dimensions of

microfuidic systems often allow for precise introduction of external forces (including
electromagnetic radiation, electrical felds, acoustic felds, magnetic felds). Liquid within
microfuidics also falls into the laminar fow regime, where layers of fuid can fow
together without turbulent, convective mixing. Tese are just a few of the characteristic
physical phenomena that must be accounted for, and often utilized, when working with
microfuidic systems.
Traditional substrates for microfuidic technologies were silicon and glass, due to
the well-established micropatterning techniques available through the microelectronics
industry.[2]. Photolithography and wet chemical etching have been extensively applied to
microfuidic device fabrication.

While the properties of silicon and glass are often

desirable (e.g., high thermal and acoustic conductivity, excellent optical properties (glass),
mechanical strength of microchannels, etc.), the cost of the materials and the fabrication
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Figure 1.1: Length scales and volumes of microfuidic technology. A.
Logarithmic chart of liquid volumes and associated sizes B. Study of
the relationship between surface area and volume.

facilities required for these microfuidic substrates has led to a large-scale movement to
develop microfuidic devices in polymeric substrates.

Polymers such as

-polydimethylsiloxane (PDMS), polymethylmethacrylate (PMMA), and cyclo-olefn
copolymer (COC) have seen extensive use due to their low cost, favorable optical
properties, and the variety of methods[3] in which micro-scale channels and features can
be formed in these materials.

1.2 Commercialization of Microfuidic Technologies

Bioanalytical microfuidics have matured signifcantly in the past 15 years and

commercialization has put microfuidic devices in the hands of end
users[4][5][6][7][8][9].

Bioanalytical microfuidics is a deeply interdisciplinary feld

where experts from cell biology, electrical and computer engineering, mechanical
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engineering, analytical chemistry, clinicians, and biologists meet. Microfuidic systems
ofer both improvements of traditional methods as well as enabling new techniques that
would not otherwise be possible.

After a surge of commercialization eforts for

bioanalytical microfuidic devices, such as the widely successful Agilent 2100 Bioanalyzer
and Abbott iSTAT platforms in the early 2000s, commercialization and adoption of
bioanalytical microfuidics have been modest but steady while the technology was refned.
Note that in some cases, the primary selling point for microfuidic technologies was the
improved performance versus conventional methods aforded by the unique physics of
microfuidic devices (e.g., for the Agilent 2100, Figure 1.2A). In other cases, the primary
selling points have been portability and multiplex capabilities that ofer logistical
improvements over existing methods despite analytical performance equal to or lower
than conventional methods (e.g., the Abbott iSTAT product line[10][11] (Figure 1.2).
Te Agilent 2100 instrument was used extensively by this author in the proceeding
chapters.
Literature suggests that microfuidic devices have generally performed well for
early adopters, but perhaps haven't yet made a transformative impact on bioanalytical
testing. One reason for this is may be that microfuidic products have been (naturally)
implemented frst in operational bioanalytical labs for evaluation.

In this setting

performance gains may have been seen as incremental (as opposed to enabling disruptive
change) because the conventional techniques were readily available to these early
adopters. Arguably[12], the external hardware and technical expertise required to operate
microfuidic devices have been the most signifcant obstacle to deployment of microfuidic
technology in the feld and at the point-of-care, although refnements in microfuidic
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Figure 1.2: Two early examples of commercially successful microfuidic products. A. Example of a
commercial microfuidic product that ofers better performance than traditional methods. (i) Te Agilent
2100 Bioanalyzer instrument and accessories. (ii) Te DNA 1000 microfuidic devices utilizes the rapid
heat dissipation of glass and the reduced joule heating of micro-scale channels to perform rapid separations
of DNA fragments. (iii) Comparison of electrophoretic data in 2D slab gel format demonstrates the
enhanced resolution of the microfuidic DNA separation versus a traditional polyacrylamide slab gel show
superior resolution and turn-around time for the microfuidic method. B. Example of a commercial
microfuidic product (Abbott Laboratories iSTAT) that specializes in improved portability and multiplex
testing.

device design and instrumentation are making signifcant strikes towards overcoming
these obstacles. Te potential benefts and impact of microfuidic technology have not
changed, and have almost certainly increased with the proliferation of microfuidic
techniques in the literature.
Several complex, and challenging hurdles lie between a proof of principle
microfuidic technology and a commercially available system with demonstrated utility.
One signifcant challenge is the technical achievement of a practical microfuidic
diagnostic device because integrating disparate bioanalytical processes on a single
microfuidic device technology poses a complex landscape of engineering and logistical
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challenges. (Tere are a host of issues in the business development side of microfuidic
diagnostic device commercialization, yet these are beyond the scope of this thesis and the
reader is directed to recent reviews on this topic [5,6].) Technical considerations for
microfuidic device development include bioanalytical assay considerations (assay
suitability for target application, operability on microfuidic platforms, and ease of
integration with upstream and downstream processes), engineering considerations for the
microfuidic device and its associated hardware (microstructure manufacturing decisions,
cost and performance tradeofs for associated instrumentation, etc.)Te inter-relatedness
of design and production challenges for bioanalytical testing was recently summarized by
Ríos et al. [12], as seen in Figure 1.3.
More involved bioanalytical processes, especially analysis of nucleic acids, have
created a need for microfuidic devices capable of integrating several separate processes in
one device to yield meaningful data. Early drivers in point-of-care nucleic acid testing
were actually methods for detection of biowarfare agents funded by the United States
Defense Advanced Research Projects
Agency (DARPA)[13] and this patronage
continues to this day (e.g., [14]). Rapid
genetic analysis for the purpose of forensic
human identifcation is an application that
has seen intense interest[15–17][le Roux et
al. 2014, in prep]. Biomedical applications
have included microfuidic handling of rare
cells[18], such as circulating tumor cells

F i g u r e 1.3: C o n c e p t u a l w o r k f o w f o r
development of bioanalytical microfuidic
systems. (Adapted from [9])
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(CTCs) or fetal cells in maternal blood, has also resulted in signifcant research eforts
and the release of commercial products such as the Veridex Cell Search instrument which
has gained US FDA approval for the isolation of CTCs bearing epithelial cell surface
antigens. Integrated biomedical testing has been commercialized by Cepheid and others
to combine several bioanalytical steps into one integrated device (Figure 1.4). Te
microfuidic diagnostic test market is currently a burgeoning feld, crowded with industry
giants as well as many promising startups[19][5,20].

Figure 1.4: Conceptual overview of a commercial integrated microfuidic platform for RT-qPCR molecular
diagnostics. A. Te GeneXpert series instruments (produced by Cepheid Inc.) are bench-top devices. B.
Disposable cartridge for integrated molecular diagnostics. C. Exploded view of cartridge. D. Process fow
for generation of diagnostic information from raw samples containing cells of interest. (A and B adapted
from [21], C and D adapted from materials provided by Cepheid [https://www.youtube.com/watch?
v=mIsBLmjus6Q])
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1.3 Concluding Remarks and Preface for Upcoming Chapters

Various aspects of bioanalytical microfuidic technology development are described in the
chapters that follow. In particular, development of microfuidic devices for analysis of
nucleic acids (the steps of which are diagrammed in Figure 1.5) has been the primary end
goal for all of the research eforts in this thesis. With the pharmacogenomic genotyping
project described in Chapter 2, we sought to improve medical care by putting out an
inexpensive, rapid testing method for an application where the acquisition of genetic
information is time sensitive[Epstein] (thus utilizing a key strength of bioanalytical
microfuidics: accomplishing a conventional laboratory procedure in less time).
Compatibility with microfuidic platforms was considered from the inception of this assay
development. Te bulk of the complexity for this multiplex genotyping assay was derived
from careful choice of nucleic acid sequences, and this “bioinformatics engineering”
reduced the cost of reagents (e.g., simple unmodifed oligonucleotides were used),
required less complex of instrumentation (e.g., single-color electrophoresis versus
multiple-color detection methods), and paved the way for integration on a single
microfuidic substrate by reducing the number of steps needed (e.g., avoided complicated
multi-step workfows of other SNP typing methods) and increasing the compatibility
with upstream and downstream bioanalytical processes. Chapter 3 describes practical
implementation and upkeep of systems for microchip electrophoresis (ME) and laser
induced fuorescence (LIF). ME-LIF methods ofer fast and high resolution separations
of biomolecules by taking advantage of microfuidic attributes (e.g., microscale channels
for rapid heat dissipation). Tis instrumentation can be combined with microfuidic
devices for a variety of bioanalytical purposes that include DNA separations, DNA melt
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curve analysis, fuorescence emission
spectral analysis, fow cytometry,
fuorescence-based thermometr y.
Ch a p te r 4 de s cr ib es m icro c h ip
fabrication via laser ablation for rapid
prototyping of microfuidic devices.
Primary goals of this work were to fnd
methods that were both easy to
implement and accessible to a wide
variety of researchers (due to the
increasing availability of laser engraving

Figure 1.5: Generalized fowchart for bioanalysis of
nucleic acids. (Adapted from [19])

instruments and the widespread
availability of the commercial glass cover slips and PDMS sheets that were used). With
the acoustic trapping work in Chapter 5, we tried to apply acoustic trapping methods for
the trapping and enrichment of pathogenic bacteria to prepare samples for subsequent
genetic analysis.
Chapter 6 covers the combination of acoustic trapping and ultrasound-mediated
heating for bioanalytical processes related to mammalian cells (e.g., circulating tumor
cells). Design, fabrication, and evaluation was conducted for 2 major types of printed
circuit board-mounted ultrasonic transducers capable of acoustic trapping. Te
complexities of heating with resonant ultrasound were empirically deduced and applied
for controlled heating within microfuidic chambers. A thermophilic protease was utilized
for thermally-switchable cell lysis to achieve in situ integration of acoustic cell trapping
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and cell lysis. Te efects of ultrasound on DNA aggregation were explored, and
ultrasound-mediated compaction of condensed DNA states were observed. Heating with
resonant ultrasound was applied for conducting PCR and a product specifc to the
genome of E. coli was successfully amplifed.
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2 Warfarin Genotyping in a Single PCR Reaction for
Microchip Electrophoresis
2.1 Introduction:

Te anticoagulant medication warfarin has been the leading oral anticoagulant for the
past several decades[1,2]. Unfortunately, warfarin can also cause unsafe bleeding events,
and it has been identifed as the second leading cause of drug related emergency room
visits[3].

Initiation of warfarin therapy is complicated by many factors, including a

narrow therapeutic index, drug interactions with a wide range of pharmaceutical and
dietary compounds, and substantial inter-patient variability in warfarin sensitivity. Tis
inter-patient variability is due, in part, to genetic factors. Warfarin is metabolized by
cytochrome P450 variant 2C9 (CYP2C9), and the *2 and *3 single nucleotide
polymorphisms (SNPs) of CYP2C9 result in impaired clearance of warfarin[1]. Tese 3
pharmacogenetic targets are illustrated in Figure 2.1.

A major haplotype of the

pharmacological target of warfarin, Vitamin K Epoxide Reductase, Complex 1
(VKORC1), is predictive of increased sensitivity to warfarin, as determined by SNPs 6853
(-1639A>G) or 6484 (1173C>T) [4,5] (Figure 2.2).

Other SNPs evaluated for

predicting warfarin sensitivity include CYP2C9 *4 and *5, APOE *E4 and GGCX, but
their predictive value has been modest and inconsistent between patient populations[6].
A high-dose genotype, CYP4F2 (rs2108622; p.V433M), has recently been identifed[7],
but this SNP does not impart sensitivity to warfarin. Furthermore, non-(dose-related)
SNPs have been found to afect bleeding while in target INR[8], possibly warranting
their incorporation into pharmacogenetic profling in the future. Substantial portions of

13

Figure 2.1. Genetic factors related to warfarin sensitivity in the pharmacological
target and clearance pathway of warfarin.

many patient populations carry genetic factors conferring warfarin sensitivity[9][10], and
a summary of allele variants in the US population from Schwarz et al.[10] is reproduced
in Table 1. Te CYP2C9 and VKORC1 genetic factors account for between 40% of interpatient warfarin dosing variability in typical clinical setting[1,11], and a recent study in
healthy control subjects found that approximately 62% of the variability in stable warfarin
dose was explained by genotype[12], as shown in Figure 2.3.
An ongoing controversy exists over the clinical utility of warfarin
genotyping[13,14], but recent prospective clinical trials have shown statistically
signifcant improvement in patient outcomes when genotyping was performed prior to
warfarin dosing[11,15,16]. In a recent study by Epstein et al. knowledge of the CYP2C9
a n d VKORC1 genotype was found to reduce hospitalizations from bleeding or
thromboembolism by 43% versus non-genotyped control groups[11].

Importantly,

genotyping was most useful prior to initial dosing because its clinical utility decreased
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Figure 2.2. Linkage analysis of VKORC1 SNPs by
Rieder et al. revealed 5 SNPs that were discriminatory
for the VKORC1 haplotype. Of the 5 discriminatory
SNPs, 4 were found to be unsuitable for TARMS by
either bioinfomatics analysis or empirical testing (for
6853). Figure adapted from Rieder et al. [4].

Table 1. Te frequency of alleles related to
warfarin sensitivity in the US population was
evaluated by Schwartz et al.[Schwartz], and
their fndings are reproduced here for
demonstration purposes. (Source: Schwarz et
al. [10])

once monitoring of INR had begun and dose adjustment was performed empirically.
Many testing methodologies (but certainly not all, see Table 2) have a lengthy turnaround time that precludes pre-dosing genotyping in emergency cases. Assays with rapid
turn-around times are key to maximizing the utility of warfarin genotyping.
In the past few years some new oral anticoagulants (e.g., dabigatran (Pradaxa®),
rivaroxaban (Xarelto®), and apixaban
(Eliquis®))[17] have come to market.
Current dosing trends show a slow
adoption of these new drugs[18], perhaps
due to medication cost considerations (only
branded formulations are available) or due
to physician caution given the death of
phase 4 safety and efcacy data. For the
near term, warfarin will continue to be the

Figure 2.3. Warfarin dosing was correlated
with genotype by Kadian-Dodov et al.[12].
Te necessary cumulative dose of warfarin
needs to reach 2 consecutive days within a
target INR between 2 and 3.
Lower
cumulative doses are indicative of greater
sensitivity to warfarin. (Source: [[12]Table 1
and Figure 2.)
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predominant oral anticoagulant, and maximizing the safety and efcacy of warfarin
dosing through pharmacogenetics remains important.
Cost considerations also impact the feasibility of routine warfarin genotyping.
Tests for warfarin genotyping currently cost on average USD 250[19,20], and many
insurers will not reimburse at this price[11,15]. Further complicating matters is that
many pharmacogenetic tests do not have a defned insurance billing code[21], but instead
depend on generic laboratory testing codes. Cost considerations for warfarin genotyping
platforms include the cost of reagents and consumables, up-front instrumentation costs,
and the amount of handling required[22]. Te economics of warfarin pharmacogenetic

Table 2. Comparison of commercial warfarin genotyping products with the assay described in this paper.
Characteristics of the four commercial systems were derived from summary information in the reviews cited
in the last row of the table. [*for manual loading of the chip for microchip electrophoresis (ME)]
(Reproduced from [43])
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Figure 2.4: Termal cycling and the polymerase chain reaction (PCR). A. Representative plot of
temperature versus time annotated with DNA denaturation (1), primer-template annealing (2), and DNA
fragment extension (3). B. Diagram of the frst cycle in PCR. Template DNA strands are shown in blue,
primers are shown in red, and newly-synthesized DNA is shown in green. Taq polymerase is represented
by the green sphere in (2) and (3). C. Diagram of subsequent PCR cycles leading to amplifcation of the
original template sequence.

testing create a demand for low-cost genotyping, with low instrumentation costs and
good economy for a relatively low volume of samples.
To address both cost and turn around time concerns, we set out to design an assay
that would use widely available reagents, widely available laboratory equipment, and rapid
microchip gel electrophoresis instrumentation. Te polymerase chain reaction (PCR) is

17

diagrammed in Figure 2.4. Published methods for warfarin genotyping include allelespecifc PCR [23][24], PCR with ligation [10], single base extension [25], PCR with
restriction digestion [26][27], pyrosequencing[27], melt analysis [28], and quantitative
PCR [29,30]. Despite the wealth of published genotyping methods, either multiple PCR
reactions are required, dedicated equipment is needed, or the assays call for sample cleanup steps that complicate analyses. In particular, we sought a genotyping method that
required only a single PCR amplifcation followed by microchip electrophoresis, as this
would be well suited to an integrated microfuidic device [31]. One such method is the
amplifcation refractory mutation system (ARMS) [32] where primers anneal to the SNP
site at their 3’ end. Under optimal conditions, Taq polymerase will not extend a primer
that does not exhibit canonical Watson-Crick base pairing with the SNP site base of the
DNA template [33]. ARMS assays provide a digital ‘yes/no’ answer for one allele based
on the presence or absence of the allele-specifc amplicon. When two pairs of ARMS
primers are applied to one SNP, unambiguous genotyping of bi-allelic SNPs is achieved,
in what is called tetra-primer ARMS (T-ARMS) [34][35][36]. Both ARMS [23], and
T-ARMS [24,37] have been applied to pharmacogenetic testing, but a fully-multiplexed
T-ARMS assay for warfarin genotyping has not been described. Recently, guidelines
were published for optimizing T-ARMS assays[38], and several of these principles were
independently implemented in this work. Tis chapter describes steps taken to multiplex
three T-ARMS primer sets together for defnitive determination, in one PCR reaction, of
CYP2C9 *2, *3, and VKORC1 genotypes utilized in warfarin dosing algorithms.
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2.2 Materials and Methods
2.2.1 Assay Scheme
Te allele-specifc ARMS SNP typing method was chosen initially due to its
compatibility with microfuidic PCR. Te ARMS scheme for genotype a single locus is
shown in Figure 2.5, where 2 allele-specifc primers bind to the same site on the same
template strand. Te allele-specifc primers were to be diferentiated by fuorescent labels
or electrophoretic mobility modifers. Tis assay scheme was used to initially genotype a
small cohort of 4 samples. However, a genotyping methodology was sought that would
diminish the demands on the microchip gel electrophoresis detection system to a single
laser-induced fuorescence color.
A novel multiplex T-ARMS assay was envisioned to allow single-reaction
genotyping for the 3 SNPs using a conventional thermocycler and the popular Agilent
2100 microchip gel electrophoresis platform.

Te multiplex T-ARMS scheme is

diagrammed in Figure 2.6. As with the ARMS assay, allele specifcity is derived from the
primers (Figure 2.6A). Either of two “inner” allele-specifc PCR products maybe formed

Figure 2.5. Te amplifcation refractory mutation system (ARMS) for a single SNP site.
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Figure 2.6. A. Te assay utilizes the high selectivity of Taq polymerase for allele-specifc amplifcation of
PCR primers. B,C. Four primers are needed per locus, forming 1 or 2 allele-specifc products and a control
product. D. Tree SNPs are simultaneously genotyped by multiplexing three primer sets. E. Mock
electropherograms depict how genotype data is derived from the electrophoretic data (arrows indicate the
CYP2C9 *2 specifc product). Figure reproduced from [43].

along with an “outer” PCR product as an internal positive control (Figure 2.6B and C).
Tree SNP sites were genotyped by developing non-overlapping T-ARMS PCR products
(Figure 2.6D).

When the PCR products were separated by size via microchip

electrophoresis, each genotype generated a characteristic pattern of peaks (Figure 2.6E).

2.2.2 Sequence Analysis, Primer Design, and PCR Simulation
Sequences for the single nucleotide polymorphisms were obtained from the National
Center for Biotechnology Information (NCBI, Bethesda, MD, USA): CYP2C9 *2
(430C>T; rs1799853), CYP2C9 *3 (1075A>C; rs1057910), VKORC1 6853 (1542G>C;
rs8050894), and VKORC1 6484 (1173C>T, rs9934438). Comparisons to homologous
sequences were made with the NCBI basic local alignment search tool (BLAST)[39] for
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nucleic acid sequences. Te annotated BLAST alignments provided in Figure 2.7 and
Figure 2.8. show regions of the nucleotide sequence dissimilarity between CYP2C subtype
9 versus homologous subtypes.

BLAST alignments for 2 SNPs of the VKORC1

haplotype are given in Figure 2.9 and Figure 2.10. Outer primers for the VKORC1 6484
primer set were designed using the Primer3 online primer design tool [40]. PCR was
simulated in silico with AmplifX (Jullien N. AmplifX version 1.44. 2007) and Amplify 3X

Figure 2.7. CYP2C9 *2 BLAST alignment. Signifcant homology was found with the closely-related genes
CYP2C19, CYP2C18, and CYP2C8 and a homologous pseudogene.
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Figure 2.8. CYP2C9 *3 BLAST alignment. Various iterations of primers are also shown aligned to the
sequence.

(Engels B. Amplify 3X for Mac OS X. 2005) as exemplifed by the screenshot in Figure
2.11.
To apply the T-ARMS assay methodology to warfarin pharmacogenetic testing, 3
compatible primer sets were designed to determine the genotypes of the CYP2C9 *2, *3,

22

Figure 2.9. VKORC1 6853 (1542G>C) BLAST alignment.

an d VKORC1 loci in a single multiplexed PCR reaction.

Highly homologous genes

(CYP2C19, CYP2C8, CYP2C18) necessitate CYP2C9 subtype-specifc outer primers as
well. A library of potential primers was generated from the multiple candidate primer
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Figure 2.10. VKORC1 6484 (1542G>C) BLAST alignment.

binding sites (see Figure 2.12). Ten within this library of potential primers the exact
lengths were carefully chosen both to normalize the predicted T m values of the primers
relative to each other, and to fnd compatible theoretical amplicon sizes.

T-ARMS

primer sets consisting of 2 outer primers and 2 inner primers were chosen for each of the
3 SNP loci. Priority was given to primers that yielded products with unique sizes within
the assay so PCR products were identifable by size via microchip electrophoresis.
To enhance allele- or subtype-specifcity, primers were given an intentional
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Figure 2.11. PCR reactions were simulated in the Amplify3X program. First the target sequence and primer
sequences were specifed, then the program produced graphical summaries of predicted PCR products- a
screenshot of which is shown here (A.). Simulations also produced text-based sequence and primer-dimer
information such as primer dimer predictions (B.).

Figure 2.12. After identifying sites of sequence unique to CYP2C9, primer design was accomplished by
manually screening primers based on their metrics reported by the AmplifX program.

mismatch to destabilize the 3’ end to ensure that efective priming would only occur if the
terminal base matched the template. Te thermodynamic stabilities of mismatched bases
(e.g. A:A, A:C, A:G) are not uniform [41], and thus the position and base of the
intentional mismatches were selected to normalize the stability of the 3’ ends of the
primers. Primer dimers predicted to be very stable were averted by adding an additional
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Figure 2.13. BLAST alignment of a portion of the CYP2C9 *2 SNP showing the placement and sequence
of select primers. Dots indicate there is no diference in sequence, dashes indicate insertions or gaps relative
to the CYP2C9 sequence, and letters indicate base substitutions. Note that the *2 reverse outer primer is
not shown in this view. Reproduced from [43].

intentional mismatch in the middle of the primer where dimerization would have
occurred. To avoid overlapping product sizes, the lengths of the VKORC1 products were
increased by adding a string of poly-AT bases at the 5’ end of the primers. Finally, the
length of each primer was adjusted to yield primers with compatible annealing
temperatures (Tm’s).

One example of a CYP2C9-specifc primer binding site found

through these computational studies is shown in Figure 2.13. Te fnal set of primers is
shown in Table 3.
Table 3. Primers for warfarin multiplexed T-ARMS assay. Lowercase letters in primer sequences indicate
intentional mismatches versus the genomic template. Primer melting temperatures were calculated without
factoring in the efect of mismatches versus the template. Reproduced from [Poe 2012].
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2.2.3 Primer Preparation and Conventional PCR
Primers were synthesized by Eurofns MWG Operon (Eurofns MWG Operon,
Huntsville, AL, USA); lyophilized primers were suspended in de-ionized water and
working stocks were prepared at 20 µM in diH 20 or 100 µM tris pH 8.0 and stored at -20
ºC. Tris bufer, deoxynucleotide triphosphates

(dNTPs) and bovine serum albumin

(BSA) were obtained from Fisher BioReagents (Fisher Scientifc, Pittsburgh, PA, USA).
AmpliTaq Gold polymerase, GeneAmp PCR Bufer II, and 25 mM MgCl 2 were
purchased from Applied Biosystems (Life Technologies Corporation, Carlsbad, CA,
USA).

SpeedSTAR polymerase was obtained from Takara Bio Inc. (Shiga, Japan).

Cheetah Taq hot start polymerase was obtained from Biotium (Biotium Inc., Hayward,
CA, USA). Conventional PCR reactions were performed in a Bio-Rad MyCycler
thermal cycler (Bio-Rad, Hercules, CA, USA). As with all rapid PCR assays, thermal
cyclers should be validated for rapid thermal cycling [Kim 2008] prior to use for this
assay because non-ideal thermal cycling may adversely afect the specifcity and yield.
Post-PCR samples were analyzed by microchip gel electrophoresis using the Agilent
2100 Bioanalyzer DNA 1000 Series II kits and instrumentation (Agilent Technologies,
Santa Clara, CA, USA).
Primers were tested in conventional PCR amplifcation reactions at increasing
levels of multiplexing – frst in pairs, then the 4 primers of each SNP site, then all 12
primers together. Samples of known genotype were used as template to verify the allelespecifcity of the inner primers. Te closely related genes (CYP2C19, CYP2C18, and
CYP2C8) contain a wild type base in the site homologous to the CYP2C9 *2 and *3 SNPs,

27

and thus verifcation of the CYP2C9 subtype specifcity was possible because only a
mutant CYP2C9 sequence would generate a mutant-specifc amplicon.
To streamline analyses, an algorithm was written for the Agilent 2100 Expert
software (and a custom LabVIEW program was developed) (Figure 2.15) to interpret the
pattern of PCR product peaks and automatically report the genotyping results in standard
notation.

Data was processed in batch mode to perform genotype calling on many

samples at once.

Automated interpretation of raw detector data is an essential step for

useful point-of-care testing technologies, and setting up 2100 expert or utilizing the
custom LabVIEW program signifcantly simplifed the process of interpreting the pattern
of peaks in a given electropherogram.
Extensive parameter optimization studies were conducted during development of
this assay. For example, Figure 2.14 shows the experimental plan for a multi-parameter
optimization study. Several performance metrics were evaluated, including PCR efciency
(peak height), inner product to outer product balance, primer dimerization, CYP2C
subtype specifcity, and allele specifcity. Optimized thermal cycling conditions were: 2
min @ 95 ºC, 10 x [5 s @ 95 ºC, 5 s @ 62 ºC, 5 s @ 72 ºC], 25 x [5 s @ 95 ºC, 5 s @ 60
ºC, 5 s @ 72 ºC], 2 min @ 72 ºC. Te optimized reaction composition was found to be:
1X GeneAmp PCR Bufer II, 3 mM MgCl2, 0.075 µg/µl BSA, 0.2 mM each dNTP, 1
ng/µL hgDNA, primers in concentrations listed in Table 3 and 0.05 U/µL of Cheetah
Taq polymerase in a total volume of 20 µL.

2.2.4 Microchip PCR
Te PCR microdevices used in this work were fabricated in borofoat glass, and the

28

Figure 2.14. A sample PCR worksheet from a parameter optimization study during warfarin mutliplex TARMS assay development.

fabrication and operation processes have been previously described in greater detail[42].
Te PCR reaction mixture was identical to that described in the previous section, except
for higher concentrations of BSA (0.4 µg/µL) and Taq polymerase (0.1 U/µL).
Microchip PCR reactions required 4 µL of total volume to fll the microfuidic
architecture, with a PCR chamber volume of less than 1 µL.
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Figure 2.15. Custom software was developed to interpret the pattern of peaks in Agilent
2100 run data and call a genotype. A. Te algorithm, shown here in fowchart form, was
implemented in LabVIEW. B,C. Two examples of interpretation of electropherogram
peaks (i.) to produce a genotype (ii.).

Te dual modular microfuidic apparatus consisted of an infrared-mediated PCR
system and the Agilent 2100 Bioanalyzer microchip electrophoresis system (Figure 2.17).
Te hardware of IR-PCR system has been described previously [42], but this was the frst
implementation of thermal cycling with multiple annealing temperatures on this system.
Glass microfuidic devices (Figure 2.16) were fabricated via photolithography and wet
chemical etching.

2.2.5 Patient Samples
Clinical samples of pre-purifed human genomic DNA (hgDNA) from 10 de-identifed
individuals were obtained from the University of Virginia Pathology Department and the
Mayo Clinic.

Some samples were split and blinded to the experimenter to assess

30

F igure 2.17. Modular microfuidic platform for warfarin
genotyping consisted of 2 separate instruments: an infraredmediated microchip PCR system (left) and Agilent 2100
Bioanalyzer microchip electrophoresis instrument (right).
(Abbreviations: T/C (thermocouple), TAC (thermocouple to
analog converter), DAQ (data acquisition card). Reproduced
from [43]

reproducibility.

Figure 2.16. Glass microfuidic chips
for infrared-mediated PCR were
fabricated via traditional
photolithography and wet chemical
etching. Te microdevice is shown
flled with black ink for contrast.

Te CYP2C9 genotypes of the samples were determined using the

Invader® assay (UVA Pathology samples) or by an allele-specifc PCR assay (Mayo Clinic
samples). Te VKORC1 genotype at the 6484 locus was determined by bi-directional
sequencing of PCR products encompassing the SNP site.

Tirteen samples of de-

identifed hgDNA were prepared from buccal swabs, evaluated with the T-ARMS assay
while genotypes were unknown, then genotyped at all three loci by Sanger sequencing.
Some samples were obtained from patients already undergoing warfarin genotyping, and
therefore the population probably contained a high proportion of warfarin sensitive
genotypes relative to the general population. One dual heterozygote was encountered
(*1*2/AB) and readily genotyped by the T-ARMS assay, but other compound
heterozygotes were not part of this sample set. Tis collection of genotypes had at least
one homozygote for both wild type and mutant alleles and a heterozygote for each locus,
thus allowing verifcation of allele specifcity at each of the three SNP sites.
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2.3 Results

Te results of this study were initially computational, and a substantial amount of in silico
optimization was performed on a library of potential primers, followed by synthesis and
in vitro testing and optimization. A set of twelve primers, along with specifc PCR
reaction conditions, was empirically identifed for accurate and reproducible genotyping
of clinical samples. Following optimization in conventional equipment, this assay was
adapted to a dual microchip apparatus for more rapid analysis. Blinded samples of diverse
genotypes were genotyped by this method.

2.3.1 Study of SNP Site Suitability for T-ARMS Assay
Te sequences surrounding the *2 and *3 CYP2C9 SNP sites and fve SNPs
comprising the VKORC1 haplotype were analyzed to fnd primer sequences with the
subtype specifcity, allele specifcity, and product sizes required for this unique, single-tube
T-ARMS assay. Te sequence fanking the CYP2C9 *2 and *3 SNPs contained a few
regions unique to the CYP2C9 subtype, and some of these were exploited as subtypespecifc outer priming sites. Sequence analysis of 5 VKORC1 SNPs diagnostic of the low
or high dose haplotype [4] revealed that 4 out of 5 sites (381, 3673, 6853, and 7566)
contained repetitive sequence elements problematic for a T-ARMS primer binding
arrangement.

Te VKORC1 6484 (1175C>T) SNP site was found to lack repetitive

sequence or highly homologous sequence within the footprint of the T-ARMS binding
sites. Te linkage of SNPs between the two dosing-relevant haplotypes of the VKORC1
is shown above in Figure 2.2. Te suitability of the VKORC1 6484 site is opportune
because the 6484 site (like its counterparts 3673 and 6853) serves as a discriminatory
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Figure 2.18. Bi-directional sequencing
unambiguously determine the genotype
analyses are shown here for samples: A.)
B,C.) putatively homozygous wild type
heterozygous.

(using either Forward and Reverse primers) was utilized to
of samples at the VKORC1 4684 SNP site. Tree example
a homozygous mutant sample with fully concordant test results,
samples that were revealed by TARMS and sequencing to be

SNP for assigning the VKORC1 haplotype.

2.3.2 VKORC1 SNP Site Cross-Validation
Te results of several T-ARMS genotyping attempts were inconsistent with the
VKORC1 type reported by the source institutions of the human genomic DNA. To
determine the genotypes at the VKOCR1 6484 locus for certain, bi-directional sequencing
was conducted on the VKORC1 6484 outer T-ARMS PCR products.

Tree

representative sequencing analyses are shown in Figure 2.18. Te T-ARMS genotyping
calls were actually vindicated by the Sanger sequencing results.

Reasons for the

discrepancy are unknown, but could include a rare recombination event between the
VKORC1 SNPs in those samples, and/or a false negative for the VKORC1 mutant allele.
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2.3.3 Assay Troubleshooting and Optimization
Even after careful computational design, signifcant empirical optimization was
required.

Each of the nine PCR products comprising this assay were successfully

amplifed individually, and samples of homozygous mutant and wild type genotypes were
used to verify allele specifcity of all products, and in the case of CYP2C9 sites, subtype
specifcity as well. Where a wild type background would be expected from non-subtypespecifc amplifcation, conditions were identifed that gave no callable product by
microchip electrophoresis of the incorrect CYP2C9 subtype or incorrect genotype. Te

Figure 2.19. Parameter optimization experiment on a draft version of the warfarin multiplex TARMS assay
(using only the CYP2C9 *2 and *3 primer sets). Parameters studied were extension step temperatures (72°C
vs. 68°C), MgCl2 concentration (1.5 mM vs. 3 mM), and ionic strength via bufer concentration (1X vs. 2X
fnal dilution). Amplifcation performance metrics included PCR efciency (peak height), inner to outer
balance, primer dimerization, and allele specifcity (all samples wt/wt genotype, 111 bp and 145 bp are wtspecifc inner products. Replicates of the various conditions (n=2 each) showed nearly identical
amplifcation performance to each other as judged from the overlaid, aligned electropherograms.
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VKORC1 was similarly assessed for allele-specifcity. Several rounds of optimization
experiments, such as Figure 2.19, were carried out until adequate amplifcation efciency
and peak balance were achieved to preclude false positive and false negative test results.
To expedite analysis, faster polymerases were evaluated to replace AmpliTaq Gold. Te
SpeedSTAR polymerase gave reaction high efciency but was unsuitable for this assay
because the 3’>5’ exonuclease activity degraded the allele-specifc ends of the primers.
Finally, Cheetah Taq was selected for a 5-fold reduction in the initial denature time (from
10 to 2 minutes) while maintaining subtype- and allele-specifcity.
In some cases the efciency or specifcity of a specifc product was suboptimal and
targeted troubleshooting was required. Primer redesign was needed when, for example, a
prototype of the *1-specifc inner primer at the *3 site proved to be stable against *3
template due to relatively stable G:G mismatches.

Tis stable mismatch resulted in

nonspecifc amplifcation of the *1-specifc product (indicated with dashed box in Figure
2.20) to render a false *1/*3 result on a
*3/*3 template. However, selection of a
diferent intentional mismatch resolved
this problem, and produced acceptable
allele-specifcity as seen in Figure 2.20.
Furthermore, lowering the annealing
temperatures led to enhancements in
larger product formation, as shown in
the dashed boxes in Figure 2.20.

Figure 2.20. Examples of the efects of empirical
troubleshooting steps required for the multiplexed
TARMS CYP2C9 *2/*3, VKORC1 assay. †Te shape
of *3 outer peak is reproducible in all *3 homozygous
mutant samples. Reproduced from [43].
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Te CYP2C subtype specifcities of the CYP2C9 *2 and *3 outer primers were also
assayed using a restriction endonuclease digestion. Bioinformatics tools were used to
generate the sequence of PCR products that would arise from the other CYP2C subtypes
if the specifcity for CYP2C9 was low. NCBI BLAST was used to align the sequences
between the primers, and alignments were found: CYP2C9 *2 site showed homology with
CYP2C19, CYP2C8, and a pseudogene; CYP2C9 *3 site showed homology with
CYP2C19 and CYP2C18. Te primer sequences were then prepended and appended to
the aligned sequences to generate the putative sequences for amplicons generated by the
*2 and *3 outer primers. Restriction sites between the putative products were compared
using the program EnzymeX (http://www.mekentosj.com/enzymex/, supported by the

Figure 2.21. Use of bioinformatics and restriction endonuclease digestion to probe CYP subtype
specifcity. A,B. Restriction site map of the outer products and putative amplicons from homologous
sequences in other subtypes for the CYP2C9 *2 primer set (A) and the CYP2C9 *3 primer set (B). C.
Electropherogram of digestion of lambda phage genome with BglII to confrm enzyme activity. D.
Electropherogram of digestion of lambda phage genome with HinfI to confrm enzyme activity. E.
Electropherogram of digestion of a diferent PCR product (VKORC1 outer) with HinfI to confrm
enzyme activity on PCR products. Te inset box shows the restriction map for this PCR product. F.
Electropherogram of *2 and *3 outer products with and without BglII digestion. G. Electropherogram of
*2 and *3 outer products with and without HinfI digestion.
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Netherlands Cancer Institute, Version 3.1) and Microsoft Excel. Restriction sites unique
to the putative non-specifc products were identifed and the enzymes HinfI and BglII
were chosen, with maps from restriction sites shown in Figure 2.21A,B. Enzyme activity
was confrmed for the lambda phage genome Figure 2.21(C, D) and for an unrelated
PCR product (the VKORC1 4684 outer product) Figure 2.21E. Digestion reactions were
conducted to assay for non-subtyped-specifc amplifcation of the CYP2C9 *2 and *3
outer primer pairs. Individually amplifed *2 outer and *3 outer PCR products were
combined (ratio 1:1) then digested with BglII Figure 2.21F or HinfI Figure 2.21G. Te
restriction digestion results were in concordance with the observed lack of wild-type allele
seen in homozygous mutant patient samples. No digestion was observed: none of the
predicted digested products were observed and the product peak heights did not decrease
following digestion. Te restriction digest study indicated that the CYP2C9 subtypespecifc ARMS outer primers were indeed specifc to CYP2C9.
Next the primer sets were multiplexed together frst by locus, then the complete
ensemble and troubleshooting continued. Competition between primers was problematic
because unbalanced early proliferation of one product stunted the formation other
products (especially for products sharing a common primer such as the *2 inner product
and the *2 outer product).

To ofset competition efects, the relative primer

concentrations were empirically-adjusted to those listed above in Table 2.
As proof-of-principle for microchip PCR, 2 of the pre-genotyped samples were
amplifed on the microchip format, and full profles were generated with the correct
genotype. A representative thermal cycling temperature profle and electropherogram of
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the microchip PCR product are shown in Figure 2.22. For this assay, the time required
for thermocycling was reduced from 45 minutes in a bench-top thermal cycler (of which
~70% is ramping time) to 30 minutes in a microchip (of which ~30% is ramping time).
At excessively low annealing temperatures, a non-specifc 400 bp peak was observed, but
the robust peak sizing capability of the microchip electrophoresis instrument allowed for
reproducible peak identifcation and genotype calls. Assay conditions were determined
that gave a mean signal-to-noise ratio (S/N) for undesired allele- or subtype-nonspecifc
peaks of 3.62 ± 0.45 relative fuorescence units (RFU), and for allele-specifc peaks
(“products of the inner primers”) a minimum S/N of 52.6 ± 7.82 RFU and a maximum
S/N of 414 ± 67.2 RFU. Te turn around time for a single sample of hgDNA was as
little as 75 minutes for conventional PCR and ME, and 60 minutes for the microchip
PCR and ME setup. Given that 12 conventional PCR reactions may be analyzed on one
Agilent 2100 microchip, batches of 12
samples were run with increases in
processing time due only to additional
pipetting.

Fourteen samples of known

genotype were tested with the full
complement of primers and, after a period
of empirical optimization, 100% agreement
was observed between the predetermined
genotypes and experimental assay results.

Figure 2.22. Successful warfarin genotyping via
microchip PCR. A.) Temperature versus time
profle for an IR-PCR run, and B.) Te
electropherogram of the PCR product extracted
from the microchip. Reproduced from [43].
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2.3.4 Analysis of Blinded Samples
After troubleshooting and optimization, the new assay was further validated by
the analysis of 21 blinded samples (8 split samples, 17 unique genomes in all).
Genotyping results were concordant with previously determined patient sample
genotypes.

Of the 35 genotype determinations attempted, 100% were found to be

concordant with other validated methods (e.g., Sanger sequencing of an additional assay
validation cohort: Appendix Figure 2.25, Appendix Figure 2.26). Analysis of the blinded,
split samples showed complete agreement of peak patterns between split samples. When
taken together with the unblinded samples,
our multiplex T-ARMS assay correctly and
reproducibly genotyped 35 clinical samples
(23 unique donors) of following genotypes:
*1*1/AA (21.7%), *1*1/BB (21.7%),
*1*1/AB (13%), *1*3/BB (8.7%), *3*3/AB
(8.7%), *1*2/AB (4.3%), *2*2/AA (4.3%),
*2*2/AB (4.3%), *2*2/BB (4.3%), *3*1/AA
(4.3%), and *3*1/BB (4.3%). Figure 2.23
summarizes the electrophoretic data of our
assay validation cohort, and it shows 35
samples that were genotyped with this
assay. Degraded template DNA has been
shown to reduce the intensity of the outer

F i g u r e 2.23. Electrophoretic data for genotype
determination. A,B) Two annotated electropherograms
corresponding to *1/*2, A/B (panel A) and *1*1/AB
(panel B) genotypes. Numbers below peak designate
the amplicon sizes in bp. C) Stacked electropherograms
of 35 samples genotyped with the multiplexed TARMS CYP2C9/VKORC1 genotyping assay. Samples
marked with * were scaled by a factor of 2 to highlight
outer products. *Reproduced from [43]
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products (Figure 2.23 samples 23-35), but the allele-specifc inner products show ample
intensity for accurate genotype calls. Te genotypes of all samples of this study are
summarized in Figure 2.24 and the genotypes are grouped according to the criteria of
Kadian-Dodov et al.[12] (with dose correlations shown above in Figure 2.5). Optimized
conditions and preparation of reagents in advance allowed for batch genotyping via
conventional thermal cycling in 45 minutes and single-sample microchip electrophoresis
analysis in 30 minutes, or approximately 90 minutes for 12 samples.

F igure 2.24. Grouped genotype information for all of the
deidentifed samples of human genomic DNA used to validate
the warfarin multiplex T-ARMS assay. Te genotypes were
grouped into the same categories as Kadian-Dodov et al.
[12] (refer to {dose vs. genotype} for the correlation that study
found between genotype category.

2.4 Discussion

In response to the economics and time sensitivity of warfarin pharmacogenetic testing, we
developed a simple PCR-based CYP2C9/VKORC1 genotyping assay and implemented it
on a microchip platform for rapid testing. A system of 12 primers was designed de novo
to unambiguously determine a patient’s genotype at the CYP2C9 *2, *3 and VKORC1
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6484 (1173CT) SNP sites in a single, multiplexed PCR reaction. To our knowledge, this
was the frst instance of three separate T-ARMS assays conducted in a single reaction.
Since the publication of the work in this chapter[43], the TARMS assay has continued to
garner attention for its low-cost and uncomplicated assay procedure. For instance, a new
online design tool[44], assay development guidelines (independently verifying the
optimization strategy above)[38] have been released, and the PCR additive betaine was
shown to improve multiplex TARMS performance[45].

Nonetheless, the method

described in this chapter was the frst single-reaction PCR-based genotyping method
with single color microchip electrophoresis for the simultaneous determination of wild
type, heterozygote, or mutant genotypes at the CYP2C9 *2, *3 and VKORC1 1173CT
SNPs. TARMS assays are an attractive method for genotyping a small number of high
value SNPs because these simple yet powerful assays leverage built-in complexity gained
through upfront bioinformatics engineering to genotype with inexpensive reagents on
ubiquitous laboratory equipment.
Following optimization of the assay in conventional tube PCR with ME, proof of
principle experiments were conducted on a dual microchip platform for improvements in
speed and reagent consumption. Te combined analytical process time from hgDNA
sample input to genotyping result for a single sample was 75 minutes for conventional
PCR with ME, and 60 minutes for the modular microfuidic IR-PCR and ME platform.
Tis assay was validated for 35 patient samples expressing a range of CYP2C9/VKORC1
genotypes, with 100% concordance with other validated genotyping methods.

Tis

multiplex PCR assay is compatible with equipment already commonplace in clinical
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laboratories, and as such it is already a rapid, low-cost option for warfarin genotyping.
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2.7 Appendix: Raw Data for Assay Cross-Validation with Sequencing

Figure 2.25. Full electropherograms for each of the three loci for all of the samples in the second validation
cohort of human genomic DNA samples. Electropherograms were manually inspected in a blinded fashion
to identify the genotype in each electropherogram. See Figure 2.26 for a cross-reference between the
electropherogram (timestamp/injection number) and the locus and sample to which they correspond.
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Figure 2.26. Each electropherogram was coded with
an injection identifer that did not identify the sample
source. Electropherograms were frst evaluated in a
blinded fashion (left table) by fnding the SNP sites in
the electropherograms. Following interpretation of all
electropherograms, samples were decoded to reveal the
genotype at all 3 loci for each sample (right table).
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3 Capillary and Microchip Electrophoresis
3.1 Introduction
3.1.1 Surface Chemistry in Capillary and Microchip Electrophoresis
Capillary electrophoresis (CE) is an analytical chemistry technique that produces fast,
high-resolution analyses by exploiting charge and size diferences between analytes.
Separations are conducted by applying an electric feld to exert force on charged particles
that causes them to migrate. Such migration is opposed by viscous drag, however, and the
balance of forces results in a characteristic mobility for each analyte. CE can efectively
separate a wide variety of analytes, from single ions to colloidal particles, and it is
particularly useful for analysis of complex mixtures such as biological samples.
Te small dimensions of CE are key to its function, but the high surface area to
volume ratio makes surface efects a vital concern. CE utilizes high voltages to accentuate
slight diferences in analyte electrophoretic mobility, but it produces signifcant amount of
heat in the process that could hamper analysis. Capillaries feature a very high surface area
to volume ratio that is key to managing heat production. Furthermore, charged surfaces
are never naked in aqueous media, but instead attract a layer of ions that complicates both
electrophoretic mobility and bulk fow in capillaries. Since CE is a microscopic world of
charged surfaces, from the capillary wall to charged analytes, electrical forces are key
players in capillary electrophoresis.

3.1.2 Instrumentation
High voltages yield superior analytical performance, but advanced instrumentation is
required to manage components and deal with heat production.

Heat arises from
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intermolecular collisions as ions are propelled through solution, a phenomenon called
Joule heating[1]. Typical electrical feld strengths for CE are on the order of hundreds of
volts per centimeter[2], which is at least an order of magnitude higher than other
electrophoresis techniques such as slab gel electrophoresis[3]. Since Joule heating is a
major limiting factor, overcoming this obstacle permits CE to outperform many
comparable techniques.
Te small dimensions of capillaries minimize the amount of heat generated as well
as efectively dissipate what heat is generated. Typical CE capillaries are manufactured
from fused silica, with an outer diameter of ~375 µm and an internal diameter ranging
20-200 µm (Figure 3.1A and B)[3]. Te narrow internal diameters of such capillaries
result in signifcant electrical resistance that permits less current for a given applied
voltage. Tus, a relatively low amount of heat is generated for a given electric feld
strength because of the capillary’s small internal dimensions.

Furthermore, the heat

generated can then be efectively dissipated through the thin walls of the capillary.
Tere are other consequences of the microscopic dimensions of CE capillaries.
Te short optical path length of a capillary can limit optical detection, and high intensity
lasers are often required for adequate sensitivity. Te high surface area to volume ratio
accentuates the problem of adsorption to the capillary wall, and a variety of preventative
measures can be taken such as polymer wall coatings or covalent surface modifcations [4].
Given the importance of the capillary surface, most methods require preconditioning with
acidic or basic solutions[3]. Surface efects aside, the small volumes of the capillary lumen
ofer inherently low reagent consumption (often ≤ µL).

Such considerations are not

insurmountable, and capillary electrophoresis has proven to be a powerful analytical tool.
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Figure 3.1: Capillary electrophoresis instrumentation and data. An analytical capillary is depicted in A and
an actual scanning electron micrograph is shown in B. Panel C shows how the functional elements of a
typical CE instrument are arranged. Panel D shows an electropherogram demonstrating efective separation
of diferent oligonucleotides; peak labels are number of DNA bases. (Content adapted from [3]).

Commercial CE instruments are equipped to maneuver the capillary, apply
hydrostatic pressures and voltages, and detect optical signals during separations. A basic
CE setup is diagramed in Figure 3.1C. Te capillary itself is often housed in a cartridge
for easier handling, and liquid coolant is circulated within the cartridge to regulate
temperature. A robotic assembly brings vials into contact with the capillary ends, and
most models permit extensive automation. During electrophoretic separations, optical
detection methods such as UV-visible absorbance spectroscopy or laser induced
fuorescence (LIF) collect data in real time. Many commercial CE instruments can apply
between 5 and 30 thousand volts[3] (which is much higher than other electrophoresis
methods, such as slab gel electrophoresis that is run at ~100 V).
Representative data from capillary electrophoresis is shown in Figure 3.1D,
wherein a mixture of oligonucleotides are separated. A plot of detector signal intensity
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versus time is referred to as an electropherogram, and ideally the analytes are separated
(resolved) into individual peaks. Adequate separation occurs if and only if the various
analytes travel down the capillary at diferent rates.

3.1.3 Teoretical Basis of Capillary and Microchip Electrophoresis
Te driving force behind electrophoretic separations is the fact that electric felds apply a
force to charged particles. Tis force can be described mathematically by equation (Eq.
3.1), which shows that the force the particle feels is proportional both to its efective
charge, q, and the strength of the applied electric feld, E (Eq. 3.2). Te efective charge of
an ion can be complicated by interaction with other ions (discussed below), but as a frame
of reference, the efective charge of a small ion at infnite dilution can be described by
equation (Eq. 3.3).

Higher voltages yield larger electrical driving forces, and fast

separations result because charged analytes can traverse the length of the capillary in less
time.
(Eq. 3.1)

Fel = qE

where Fel – electrostatic force
q – efective charge of particle
E – electric feld strength

applied voltage
capillary length

(Eq. 3.2)

E=

(Eq. 3.3)

q = ze-

where z – valence of a small ion
e- – charge of an electron

As electrical forces propel charged particles through a fuid continuous phase, a
viscous drag force opposes their motion. Tis force, Fdrag, is the result of intermolecular
interactions, but it can be generally described by equation (Eq. 3.4). Te magnitude of
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the frictional coefcient, f, is a function of the particle size and shape as well as the
viscosity of the continuous phase. Te Stokes-Einstein equation, (Eq. 3.5), describes the
friction coefcient for a hard spherical particle, and it correlates well with empirical data
when the particles are much larger than the continuous phase molecules [5] Almost
immediately after an electric feld gradient is established, Fel and Fdrag reach equilibrium
and particles reach a terminal velocity. Tis situation, shown in equation (Eq. 3.6), yields
a general description of electrophoretic velocity as a function of particle efective charge,
q, and its characteristic frictional coefcient, f.
(Eq. 3.4)

Fdrag = f vi

where Fdrag – viscous drag force
f – frictional drag coefficient
vi – velocity of particle i

(Eq. 3.5)

f = 6πηRs

where η – viscosity of continuous phase
Rs – radius of hard spherical particle

(Eq. 3.6)
Since both Fel and Fdrag are a function of electric feld strength, the electrophoretic
velocity may be described independently of electric feld strength by a single coefcient
called the electrophoretic mobility, µ. Electrostatic and viscous drag factors describe the
electrostatic component of electrophoretic mobility, µel. For now electrophoretic mobility
shall be described in empirical terms as apparent electrophoretic mobility, µapp, to
acknowledge that particles can move by bulk fow as well. Electrophoretic mobility is
very important because diferent analyte species can only be adequately separated if they
have diferent electrophoretic mobilities.
(Eq. 3.7)

vi = m app E

where vi – velocity of species i
µapp – apparent electrophoretic mobility

Charged surfaces, be they the capillary wall or colloidal analytes, can complicate
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the picture of electrophoretic mobility because they attract a “cloud” of oppositely charged
ions known as the electrical double layer (EDL). Electrostatic attraction and repulsion
act to draw counterions toward a charged surface while thermal motion tends to dissipate
them. Consequences of the EDL in capillary electrophoresis include screening of analyte
charge and a type of non-separative fow called electroosmotic fow (EOF).
Te electrical potential near a charged surface can be represented as a function of
distance using the Poisson equation, (Eq. 3.8), for a continuous phase of given electrical
permittivity and local charge density ρ*. When the EDL is thin relative to its charged
surface, such as a capillary wall, it is reasonable to use a fat planar surface as a limiting
condition. Only the x-direction term remains with this assumption, and equation (Eq.
3.9) results. Charge density may be related to the ion content of bulk solution, which is
accounted for by ionic strength as defned in (Eq. 3.10). Furthermore, (Eq. 3.9) can be
stated more succinctly by using a cluster of constants called the Debye length, κ -1 (or
alternatively λD) as defned in (Eq. 3.11). Te Debye length is important because it
characterizes how ions screen the electric feld of a charged surface.

Figure 3.2: Te electrical double layer surrounding a charged surface. Reproduced from [29].

High salt
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concentration and/or high ion valency results in a smaller Debye length, which means
surface charge is cancelled out relatively close to a charged surface. Te Debye length in
typical capillary electrophoresis conditions range from ~1-10 nm[2].
(Eq. 3.8)

æ ¶ 2y ö æ ¶ 2 y ö æ ¶ 2y ö æ r * ö
÷
ç 2 ÷ + ç 2 ÷ + ç 2 ÷ = -ç
è ¶x ø è ¶y ø è ¶z ø è e re 0 ø

where ρ* – charge density
ψ – electrostatic potential
εr – relative permittivity
ε0 – vacuum permittivity

(Eq. 3.9)
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where e – charge of an electron
zi – valence of ion i
ci(bulk) – bulk conc. of i
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where I – ionic strength
where κ-1 – Debye length
where

ψ(x) – electric potential at
distance x from a
flat surface.
ψδ –
electric potential at
the Stern layer
Te layer of cations directly adjacent to the silica surface is so strongly adsorbed
that they are practically immobilized. Tis layer of tightly bound counterions is called the
Stern layer and is shown diagrammatically in Figure 3.2A. Since the Stern layer adsorbs
so strongly, it is useful to account for it and establish a baseline potential at the Stern
layer, ψδ, which is also shown in Figure 3.2B.

Te frst layer of ions to move

independently from the Stern layer is called the shear surface, and the electrostatic
potential at which this slippage occurs is termed the ζ (zeta) potential. Zeta potential has
theoretical and experimental signifcance because it provides a link between theoretical
predictions and empirical observations. For instance, bare silica capillary features silanol
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groups with pKa values of approximately 4 - 6 [3] that are negatively charged at neutral
pH and above. Indeed, the ζ potential of the silica capillary wall is between -50 to -100
mV for most CE applications[2].
For charged spherical particles, the electrophoretic mobility may be described
mathematically as a function of the Debye length, spherical radius, and zeta potential.
Two limiting cases are important: the Huckel approximation wherein the electrical
double layer is large compared to the particle radius (Figure 3.3A), and the HelmholtzSmoluchowski approximation that assumes that the Debye length is small compared to
the particle radius (Figure 3.3B). While many analytes fall between these two extremes,
the Huckel and Helmholtz-Smoluchowski approximations describe small charged
analytes and large colloidal particles, respectively.
An important feature of both equations (Eq. 3.13) and (Eq. 3.14) in Figure 3.3 is
that electrophoretic mobility does not depend on the particle radius. Equation (Eq. 3.6)
shows that the electrophoretic mobility of a species depends on the ratio of charge to

Figure 3.3: Two models of electrophoretic mobility of charged colloidal particles. (Adapted from [29] (A)
and [30] (B))

viscous drag. Adequate separation of requires dissimilar electrophoretic mobilities, so
separation of analytes with a similar charge-to-mass ratio can be challenging. While
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many ions and small molecules migrate at very diferent rates through solution, all DNA
molecules will electrophoretically migrate through free solution at the same rate
regardless of how large they are. For such cases, the medium may be modifed to create a
greater size-dependent variation in viscous drag[3] – such as when a polymer sieving
matrix is used in DNA separations[6,7][8]
Figure 3.4 depicts a diagram of forces acting on an electrophoretically migrating
particle. Te interaction of the applied electric feld with counterions in the EDL around
a charged particle results in two additional forces called electrophoretic retardation and
relaxation, which both oppose the driving electrostatic force. Electrophoretic retardation
arises from the force that the applied electric feld exerts on the counterions, and net
efect opposes the driving force applied to the charged particle, F el, by virtue of opposite
charge polarity. Furthermore, the applied electric feld distorts the otherwise spherical
EDL, and this deviation from spherical geometry results in a force called the relaxation
efect. Capillary electrophoresis experiments have demonstrated that the relaxation efect
can result in electrophoretic mobilities that
do not depend on zeta potential,
particularly at very low ionic strengths
(large Debye lengths) [9].
Electrical double layer
considerations extend beyond
electrophoretic mobility of analytes to
include a type of non-separative bulk fow

Figure 3.4: Free body diagram of the EDL around a
charged particle. Dashed line represents EDL
distortion from external electric feld. (Adapted
from [30] and [3])

called electroosmotic fow (EOF). Te applied electric feld exerts a force on ions in the
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EDL at capillary surface, causing surface-bound ions to migrate laterally down the length
of the capillary. Tese migrating, surface-associated ions form a mobile sheath lining the
capillary surface that drags the bulk solution along with it. Volumetric fow from EOF
can be roughly calculated using equation (Eq. 3.15). Te magnitude of EOF is directly
related to zeta potential of the capillary wall and the electric feld strength, so controlling
it requires modulating one or the other. One feature of EOF noteworthy for separations
is that a relatively fat fuid plug forms (whereas pressure-driven fow has a parabolic fow
profle that can cause dispersion). EOF can potentially hide diferences in electrophoretic
mobility, but it can also extend CE's usefulness to all species, regardless of electrophoretic
mobility, because everything is eventually carried past the detector.
(Eq. 3.15)

(Eq. 3.16)
(Eq. 3.17)

e e zE(pRc2 )
Veof = r 0
h

where Veof – volumetric flow rate of eof
ε0 – permittivity of free space
εr – relative permittivity of medium
Rc – capillary radius

µapp = (µel + µeof)

where µel –

vi = (mel + m eof )E

electrostatic component of
electrophoretic mobility

µeof – electroosmotic flow component
of electrophoretic mobility

Apart from electrokinetic phenomena, adsorption driven by van der Waals forces
can be a signifcant complication in CE separations. Much efort has been devoted to
reducing adsorption including covalent surface modifcations (e.g. covalent coatings[3,4]),
adsorbed polymer coatings (e.g. coatings of ionic polymers[10]), and bufer additives (e.g.
1,4 diaminobutane[3,11]) While a detailed discussion on adsorption is not presented
here, van der Waals interactions and adsorption are important considerations when
developing CE/ME methods, and adsorption has been reviewed recently by [12].
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3.1.4 Applications of CE

Te most basic CE implementation is called capillary zone electrophoresis (CZE),

where an open tubular capillary has been used to separate ions, small molecules, peptides,
carbohydrates, and even colloidal particles [3,9] into spatially distinct bands or zones.
Non-polar, electrophoretically-immobile analytes can also be separated by CE when ionic
surfactant micelles are used to create a mobile hydrophobic phase in a technique called
micellar electrokinetic chromatography (MEKC) [3]. Te last major mode of CE is
called capillary gel electrophoresis (CGE) because it employs a sieving polymer gel to
efectively separate nucleic acids by length for forensic and medical applications.

3.1.5 Microchip Electrophoresis

Te fast, high-resolution separations possible with CE are ultimately limited by the fact
that one capillary can only do so much. One way to circumvent this bottleneck is to
implement an array of capillaries to perform many simultaneous separations[13].
Another major development in capillary electrophoresis is, ironically, the abandonment of
the capillary for micro-fabricated channels in glass or plastic for what is called microchip
electrophoresis (ME)[3,14]. ME separations can be 10 times faster than standard CE
with comparable resolution[15].

As seen in Figure 3.5, ME channels can be co-

fabricated with other architectures to permit integration of ME with other analytical
steps such as DNA purifcation [3,15–17]. As miniaturization of analytical
instrumentation continues, the surface chemistry phenomena discussed in this paper will
become more and more important.
Signifcant efort has been spent developing polymeric, disposable microdevices
for electrophoretic separations.

Tis chapter describes separations on polyester-toner
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(PeT) microdevices that were fabricated
from overhead transparencies and laser
printer toner[18–20].

PeT devices are

capable of many analytical processes
performed in more expensive glass or silicon
devices but they can be rapidly fabricated
from low cost materials, allowing for
completely disposable microdevices.
Another polymeric ME device used in the
work described here was developed by
MicroLab Diagnostics LLC and related
entities for a prototype integrated genetic

Figure 3.5: An integrated microchip device
featuring ME. Chip dimensions: 30.0 by 63.5
mm, with a total solution volume <10 μL.
(Reproduced from [15], adapted from [31].)

analysis instrument[21,22]. While many fndings are proprietary, separations performed
on the MicroLab instruments produced data that was processed to yield performance
metrics for new formulations of a proprietary polymer sieving matrix.

Software was

developed for analyzing the separation quality of ME data, and this is described below.

3.2 Materials and Methods
3.2.1 Capillary Electrophoresis
3.2.1.1 Separation of Ovalbumin Glycoforms
Separations of ovalbumin were performed as a model for separation of immunoglobulin
glycoforms following the method of Morbeck et al. [23]. Separations were conducted in
an 87 cm bare silica capillary (50 µm i.d., Polymicro Technologies) in a Beckman P/ACE
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MDQ CE instrument. Detection was via UV detection module (λ = 200 nm) at 80 cm
efective capillary length. Working stocks of ovalbumin protein (Sigma, A7641) were
prepared at 1.0 mg/mL in 100 mM borate bufer (EM Science) at pH 9 with 1 mM 1-4
diaminobutane (Aldrich, D13208). All bufers and samples were fltered through 0.22
µm syringe flters prior to use.

Dimethyl-sulfoxide (Fisher) (DMSO) was used as an

EOF marker. Samples were hydrodynamically injected for 3 seconds at 0.5 psi, then
separated at 25 kV for 30 minutes at 28 ºC.
3.2.1.2 Separation of PCR Products
Capillary electrophoresis was used to analyze PCR products and DNA fragments
according to the method described by Sanders et al.[6] and Marchiarullo[24].
Hydroxypropylcellulose sieving medium was prepared at a concentration of 3.5 % w/v in
a 80 mM MES/40 mM Tris bufer. Prior to separation of PCR products, a fresh 1 mL
aliquot of polymer was spiked with 1 µL of stock YO-PRO intercalating dye (Molecular
Probes (Invitrogen)), vortexed thoroughly, and centrifuged to remove bubbles that might
be introduced to the capillary. Prior to separations the capillary (50 µm I.d., 30 cm
length, operated with an efective capillary length from sample to detector of 10 cm, fused
silica capillary from Polymicro Inc.) 1 M HNO 3 was injected for 30 minutes. Samples
were electrokinetically injected for 5 seconds at 10 kV, then 8 kV were applied for
separation.

Detection was via laser-induced fuorescence with 488 nm Argon laser-

generated excitation and emission collected with a 20 nm bandpass flter centered at 520
nm.
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3.2.2 AOTF ME-LIF System
DNA separations were performed on a microchip electrophoresis system with 5 color
laser-induced fuorescence (LIF) detection as described previously [24–26]. Te detection
scheme employed an acousto-optical tunable flter (AOTF) to selectively defract light of a
desired wavelength onto a photomultiplier tube detector(Figure 3.6A,B). Te optics
system is shown in Figure 3.6B with the protective light-proof housings removed from
the beam path.

In this way, 5 separate fuorescent dyes could be detected in rapid

succession. Commerical PCR-based human identifcation kits were used (AmpFℓSTR®
Identifler®, Applied Biosystems) kit, which consisted of a multiplex PCR reaction to
determine a subject’s genotype as 16 short tandem repeat (STR) loci. A combination of
poly-N-hydroxy-ethyl-acrylamide (pHEA) and poly-N,N-dimethyl-acrylamide
(pDMA) were used as adsorptive surface modifers and a sieving media, respectively[27].
Previously fabricated microfuidic devices[26] with 10 cm long separation channels (50
µm deep and 75 µm wide) were used for microfuidic STR separations. A proprietary
polymeric microfuidic device with a proprietary polymer sieving matrix[21] was also
used for separations.
3.2.2.1 Troubleshooting and Repair of AOTF ME-LIF Hardware
Te laser for the ME-LIF apparatus (a multiline argon laser, LS200A, Dynamic Laser
Inc.) was frequently cutting of unexpectedly during normal operation. Upon disassembly
of the laser housing (with the unit unplugged for safety) the air cooling fns were found to
be completely blocked by dust and debris. Te cloth light-proofng material used in the
laboratory environment generated a large amount of dust, and this dust had clogged the
cooling fns. Removal of debris from the air cooling fns by vacuum and then an 80 psi
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compressed nitrogen line successfully cleared the debris. Following this operation, the
laser did not overheat or turn of unexpectedly during microchip electrophoresis even
after several hours of use. Te LIF system was aligned as previously described [24]. To
comply with revised UVA Environmental Health and Safety requirements, a new lightproof housing was built for the entire optics system using black foam core board.
3.2.2.2 Bypass of Faulty Relay Driver in High Voltage Power Supply
Troubleshooting using a high voltage probe (Pintek, HVP-40) revealed that the relay
driver circuitry in the existing high voltage power supply unit was faulty. By splicing into

Figure 3.6: Microchip electrophoresis apparatus with laser-induced fuorescence detection
with acousto-optical tunable flter (AOTF). A. Optical confguration and component
details (reproduced from [Marchiarullo thesis]). B. Photograph of the apparatus.
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the ribbon cable of the existing digital out DAQ card, the relay controls were bypassed,
and replaced with a standalone relay driver circuit. Te standalone relay driver was based
on the UC3702N integrated circuit (Texas Instruments) under control of the digital I/O
lines of a USB-6008 DAQ card (National Instruments). Te LabVIEW software for
apparatus control and data acquisition was amended to include control via the additional
DAQ device.
3.2.2.3 Troubleshooting Brimrose AOTF Drivers
Te device that generated the AC driving signal to control the AOTF for wavelength
selection, the AOTF driver (Brimrose, model SPFII) was found to be faulty. Te output
signal equipment with an oscilloscope (Tektronics, TDS2024), an older AOTF driver
(Brimrose, model SPS) was substituted in, and the LabVIEW code was updated to
control the system. Te RS232 serial communication settings had to be reconfgured and
recoded in LabVIEW.

Te electrical output of the driver was verifed, and optimal

fatness of the AOTF driver signal versus frequency was found when the lock-in amplifer
was removed.
3.2.2.4 Development of Improved Electrode Housings
Te previous apparatus confguration featured loose electrical leads for insertion of
electrodes into the microchip fuidic reservoirs. While the loose leads provided fexibility,
the tension in the wires would frequently dislodge electrodes from the reservoirs slowly
over time. New platinum electrode housings were developed that secured the platinum
electrodes to the device reservoirs to both prevent evaporation and hold the electrodes
securely in contact with the liquid within. Mini banana plugs were ftted with soldered-in
platinum wire, and these plugs were ftted into plastic caps fashioned from diced P-1000
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pipette tips with paraflm gaskets.
3.2.2.5 Validation of Spectrometer Calibration
Te reproducibility and accuracy of the AOTF driver signal frequency to observed optical
wavelength was validated using a multi-line mercury-argon lamp (HG-1, Ocean Optics)
and solutions of organic fuorescent dyes (e.g., fuorescein in diH 2O).

Te known

emission lines of the mercury-argon lamp were used to generate calibration curves
between AOTF driving frequency and optical wavelength.

3.2.3 Compact ME-LIF System
3.2.3.1 Characterization and Refurbishing of a Compact ME-LIF Apparatus
A compact ME-LIF system consisted of a relatively simple combination of a dual highvoltage power supply and a single-color laser-induced fuorescence detection scheme. Te
optics system consisted of a 473 nm diode laser system (Roithner Lasers, 20 mW, model
RLTMBL-473-20), passed through a 5X beam expander (Edmund Optics), onto a
dichroic mirror (XB22, Omega Optical), through a 16X objective (Edmund Optics), and
into the microfuidic device; backscattered fuorescence emissions passed through the
dichroic mirror, through a tube lens (Edmund Optics), onto a fat front mirror (Edmund
Optics), through a pinhole spatial flter (Tor Labs), through a 530 nm band pass flter
(Omega Optical) and onto the sensor of a photomultiplier tube (PMT) (Hamamatsu
H5784). A custom multi-function power supply device (built by Larry St. John, UVA
Physics Electronics Shop) was used to power the PMT, collect the PMT signal, flter the
PMT signal (Avens AMLP8B-15Hz flter module), as well as control 2 high voltage DC
to DC converters (Ultravolt 4A12-P or –N4) using high-voltage relays (Kilovac model
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k81c). Te system was retroftted with shielded cabling to reduce noise in the analog
signal acquisition system. Current was monitored manually using 2 digital multimeters
(BK Precision, BK2405a). Te system was controlled, and data was collected, using a
USB-6229 DAQ device (National Instruments) controlled by software written in-house
in LabVIEW (National Instruments).
3.2.3.2 PeT ME Devices and Separations
Electrophoretic microdevices were fabricated from commercial overhead transparencies
(3M, CG5000) and laser printer toner (HP Laserjet 4000) using laser ablation as
described previously[28]. Briefy, microfuidic devices were patterned using CO2 laser
ablation (VLS350, Universal Laser Systems).

After carefully aligning the layers the

devices were bonded using the heated rollers of an inexpensive laminating machine. For
separations in PT microchips, 0.5% hydroxy-propyl-cellulose was used spiked with 0.1X
EvaGreen intercalating dye (Biotium Inc.) or YO-PRO (Molecular Probes Inc.)
intercalating dye. Typical separation conditions consisted of a 30 second injection (Bufer
and Bufer Waster reservoirs electrically foating, -100 V applied to the Sample reservoir,
+100 V applied to the Sample Waste reservoir) followed by a 300 second separation (-125
V at Bufer reservoir, +500V at Bufer Waste reservoir, with the Sample and Sample
Waste electrodes grounded to generate a pull-back current).

3.2.4 Software Development for MicroLab Diagnostics LLC et al.
Prototype microfuidic genetic analyzer equipment was developed by MicroLab
Diagnostics LLC and associated entities. Te integrated microfuidic genetic analysis
instrument was described in two recent patents [21,22] and in a forthcoming
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publication (Le Roux, D. et al., Submitted, Lab on a Chip).

Remaining details are

proprietary and may not be disclosed here. Custom data analysis software was developed
using the LabVIEW Professional Development System (versions 2009 and 2012,
National Instruments Inc.).

3.3 Results and Discussion
3.3.1 Capillary Electrophoresis
3.3.1.1 Separation of Ovalbumin Glycoforms by CZE
Separations of ovalbumin were conducted using a borate bufer complex resulted in a
partial separation of purifed ovalbumin into several overlapping peaks and appreciable
EOF (Figure 3.7A). Te addition of the EOF modifer 1,4 diaminobutane resulted in
longer residence time within the chamber and better resolution of the ovalbumin
glycoforms (Figure 3.7B).
3.3.1.2 Separation of Multiplex PCR Products
CE was used as sample analysis method during early stages of the warfarin
pharmacogenetic assay described in the previous chapter. Several PCR products from an
ARMS reactions for the CYP2C9 *2, *3 and VKORC1 6853 SNPs were analyzed by CE
(Figure 3.8). Injections of PCR products were preceded and followed by sizing standards.
Te PCR products revealed signifcant primer dimer formation. Precise sizing of the
PCR products was difcult due to the lack of an internal size standard.

Te size

standards may have migrated signifcantly diferently due to greater sample stacking in
the size standard injections due to their lower ionic strength relative to the raw PCR
products. Ultimately, the commercial Agilent 2100 ME platform was chosen for analysis

68

Figure 3.7: Resolution of ovalbumin glycoforms via capillary zone electrophoresis with borate and 1,4
diaminobutane bufer additives. A. In absence of the 1,4 diaminobutane (1,4 DAB) EOF modifer, the
protein elutes in 12 minutes, and with EOF elution at 8 minutes as seen by dimethylsulfoxide (DMSO)
EOF marker. B. Te ovalbumin was resolvable into separate peaks corresponding to diferent glycoforms
of ovalbumin when EOF was suppressed.

Figure 3.8: Stacked electropherograms from capillary gel electrophoresis separations of PCR products.
Acronyms: Relative Fluorescence Units (RFU); Vitamin K Epoxide Reductase Complex 1 (VKORC1);
Cytochrome P450, family 2, subfamily C, polypeptide 9 (CYP2C9).

of PCR products instead of CE, but the CE separations served as a useful conceptual
prototype for understanding subsequent ME separations.

3.3.2 AOTF-based ME-LIF System
Te apparatus for multi-color ME separations using the AOTF optical flter,

was
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serviced as described in the Materials and Methods section (and diagrammed above in
Figure 3.6A). With the improved electrode housings (Figure 3.9), the length of time that
a microfuidic device could be on the heated stage at 60
ºC was increased from approx. 20 minutes to well over
an hour to provide for a more robust experimental
workfow.

Fluorescein (shown a tube for efect in

(Figure 3.10A) has an emission spectrum that is partially
truncated by the optics of the AOTF-based ME-LIF
system (Figure 3.10B).

Repeated spectral scans of

fuorescein (Figure 3.10C,D) were evaluated to verify
the accuracy of the correlation between AOTF driver
frequency and the observed optical emission signals.

F i g u r e 3.9: Improved electrode
housings for microchip electrophoresis.
A. Housings labeled with
corresponding microchip reservoir. B.
Close-up view of electrode housings
ftted to microfuidic reservoirs.

Figure 3.10: Validation of AOTF spectral calibration using an organic fuorescent dye. A. Microcentrifuge
tube of 1 x 10-4 M fuorescein placed above the objective lens. B. Spectrum of fuorescein with annotated
region of detectable light (Source [Wikimedia Commons, Fluorescein]). C. Plot of raw data collected
during alignment and spectral sweeping of a dye stock solution. D. Plot of signal versus wavelength for
several sweep replicates.
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3.3.3 Compact ME-LIF System
Te compact ME-LIF system (Figure 3.11A-C) was refurbished and restored to
functionality. Te user interface of the custom control software is shown in Figure 3.12,
and this software allowed for automated application of voltages and collection of detector
signals. Te electrical control module was repaired and calibrated; for example, the high
voltage DC to DC converters were calibrated Figure 3.13 to ensure safety and accuracy of
the high voltage power supplies.

Figure 3.11: Compact ME-LIF apparatus. A. Diagram of system
components with electrical and optical paths represented.
B.
Photograph of the interior of the ME-LIF control box. C. Photograph
of compact ME-LIF apparatus.
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Figure 3.12: User interface for the custom ME-LIF control software.

Figure 3.13: Calibration of Voltage Adjust for High Voltage Power Supplies. A. Te positive power supply
responded to positive control voltages. B. Te negative power supply responded only to negative control
voltage, presenting a potential safety hazard in the event of DAQ failure or improper system initialization.

3.3.4 PeT Microfuidic Devices for Electrophoresis
Layered PeT microdevices (Figure 3.14) were used for separations of fuorescent organic
dyes and PCR products. Imaging of the “cross t” region of the microdevice revealed
mobilization of fuorescent sample Figure 3.15A-B, injection of a sample plug down the
separation channel (Figure 3.15C), and application of pull-back currents to prevent
sample leakage during separation (Figure 3.15D). Gated injections of fuorescein (Figure
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Figure 3.14: Diagram and photograph of three layer
polyester-toner (PeT) microdevice.
A. Te device
consists of three layers of polyester flm. Te middle
layer is coated with toner on both sides to serve as glue
and the top layer has hole cut to access the channels. All
features are cut with a CO2 laser engraving/cutting
machine. B. Photograph of a 3-layer PeT device for
ME-LIF. Reservoirs are labeled (in clockwise order):
Bufer (B), Sample (S), Bufer Waste (BW), and Sample
Waste (SW). Te approximate location of the LIF
detector focal point is indicated by the white arrow.

F i g u r e 3.15: Selected frames from video
microscopy of electrokinetic injection of 1 x 103 M fuorescein in a PeT microfuidic device.
Te orientation of the reservoirs is indicated by
the reservoir labels in A. A. Initial stage of
sample injection across the cross t intersection.
B. Late stage of sample injection. C. Initial
gated inject of a sample plug down the
separation channel. D. Demonstration of sample
pullback to prevent leakage of sample down the
separation channel.

3.16A) and PCR products stained with the
fuorescent intercalating dye EvaGreen (Figure
3.16B) were injected and separated in the PeT
microfuidic device.

3.3.5 Software Development for Processing and
Analysis of ME Data
3.3.5.1 Improved Methods for AOTF ME-LIF
Data Visualization
A LabVIEW program was created to simplify and
improve upon the data analysis process following

Figure 3.16: Electropherograms of analyte
injections using the compact ME-LIF
setup and PeT microfuidic devices. A.
Fluorescein injection, and B. Replicate
injections of 500 bp PCR product
generated from the λ phage genome.
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each AOTF ME-LIF run.

Prior to this program, data was processed manually in

Microsoft Excel, and analysis of a single data fle would require at least 10 minutes. As
depicted in Figure 3.17 the program read in raw fve-color electrophoretic data and sorted
by wavelength. Once colors were separated, data was smoothed by applying a low-pass
(Butterworth) flter to reduce noise. Next, the spectral overlap between the diferent
fuorescent dyes may be subtracted out by a process called matrix deconvolution. Once
processed, data is then displayed on fve linked XY-graphs so the user can dynamically
scale and zoom the data plots to clearly visualize the electrophoretic data.
3.3.5.2 Development of ME Performance Evaluation Software
During my tenure as a consult with MicroLab Diagnostics LLC and related entities, I
generated several data sets on an integrated microfuidic platform for forensic DNA

Figure 3.17: Workfow diagram of data processing from interleaved, raw data to fve-color plots of data.
Screenshot of the actual LabVIEW program is shown on the far right.

analysis that combined DNA extraction, PCR, and microchip electrophoresis . Te frst
prototype genetic analyzer (Figure 3.18A) was capable of multicolor microchip gel
electrophoresis separations. Te multi-color data viewer application described above was
revamped for a new storage format for electrophoretic data (Figure 3.18B). Ten a new
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module was developed to analyze the quality of ME separations according to wellestablished[5] chromatographic characterizations (e.g., peak full width at half maximum,
resolution, mobility, etc).

A typical run analysis workfow was as follows: First the

program extracted relevant subsets of data from fles of electrophoretic data to yield 5 sets
of fuorescence intensity vs. time data (Figure 3.18C); Next it allowed the user to adjust
the temporal region of interest, apply spectral matrix de-convolution, and then apply a
low-pass flter to smooth and baseline-subtract the data; Te analysis module allowed the
user to identify the internal size standard peaks, ft each peak to a Gaussian curve Figure

Figure 3.18: Overview of software developed to microchip electrophoresis data on the prototype genetic
analyzer developed by MicroLab Diagnostics and associated entities. A. Photograph of the prototype
genetic analyzer (reproduced from [Lounsbury thesis]). B. Screenshot of the software user interface during
data import. C. Stacked 5-color electropherogram of an ME STR analysis. Peaks within the data were
ftted to Gaussian curves (insets). D. Example comparison of ME performance for 3 diferent experimental
conditions.
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3.18C insets), and calculate chromatographic fgures of merit; Finally, a data aggregation
module facilitated simple statistical analysis of replicate tests and comparison between
test conditions. Resolution data (e.g., as in Figure 3.18D) was used to assess the quality
of various experimental separations. Propriety formulations of ME sieving polymer were
prepared and evaluated, related reagent quality control experiments were performed.
Additional software was written to facilitate calibration and alignment of optical
detection equipment. Relative to prior methods, the ME separation analysis software
accelerated the data extraction and analysis processes. Faster data processing allowed for
timelier and less costly evaluation of experimental data for ME performance
optimization.

3.4 Conclusions and Future Directions

Electrophoretic separations are an essential process in many bioanalytical applications,
and one in which capillary microfuidic technologies have proven especially useful.
Capillary-based separations were conducted for protein analyses and analysis of PCR
products. Tese CE-based methods are illustrative of techniques essential for clinical and
forensic bioanalysis. Furthermore, 3 diferent platforms for microchip electrophoresis
were investigated, repaired, and utilized: an early large prototype ME apparatus with an
AOTF flter, a compact ME setup with single color detection, and an advanced
commercial prototype genetic analysis instrument. Custom software was written and
maintained for operation and data management. Operational parameters of the system
were determined to be suitable for electrophoretic separation of DNA. In summary, this
work demonstrates a detailed understanding of the physics, engineering, and logistics of
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ME instrumentation. Te majority of the experiments described above were procedural
or proprietary, but in light of the author’s eforts the methods and apparatus described
above are ready for future applications.
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4 Techniques and Applications for Microfuidic Device
Fabrication via CO2 Laser Ablation
4.1 Introduction
4.1.1 CO2 Laser Ablation Principles
CO2 lasers typically contain a mixture of helium, nitrogen, and carbon dioxide within a
sealed laser chamber. A radio-frequency electrical input excites the N 2 molecules that
then transfer their excited state to CO2 through inter-molecular collisions. CO2 has
several vibrational modes in the IR range, but there is a predominant vibration mode with
emission at 10.6 µm that dominates the output spectrum for most CO 2 laser
instruments[1][2].

Te power output of the laser is modulated via pulse width

modulation, and given the rise time of the laser module of approximately 100 µs[3] (due
to both electronics delays and to gas difusion), a continuous wave laser beam is efectively
generated when the excitation pulse rate exceeds 200 kHz[1]. Te laser used in this work
was operated in a pulsed mode with synchronization between the laser beam steering
system (described below) and the laser module. Mechanisms for removal of material
during ablation include photochemical, thermal, and mechanical phenomena [4] with
substantial diferences between substrate materials.
Te output of the CO2 laser must be steered and focused in a controlled fashion to
create patterns for microfuidic device fabrication. Te instrument is diagrammed in
Figure 4.1A and pictured in Figure 4.1B. Te beam is steered by mirrors and focused by
IR-transparent ZnSe lenses. Tese steering and focusing optics are mounted on an x-y
motion system, which (in the system utilized for this work) consisted of 3 independent
belt drive mechanisms driven by stepper motors. Features are created in the x-y plane in
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one of 2 operational modes – vector movements (Figure 4.1C) or raster patterns (Figure
4.1D), and the relative operational specifcs outlined in the user manual information for
each mode must be taken into account when predicting the fnal ablation results. Te lens
assembly focused the material down to spot size of roughly 25 µm (Figure 4.1E), and this
nearly difraction-limited spot size typically creates feature sizes in the range of 150 µm
in thermoplastics such as polymethylmethacrylate (PMMA). Recently, the use of metal
masking patterns has overcome the spot size limitations of focus CO 2 lasers, and features
sizes of 75 µm [5] down to 25 µm [6]. Te resolution and fdelity of motion system
translation, the aberration in beam steering/focusing, the focused spot size, and the
material response to laser fux all determine the characteristics of the microstructures that
can be produced.

Figure 4.1. Overview of CO2 laser ablation instrument.
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4.1.2 Substrates for Microfuidic Devices
4.1.2.1 PMMA
Microfuidic devices have been extensively fabricated in the thermoplastic PMMA in
recent years (e.g., [7,8]). Te quality of features are suitable for a variety of bioanalytical
microfuidic applications.

For instance, surface tension-mediated valving has been

demonstrated in laser-ablated PMMA devices [9].

Microdevice assembly has been

achieved by several methods, including thermal bonding [10] and chemical bonding
[11][12].

Te initial in-house validation of a laser fabrication method and thermal

bonding method for PMMA microdevices is presented below.
4.1.2.2 Glass
Laser ablation of glass has been studied extensively due to the commercial and scientifc
importance of glass materials [13–17]. Traditional methods of microstructure fabrication
in glass[18] are often superior to laser fabrication (e.g., Roper et al. recently compared the
electrophoretic performance of laser-ablated glass channels to wet-etched channels and
found that wet etched channels were superior for ME[19]). However, the low cost and
facile fabrication workfow of laser ablation warrants a sustained efort to implement this
fabrication method. Cracking during laser ablation of glass is a critical concern, but
strategies such as heating the glass to ~350 ºC to relieve thermal stress[19], water
immersion[15], and polymeric overlays[20] have been proven to reduce bulge and crack
suppression.

A method of crack suppression method is presented below wherein a

ubiquitous and low cost commercial pressure sensitive adhesive was used to protect thin
glass plates during ablation of holes.
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4.1.2.3 Fluorocarbons
De s p it e t h e e xc ep t i ona l c h em i c al s ta b il i t y o f f u o ro c a r b o ns s u c h a s
polytetrafuoroethylene (PTFE), it is possible to still modify it via laser ablation. Note
that caution is warranted when cutting halogen-containing polymers via CO 2 laser
ablation, because some such polymers (e.g., polyvinyl chloride) will evolve toxic and
corrosive chlorine gas upon laser irradiation. Studies of PTFE modifcation by CO 2 laser
ablation have revealed that small scale ablation was harmless with adequate engraver
ventilation.

PTFE microstructuring via CO 2 laser ablation was found to produce

microscale mesh of 5-20 µm fbers is formed[21]. Recently Zestos et al. (including this
author) used laser ablation of PTFE to create microscale molds for crafting
microelectrodes[22].
4.1.2.4 PDMS and Glass-PDMS-Glass Hybrid Devices
Laser ablation and modifcation of poly(dimethyl)-siloxane (PDMS) has been widely
studied for microfuidic applications [23][24–27]. PDMS itself is a remarkable polymer
that fnds use in nearly every sector of manufacturing, consumer products, and
industry[28].

PDMS is a hydrophobic polymer that is gas permeable, optically

transparent, swells in hydrophobic solvents, acts as a solid solvent for a wide variety of
small hydrophobic molecules, features low surface energy for high hydrophobicity and
high biocompatibility, elastomeric for active fuid control methods, and relatively low cost.
PDMS is structured by CO 2 ablation by photothermal efects of melting and oxidation of
methyl groups from the PDMS backbone[23][26]. Tis ablation produces a substantial
amount of debris (depleted in carbon, indicative of more SiO 2-like character [25]) that
must be removed following laser ablation because it interferes with downstream bonding
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to other parts of microfuidic devices[26].
Te combination of glass and (PDMS) in microdevices has been in practice since
the inception of PDMS-based microfuidics[29]. Te marriage of these two materials is
due in large part to the inherent compatible chemistry between glass (SiO 2) and PDMS
((C2H6OSi)n) available through (Si-O-Si) bonds.

In particular, devices fabricated by

multiple layers have proven particularly useful due to the complimentary mechanical
strength of glass to the versatility of PDMS. Such layered devices have been fabricated by
various means (e.g., dry reactive ion etching[Oh 2008], addition of a polymeric vapor
barrier to PDMS [30], templated microblasting[31], and soft lithography[32] or manual
cutting and assembly with clamping[33]).

Te fabrication and assembly methods

presented in this chapter were extended from these works to streamline the device
fabrication process and validate an in-house fabrication method using the laser engraving
instrumentation that had been newly acquired by our laboratory.
4.1.2.5 Developments in Post-Ablation Processing and Assembly
Te traditional method of bonding the layers of these glass-PDMS-glass devices is
plasma bonding, where an O2 plasma is used to modify the surfaces so they bond instantly
and permanently upon contact[34]. While this process gives strong bond, the cleaning
and alignment steps have a high failure rate and the process is time consuming. A facile
method of assembling these devices was developed that uses alcohol-assisted relaxation
and dynamic alignment of layers to achieve a high-quality bond without plasma bonding.
Next, ethanol was added between the layers so they can slide past each other. Tis step
lets the deformable PDMS fuidic layer relax (for faithfully preserved channel
dimensions) and then the layers can be slid past each other to line up the access holes
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with channels. As the ethanol evaporates the layers form a reversible bond of a large area
of van der Waals interactions. Devices fabricated in this manner were shown to have
reproducible inter- and intra-device features. Te PDMS and glass layers were cleaned
after laser ablation with mechanical removal of the micro- and nano-particulate ablation
debris. Moreover, a novel chemical treatment of concentrated NaOH was developed that
etched some of the silica ablation debris, and more importantly, facilitated the unique
property of silicones to recombine at a molecular level [35][36] to spread the PDMS bulk
back over the ablation debris and possibly reestablish covalent bonds with the debris. Te
base treatment of PDMS also creates a temporary hydrophilic layer that is useful for
electrophoretic applications[37].

4.1.3 Design Elements of Microfuidic Devices
4.1.3.1 Neurochips
PDMS microfuidics have enabled a new direction of research for neuroscience by
facilitating studies on individual cell or even sub-components of cell (e.g., neuron axons)
[38]. While soft lithography has been the predominant method for fabricating PDMS
device for cell culture, the development method of direct (maskless) fabrication of PDMS
microchips for this purpose is described below. Careful optimization of laser ablation
parameters identifed settings that produced thin cross-channels for guiding axon growth
in neuron culture. Prototype devices were fabricated and evaluated for culturing primary
rat neuronal stem cells.
4.1.3.2 GPG Chip Adaptations for High Temperature Operation
Another extension of our glass-PDMS-glass (GPG) technology is the addition of fuidic

86

architectures to enable extended high temperature of GPG devices.

PDMS is an

elastomeric material that is both gas and water permeable, and these features normally
cause excessive bubble formation and dehydration of microchamber contents upon
heating to PCR-relevant temperatures (e.g. 95 ºC). PDMS without a glass casing must
be modifed to limit dehydration[30], but the devices described here are predominantly
enclosed by glass, which has the beneft of dramatically limiting the difusive path out of
the microchamber. Even with the glass enclosure, a set of engineered solutions such as
guard channels, vacuum chamber degassing, and in-plane thermocouple insertion need to
efectively prevent evaporation of the chamber contents during PCR thermal cycling.
4.1.3.3 GPG Chip Fabrication and Function (Valving)
Added functionality to the three-layer microfuidic devices fabricated from glass (typically
microscope coverslips) and PDMS silicone. In addition to using the CO 2 laser-engraving
machine for cutting channels and access holes, a 3D sculpting method was developed to
fashion monolithic valves and pumps in pre-fabricated, commercial sheets of PDMS.
Traditional methods of forming these fuidic control elements typically require a
cleanroom and a time consuming process of generating a mold via photolithography then
casting liquid PDMS onto the mold. Multi-step soft lithography was used to create 3D
fuidic architectures in PDMS [39]. Te method described below can fabricate functional
valving structures directly into PDMS. A valve membrane is formed via a 2-step laser
ablation process to form a valve that is normally open when no pressure is applied.
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4.2 Materials and Methods
4.2.1 GPG Layer Preparation and Device Assembly
Laser ablation steps were performed on a VersaLaser 350 ftted the high power density
focusing optic (HPDFO) lens assembly (both manufactured by Universal Laser Systems
Inc.). Prior to CO2 laser processing, the tuning value (motion system compensation
factor) as optimize according to manufacturer protocols; for the devices use in this work, a
value of +2 yielded the best alignment of subsequent laser passes.
Fluidic/spacer layers were fabricated from thin PDMS sheets (HT6240, Stockwell
Elastomerics). In the ULS driver within CorelDRAW, vectors were rendered using “sort
only” and not “enhance” (to avoid loss of microstructure detail). Settings and order of
sequential processing for vector ablation operations on PDMS were as follows: {red
(through-cut channels): 3% power, 2% speed, 1000PPI; blue (etched channels): 1% power,
2% speed, 1000 PPI; green (through-cut chip perimeter): 15% power, 10% speed,
1000PPI}. Monolithic valves were etched as above, with the addition of step to fip the
PDMS part over, relax its structure again, and perform a second laser ablation step.
Te upper layer of the GPG trapping devices were fabricated from coverslip glass
(#2, FisherBrand 12-540-B) were covered in Scotch Magic Tape (3M Industries), then
holes were ablated in the glass with two sequential passes (separate by a few seconds for
cooling) at 65% power, 20% speed, 500 PPI. Following ablation, any residual material in
the holes was removed by gently pressing on the material with the point of a thumbtack
until it snapped out. Next the tape support layers were removed by softening the tape
adhesive using liberal amounts of methanol and manually peeling of the tape in a
direction parallel to the glass surface to minimize bending stress on the glass.
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Te bottom (carrier layer, contacting the transducer) was made using coverslips
(#1, VWR Cat 48366067). PDMS was cleaned by wiping with an IPA-soaked swab then
blotting dry to pull the debris/IPA away from the surface. Prior to chip assembly, PDMS
parts were cleaned by wetting the PDMS surfaces with ethanol then slowly blowing the
ethanol away (using compressed air line at 20 psi or canned duster (e.g., Maxell,
Item#190025)) to drag dust and debris away with the receding ethanol interface. PDMS
was placed on a thin (2 mil. thickness) flm of fuorinated ethylene propylene (FEP)
(DuPont Inc.), which was supported by a more rigid material - the backing from the HT6240 PDMS sheets. Te FEP flm was chosen to aid plasma bonding via better release
during the frst plasma bonding step. PDMS parts were foated with a small amount of
ethanol underneath so the fuidic architecture could relax to avoid deformations of the
PDMS layer.
Parts to be bonded were exposed to RF-excited rarefed air plasma for 45 s (with
periodic valve opening/closing to maximize plasma brightness) in a plasma cleaner
(PDC-32G, Harrick Scientifc, Pleasantville, NY ). After plasma bonding the chip was
placed in an oven maintained at 50 ºC for at least one hour (with additional time
preferable, e.g., overnight). with a little bit of weight on it (brass parts from machine
shop class) and allowed to sit for 30 minutes.

4.2.2 NaOH Treatment
NaOH Treatment: base-mediated hydrolysis/repolymerization of laser ablation
ejecta on PDMS was performed by immersing the PDMS parts in 5 M sodium
hydroxide for at least 1 hour. Fluorocarbon labware (Fluoroware) was used for testing the
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surface treatment, but equally good results were obtained using common low density
polyethylene plastic containers. Parts were immersed in the alkaline solution for at least
one hour, rinsed with diH2O, and submerged (if possible) or foated in fresh diH2O.
Digital photographs were taken of 3 replicate PDMS parts and 3 initially identical parts
that were only treated with water.

4.2.3 SEM Imaging
Samples of laser-etched PDMS were mounted on 2.5 cm diameter aluminum pedestals
using conductive carbon tape as the base layer. Carbon and gold conducting layers were
sputtered onto the specimens with a Gaton Model 682 Precision Etching Coating
System. Sputtering was performed with the following settings: 10 keV, deposition rate of
1.75 Angstroms/s for 3 minutes, approx. 200 µA, 2,5 Torr foreline, 1 x 10-4 Torr in the
sputtering chamber; rock angle 30º, rock rate 16 º/s, rotate at 30 rpm. Approximately 60
nm of Au deposited on top of previously sputtered carbon. Scanning electron microscopy
(SEM) imaging was performed using a JOEL JSM-6700F, Gaton MonoCl, 10 kV, 5 µA
instrument.

4.2.4 Fabrication of PMMA Microfuidic Devices
Te etched PMMA layer was placed onto the hot plate and the other PMMA layer was
placed over the top of the etched layer. Tese two PMMA layers were sandwiched
between PDMS pieces to evenly distribute the force of the weights. Using the equation
Pressure = Force/Area, the appropriate set of weights was determined. Te previously
reported[40] bonding pressure of 200 kPa, or 1.97 atm, was achieved by loading the
structure with a known mass of material.

Te chip dimensions were 2.5 x 2.5 cm.

90

Knowing this information, in addition to the fact that the gravitational constant g = 9.8
m/s2, the desired weight was found to be 1.275 kg. However, a precisely 1.275 kg weight
was not available, so various weights that sum up to 1.275 kg were stacked on top of the
PMMA chip.

Temperature was measuring using a miniature type T thermocouple

(M240C, Physitemp Inc.) placed in the stack adjacent to the PDMSlayer contacting the
PMMA part to be bonded.

Te layer was then heated at 165°C on the hot plate

(determined to be dial setting 7 out of 10) for 30 minutes and cooled to 80 °C (dial
setting 4.5 out of 10) for another 20-30 minutes. Once removed, the PMMA chip should
be tightly bonded with few air bubbles present.

4.2.5 Fluidic Interfacing
Basic fuidic interconnections with GPG chips were made from 3 mm o.d., 1 mm i.e.
silicone tubing (Cole Palmer) glued in place with silicone sealant (Permatex 81730).
Clamping gasket manifolds were constructed from laser etched PMMA layers bonded
together using ARseal double-sided pressure sensitive adhesive (Adhesives Research).
Magnetic fuidic connectors were constructed from toroidal magnets (Emovendo Inc)
ftted with the same silicone tubing (Cole Palmer), a thin PDMS membrane as a gasket
against the glass microchip surface, and silicone adhesive to bond the parts together. Tin
sheets of PTFE fuoropolymer were used a non-stick surface during gluing so that a
second magnet could be applied to clamp the connector in its intended fnal
confguration.
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4.3 Results and Discussion
4.3.1 PDMS Etching and Post-Ablation Removal of Debris
Despite the relative abundance of published reports on laser fabrication of PDMS
microdevices, there is enough variation between individual laser engraving machines (and
intra-instrument variation over time) that quality control of ablated microstructures was a
routine practice. Te drive system of the instrument experience wear and changes over
time, the beam steering mirrors may fall out of alignment with prolonged system
vibration and motion, and the laser module output slowly declines with use (for instance,
when the instrument was frst installed in 2008 the output power was measured to be
67.2 W, but had dropped to 58 W when serviced again in 2011). Moreover, the variation
in beam alignment between one region of the 12 in. x 24 in. cutting bed was found to
vary substantially at the microscale, with both alignment and power diferences.
Terefore, reported correlations between fabrication fgures of merit (e.g., etch depth) and
operation parameters (e.g., power and speed values), while useful, should always be
verifed at the time of device fabrication.
An unexpected phenomenon was discovered when debris from ablation was
deposited on the uncut material ahead of the laser beam. When the laser beam rastered
the debris-covered PDMS, the laser power was used to etch through both material and
debris and shallower etches resulted. Te net efect of this was a signifcant loss of quality
for deeply ablated regions longer than approximately a millimeter in the y direction.
Irregular debris deposition resulted in heterogeneity of etch depth in the x direction
within the footprint of the raster as well. When the cutting direction was reversed to
traverse the table from bottom to top, this efect was alleviated because debris was
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deposited asymmetrically around the cut site and moving away from the majority of the
debris deposition resulted in the highest quality raster etchings.
Following laser ablation of PDMS microfuidic layer, a multi step post-processing
workfow was developed to ensure the PDMS surfaces were free from debris that
interfered with bonding. In the frst step of microdevice fabrication, Figure 4.2A, an
aluminum slab was used as a solid support for a thin sheet of PDMS what was laser
ablated as described above. Te vector-based 2D design of the device is shown in Figure
4.2B.

Post-ablation processing was performed on the solid support, where swabs

mechanically removed debris with the aid of alcohol surfactants (Figure 4.2C). As the
photographic data in Figure 4.2D show, the majority of the ablation debris was removed
in this frst manual step. Note the improved optical clarity between the top image of
Figure 4.2D and the 2 bottom images.

When compared directly, isopropyl alcohol

outperformed ethanol for debris removal. With most of the debris cleared, the ablated
PDMS structure was be removed from the slab with forceps (Figure 4.2E), leaving any
cut out material behind.

Figure 4.2. Mechanical removal of ablation debris.
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4.3.2 Base-Mediated Clean Up of Laser Ablation Debris on PDMS
Te NaOH clean up procedure proved to be an efective method for improving
the optical clarity of laser-ablated PDMS. Immediately after laser ablation, all pieces
appeared like those in Figure 4.3A. Te side facing up during laser ablation was very
hydrophilic (a thin flm of water or NaOH would remain on the surface), but the pristine
PDMS side would de-wet immediately (i.e., a meniscus would form and spread until
PDMS-air interface replaced the PDMS-NaOH(aq) inferface).

SEM imaging of

unmodifed PDMS (Figure 4.3B) revealed a close up view of the fne powder debris.
Following an hour incubation in 5 M NaOH, the PDMS test pieces were noticeably
more transparent (Figure 4.3C). Moreover, both sides of the PDMS parts were very
hydrophobic following NaOH treatment. Note that the mechanical swabbing step was
omitted for Figure 4.3A and Figure 4.3C to isolate the efect of the NaOH treatment.
SEM imaging of a PDMS surface following both the swabbing and NaOH treatment

Figure 4.3. Chemical reduction and clarifcation of ablation debris.
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revealed a visibly cleaner surface (Figure 4.3D). Te water-only controls recovered their
hydrophobicity in spite of the debris. Te removal/clarifcation of ablation on debris by
NaOH treatment was an efective means of improving the appearance and optical clarity
of the PDMS parts.

4.3.3 Laser Ablation of Holes in Glass.
Te glass top layers of microfuidic devices were modifed with access holes for
interfacing with the microfuidic architecture in the PMS layer. Cracking in the glass
from ablation was suppressed by contacting both sides of the glass with common ofce
tape prior to laser processing, and removing it with alcohol immediate following ablation
(Figure 4.4A). Imaging of the posts appellation holes in glass by SEM (Figure 4.4B)

Figure 4.4. Method and outcome of laser ablation for creating holes in thin glass plates.
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revealed that small cracks were often still present. Comparison of the crack pattern with
the tape versus without revealed that the cracks were less radial than when tape was not
used (data not shown), and the likelihood of crack propagation (ruining the part) was
reduced when tape reinforcement was used. Nonetheless, the glass holes were still the
weakest point in the microfuidic device, which is unfortunate because the fuidic inlets
are subjected to the most stress. For instance, applying excessive pressure to the GPG
device shown in Figure 4.4C resulted in crack propagation.

Until a satisfactory

improvement in the hole forming method is validated, caution must be used to prevent
cracks from forming and propagating into the rest of the microchip.

4.3.4 Glass-PDMS-Glass Assembly Strategies.
Two methods of device assembly that were developed are represented in Figure 4.5A and
B. Te more traditional approach for device assembly utilized plasma activation of both
the glass and PDMS surfaces to form permanent bonds between the layers. A separate
strategy was validated wherein "reversible" bonds between the layers were established
after aligning and annealing the layers together. A vital step for both methods was the
use of a readily-evaporated surfactant (i.e., alcohol) to allow the planar PDMS structures
to foat and relax so that deformations could be relaxed by the elastomeric properties of
the PDMS. Te bond achieved by both methods was strong enough for applications of
pressures as high as 10 psi above ambient, at which weakness in the glass holes was the
typical failure point. As recently rediscovered and reproved by McCarthy et al., PDMS
will readily undergo recombination between polymer chains[36], so prolonged annealing
at elevated temperature may have somewhat equalized the bonding strength between
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Figure 4.5. Assembly methods for glass-PDMS-glass microfuidic devices.

these two methods. Te close contact between the glass layers and the PDMS were likely
the most critical factor.

4.3.5 Results of Fluidic Architecture Fidelity Testing.
Te fdelity of reproduction of fuidic architecture from computer design to physical
device was evaluated for the alcohol-assisted alignment and annealing method.

To

compare the performance between methanol and ethanol for relaxation and annealing
(IPA was excluded due to its PDMS swelling properties), 6 replicate devices like those
diagrammed in Figure 4.6A and B were constructed using either methanol or ethanol (3
devices each).

Relaxation of a fuidic channel is diagrammed in Figure 4.6C, and a

representative GPG device is shown in Figure 4.6D. Te intra-device variation (i.e., a
measure of deformation within each microchannel) is reported for 3 replicate devices
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F igure 4.6. Microfuidic testing devices for
evaluation of fabrication quality.

Figure 4.7. Comparisons of channel width within and
between channels, replicate devices, and annealing
solvents.

using ethanol Figure 4.7A) and methanol Figure 4.7B). Devices assembled using ethanol
had a more uniform channel geometry than those with methanol, and this may be due to
the longer evaporation time and greater surfactant properties of ethanol versus methanol.
While methanol is desirable because it is least likely to swell PDMS, it also evaporated
quickly which may not have allowed sufcient time, or adequate lubrication between the
glass and PDMS, for the fuidic structures to relax to their original geometry as defned
by the laser cutter before friction between the plates was restored. Moreover, the interdevice standard deviation per channel (i.e., comparing the same channel position between
the 3 replicate devices) (Figure 4.7C) revealed a lower variability in the ethanol-assisted
samples. Lastly, the 3 replicate channels within each device were compared to each other
Figure 4.7D), and again, ethanol was preferable over methanol for alcohol-assisted
relaxation and alignment of GPG devices.

4.3.6 Stencil method for creating closed-loop structures.
Many microfuidic architectures and two and three dimensions call for closed-loop
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Figure 4.8. Stencil method for creating closed-loop fuidic architectures of
constant channel cross section in planar PDMS layers.

structures that create islands of material when through-cutting a planar material. During
GPG device assembly, PDMS layers are annealed to a fat carrier substrate (or to the
bottom layer of glass) which will maintain that 2-D alignment of PDMS structures.
Small segments of solid or lightly etched material were included in the paths of
microchannel to hold together material that would otherwise be completely cut apart.
While the PDMS was annealed to a solid support these small solid segments occluding
the microchannels were manually removed with a surgical blade. Te ablation pattern for
a microdevice constructed with this technique is shown in Figure 4.8A. Te microfuidic
architecture for this multiple bifurcated design was initially modeled in COMSOL
Multiphysics software (Figure 4.8B) to choose geometry that would minimize areas of
stagnant fow[41] that may cause unintended adsorption of cells and microparticles. Te
stencil cutting step is diagrammed in Figure 4.8C. Tis method was laborious and subject
to heterogeneous excision of material, but it allowed for rapid prototyping of closed-loop
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GPG devices that would otherwise not be possible.

One completed microdevice is

pictured in Figure 4.8D with fuidic connections attached and flled with blue dye for
contrast.

4.3.7 Measurements of Etch Depth in Elastomers with Optical Imaging.
Measuring the depth and morphology of laser ablation in PDMS is contemplated by the
compressibility of PDMS (which precluded using a micrometer) and the high
deformability of PDMS (which resulted in large distortions of cross-sectional
dimensions). For optical measurement of laser ablation that GPG assembly method was
modifed such that the etched region extended beyond the edge of the glass layers.
Careful alignment of glass layers generated a planar surface at their edges, and cutting
along the glass edge plane (Figure 4.9A) with a sharp blade generated smooth and
undistorted cross-sections of PDMS material (Figure 4.9B,C). Te structures were then
photographed through microscope, and the images were quantitated using the pixel to

Figure 4.9. Method for accurate measurement of ablation in deformable PDMS layers.
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size correlation attainable from the glass layer thickness. A representative study of laser
power versus edge depth is shown in Figure 4.9D.

4.3.8 Fluidic interconnection with a gasket compression manifold.
Clamping manifolds were designed and built for making fuidic connections to GPG
devices with compressible gaskets. A generalized diagram of this gasket arrangement is
shown in cross-section in Figure 4.10A, and the resulting manifold is pictured in Figure
4.10B.

Te fragile glass access holes of GPG

devices proved incompatible with most clamping
manifolds, however, because devices would crack if
either too much pressure was applied or if pressure
was applied at a direction other than perfectly
normal to the glass surface. Tis is because the
compressible PDMS middle layer would allow the
glass to fex enough to crack. After several iterations
of clamping manifolds (as a graveyard of GPG
devices), use of manifolds with compression gaskets

F i g u r e 4.10. Clamping manifolds for
fuidic and pneumatic connections to glassPDMS-glass devices through compressible
gaskets.

was discontinued.

4.3.9 Closed-system thermal cycling in a glass-PDMS-glass microdevice.
Te suitability of glass and PCR microdevices for PCR has been well documented, but
the permeability of PDMS has been a reported source of dehydration of reaction liquid
during high temperature holds. Some design modifcations were required to adapt GPG
devices to infrared mediated PCR technology previously developed in our laboratory.
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While the glass top and bottom of the microfuidic device signifcantly limited
dehydration (relative to the more common glass-PDMS device design), additional
features had to be developed (Figure 4.11A). Micro-channels fanking the 2 heated
chambers were added which, when flled with water, provided a vapor barrier against
dehydration. Treading of the thermocouple into the heating reference chamber required
in-plane channel extending out from the PDMS layer. When devices were left open to
atmospheric pressure bubble expansion and dehydration or common. Vacuum degassing
of GPG devices, along with plugging of the afxed tubing fuid connectors (Figure
4.11B) efectively pressurized the device to reduce bubble expansion. Ultimately, thermal
cycling was achieved (Figure 4.11C), and this served as proof of principle for applications
described in Chapter 6.

Figure 4.11. Preliminary evaluation of the compatibility between glass-PDMS-glass microfuidic
device and infrared-mediated polymerase chain reaction thermal cycling.
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4.3.10 Fluidic Interconnection with Magnetic Connections.
Te reproducible and predictable directionality of magnetic forces was utilized for fuidic
interconnections with GPG devices. As diagrammed in Figure 4.12A, toroidal magnets
were ftted with silicone tubing and a thin silicone gasket. GPG devices were clamped
between these magnetic fuidic connectors on additional solid support and a second
magnet. Tis arrangement generated a compression force that was well distributed around
holes in the glass and cracking was prevented. Moreover, the placement of the solid
magnets could be constrained with a PMMA guide so that the magnets were perfectly
aligned with the microfuidic device design.

A close up view of a magnetic fuidic

connector is shown in Figure 4.12B. An ancillary fuidic handling device, a pressurized
micro centrifuge tube, is diagrammed in Figure 4.12C. Tis system of fuidic connections
was successfully applied for rapid interfacing with GPG devices, obviating attachment of
tubing to the devices with silicone adhesive. Tis development lowers the cost and time

F i g u r e 4.12. Magnetic fuidic connections and associated pressurized
microcentrifuge tube device.
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required for usable GPG device manufacturing, which is an important consideration for
future device disposability.

4.3.11 Strategy for fabrication of PMMA microdevices.
Tis author, in collaboration with undergraduate researcher Michael Do, adapted a
strategy of thermal PMMA bonding[40] that was suitable for device manufacturing
using laser ablation. Te temperature and applied force were optimized (Figure 4.13A) as
prescribed in [40], but dust and debris would inevitably get trapped between the PMMA
layers. Tis debris would cause un-bonded
regions in the fnished devices (Figure
4.13B).

A grid-work pattern was then

engraved along with the fuidic
architecture (Figure 4.13C) to provide an
escape path for trapped air and to allow
greater fexing of the PMMA plate during
bonding.

Tis fabrication method was

subsequently adopted, and further
developed, by Lounsbury et al.[8] to
conduct rapid forensic human
identifcation via microfuidic PCR.

Figure 4.13. Development of laser ablated grid
technique for improving thermal bonding of
PMMA microfudic devices.

4.3.12 Rapidly Fabricated PDMS Devices for Neural Stem Cell Culture .
Laser ablation was investigated for creation of very narrow channels intended to guide
axon growth in vitro. Conventional soft lithography methods are capable of feature sizes
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on the order of a few microns Figure 4.14A, so it was unknown whether the somewhat
larger channels formed by laser ablation would still adequately exclude neuron cell bodies
from the narrow channels dividing 2 microchannels. Cross channels were ablated in the
dividing wall between 2 chamber using a vector pattern (Figure 4.14B) or a raster pattern
set to low vertical density (not shown). Early versions of the device were made using only
the thin PDMS described thus far, but buckling was observed. Terefore, cast PDMS
was incorporated in the fabrication scheme as diagrammed in Figure 4.14C. Surprisingly,
the spacing fdelity of cross channels was better for raster patterns than for vector
graphics. Tis is most likely due to slippage during abrupt movements of sequential
vector etching as opposed to the more fuid raster pattern engraving where the y stepper
motor was continuously engaged. Visual evaluations of etch depth were used to minimize
etch depth while maximizing channel reproducibility. Subsequently, SEM imaging was
performed (Figure 4.15) for more detailed characterization. Lastly, in vitro testing of
prototype devices was conducted by Prof. Chris Deppmann and Mr. Chris Dawson, as
shown in Figure 4.16. Te laser fabricated devices did appear to exclude the neural cell
bodies, but axons were not strictly guided down the channels due to incomplete bonding

Figure 4.14. Microfuidic devices for guided axon
growth.

Figure 4.15. Characterization of laser-ablated
devices for neuron culture using SEM imaging.
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between the glass and
PDMS.

Tese studies

constitute a potential
path to rapid and very
low cost manufacture of
devices for microfuidicenabled neurobiology
research.
Figure 4.16. Culture of rat primary neuronal stem cells in laserfabricatied microfuidic devices.

4.3.13 Diagram of laser ablated normally open valve.
Te typical geometry of a “push-down” pneumatic microfuidic valve is shown in Figure
4.17. Rounded channels are required for these valves, wherein a semicircular channel is
pushed down so it collapses against the channel foor and seals of the channel. Tese
valves will not close completely when the channels are not rounded, such as in standard
soft lithography (square channels) or standard laser ablation (parabolic channels), and
thus valves with these sub-optimal geometry are leaky. Furthermore, the thickness of

Figure 4.17. Operational principle for laser ablated push-down valve.
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PDMS elastomer between the control and fuidic channels was critical because the
pressure required to close the valve is prohibitively high if the membrane is too thick, and
membrane failure with fuid leakage was observed if the membrane was too thin. To close
the valve, the region above the membrane and fuidic channel was pressurized, and this
causes the membrane to defect downward and pinch of the microchannel.

4.3.14 Calculation of 3D Etching Settings for Laser Engraver Digitizer.
Fabrication of rounded microfuidic
channels and a double-sided ablation
procedure were developed via iterative
design. Te 3D engraving mode of the
laser cutter was used to dynamically
adjust the laser power during translation
across the microvalve footprint, so a
gradient of laser power was used to etch
the valve channels. Te edges of the valve
channels were etched with lower laser
power and the power was tapered up to a
maximum in the center of the channel to
produce a rounded channel of any width.
Motion system non-idealities such as
slippage and warped ablation lines were
observed at speed settings above 2%.

Figure 4.18. Illustration of digitization of grayscale
color space.
Table 1. Optimized settings for ablation of PDMS
using the 3D feature of the UniversalLaser Systems
Advanced
control
software.
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Reduction of laser debris was achieved by modifcation of the air assist cone with a
custom extender to deliver greater gas fow to the ablation site. Using speed settings for
optimal beam translation, the maximum power setting before completely burning through
the PDMS material was 2%. Tus, the laser power was programmed by using diferent
shades of gray in the CAD design (Figure 4.18A,B) in a descending series from 2%
power. Unexpected bunching of etch depth were initially observed, which is hypothesized
to a result of digitization errors in the laser engraver power modulation circuitry. Tat is,
gray levels were constrained to 0.1% power steps, and interpretation of the continuous
gradient CAD design resulted in large blocks of equal depth. To better control the
spacing of power modulation steps, the engraver settings were adjusted to properly match
up the shades of gray specifed to the 0.1% power step size of the laser power digitizer
(Table 1).

Figure 4.19. Microscopy photographs of monolithic valves created by double-side 3D
laser ablation.
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Figure 4.20. Evaluation of the relationship between valve geometry and closing
pressures.

Initial characterization of the valve architecture are shown in Figure 4.19, but the
possible range of defections, volume, and control pressures of the valves was unknown.
Computer modeling of structural dynamics in 3D elastomeric structures is notoriously
difcult (due to complex 3D geometry and various non-linear phenomena), so an
empirical testing strategy was devised to correlate microstructure geometry to valve
performance. A range of valve and control channel geometries were simultaneously using
the experimental setup diagrammed in Figure 4.20A.

An array of 48 valves were

fabricated on a 25 mm x 50 mm footprint Figure 4.20B, and. I found a trend in the
pressures at which individual valves in the array would close. As shown in Figure 4.20C,
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all valves were open when no pressure was applied, but as increasing amounts of pressure
were applied valves can be seen to close (indicated by arrows in Figure 4.20D insets).
Using these data on functional valve geometry, it will be now be possible to build the next
generation of these devices and utilize their ability to precisely control movement of fuid
in a microfuidic device.

4.4 Conclusions and Future Studies

Techniques for fabrication of microfuidic devices using CO 2 laser ablation were
developed for multiple substrate materials and for multiple applications. Tese fndings
have signifcantly enabled research eforts described in the remaining chapters of this
thesis, and the author hopes that public disclosure in scientifc publications will allow a
diverse set of researchers to utilize equipment already in place at their institutions to
apply microfuidic technologies to research problems that beneft society at large.

4.5 Contributions

GPG fabrication and development: Michael Do
SEM imaging: Dr. Chris Jacobs (and Dr. Erkin Şeker, (data not shown))
Valve co-development: Murali Ghatkesar, Jon Armstrong
Tefon electrode fabrication: Alex Zestos, Dr. Chris Jacobs, et al.
Neurochip fabrication and development: Jon Armstrong; Neurochip evaluation with
primary rat neuron cultures: Chris Deppmann, Chris Dawson
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5. Ultrasonic Trapping and Analysis of Foodborne Pathogens
5.1. Abstract

In this work, bacterial foodborne pathogens (Escherichia coli, Salmonella enterics serovar
enteriditis, and Listeria monocytogenes) were acoustically-trapped as an enrichment step
prior to genetic analysis via the polymerase chain reaction (PCR). Acoustic trapping was
performed in microfuidic devices capable of ultra-rapid infrared-mediated PCR, thereby
demonstrating the multifunctionality of these devices.

Low-cost, rapidly-fabricated

microfuidic devices were also used for acoustic trapping.

Miniaturized (1 mm 2)

piezoelectric transducers were fabricated from widely-available and inexpensive materials
in a simple bench-top method. Electrical characterization and computer modeling of the
microfuidic acoustic trapping system was performed. Microbeads were used to assess
trapping efciency as a function of particle size and fow rate.

Individually trapped

microbeads were used to determine the maximum sustainable fow rate as a function of
particle size. Tese developments lay the groundwork for a viable system for acoustic
trapping of foodborne pathogens that could be incorporated into future microfuidic
genetic analyzers for pathogen detection.
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5.2. Introduction

Te economic cost of food-borne illness in the United States alone was recently estimated
at $51 to 77 billion dollars annually[1], and eforts for an international estimate are
underway[2]. Te medical expenses, lost productivity, and lost lives due to foodborne
illness are a major societal problem, so technologies that prevent outbreaks of food-borne
pathogens are in high demand. Polymerase chain reaction (PCR) assays ofer specifc and
sensitive detection of bacterial pathogens like Escherichia coli O157:H7, but they are
dependent upon upstream sample concentration steps[3]. Microfuidic devices are an
attractive platform for genetic analysis because they ofer reduced reagent consumption,
facile optical access, reduced instrumentation footprint, and integration of multiple
analytical processes. Conventional cell concentration processes such as centrifugation and
fltration are hard to implement in microfuidic systems due to physical and logistical
limitations.

Conversely, the unique physics of microsystems opens new avenues for

microparticle trapping. Acoustofuidic handling of micron-sized species is a promising
method because micron-scale particles are vital to many biotechnology applications, and
this report describes the development of such a system [4].
Microfuidic-based microparticle trapping methods are an active area of research
because the unique physics of microfuidic system enables a range of novel techniques.
Conventional methods of cell and microparticle handling such as centrifugation,
fltration, and magnetic manipulation are powerful and convenient in traditional lab
settings. However, these methods can become cost- and time-prohibitive in emerging
bioanalytical settings such as on-site testing when large equipment are required or many
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manual steps are required[5,6].
A variety of microfuidic cell/microparticle trapping methods have been
developed, including dielectrophoresis[7], functionally-coated magnetic beads[8], optical
tweezers[9], hydrodynamic[10], c e nt r i f u g a l f o rc e s[11], a n d a c o u s t o f u i d i c
manipulation[12,13]. Te optimal trapping solution depends on the desired application,
and a more detailed review of microfuidic cell trapping methods was recently published
by Gao et al. [14]. Acoustic trapping is attractive for a number of reasons including nondestructive handling of cells, lack of consumable flters, and straightforward integration
with advanced techniques such as fuorescence microscopy[15] and MADLI-TOF[16].
Microfuidic devices can serve as acoustic resonators when they are actuated with
MHz range ultrasound. Ultrasonic standing waves (USW) can be established in waterflled cavities when the wavelength of the ultrasound excitation corresponds to a multiple
of the half-wavelength of sound in the liquid medium (Figure 5.1A-G). For example, the
speed of sound in water is roughly 1500 m/s, so a 6 MHz sound wave will have a
wavelength (λ) of 250 µm, and thus, a 125 µm tall (λ/2) water flled cavity will resonate at
~6 MHz. Particles within an acoustic feld will experience a force axial to the direction of
sound propagation known as the primary acoustic radiation force, F prf. As presented in
[17], and shown in Eq. 5.1, this force will cause microparticles that are denser and/or less
compressible than the surrounding medium (typically the case for cells and microspheres)
will experience a force towards the pressure nodes within an ultrasonic standing wave.
Gradients of pressure amplitude orthogonal to the axis of beam propagation often arise
when localized or focused transducers are used, and these lateral gradients give rise to a
trapping force[18], FLat (Eq. 5.2). Microparticles that are co-trapped in the same pressure
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nodal plane will experience secondary acoustic forces that attract the particle towards
each other, FSec (Eq. 5.3). Tis attractive force holds particles to the particle aggregate,
thereby increasing the efective volume of the trapped particle (and thus the primary and

Figure 5.1: Sinusoidal representation of an ultrasonic standing wave. B. Free body diagram for a
microparticle in the beginning stages of acoustic trapping. F = sum of forces on particle (F AX = acoustic
radiation force along propagation axis of the standing wave; F Tr = Transverse (lateral) trapping forces; FB
= inter-particle (Bjerknes) forces) C. Additional, non-acoustic forces acting on particles (F g r a v =
gravitational force, Fbuoy = buoyant force, Fdrag = viscous drag force) D,E. Te initiation of acoustic
trapping is diagramed here in side view (C). Te spacing of the nodal planes in the ultrasonic standing
wave correspond to multiples of one half the wavelength the ultrasonic standing wave. F,G. A simplifed
diagram of the trapping process as viewed from above (i.e., as viewed through a microscope). (Panels A,B,
D and E adapted from [70].)
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lateral acoustic forces) and makes trapped particles less prone to loss by viscous drag.
Moreover, additional incoming particles are trapped more strongly than they would be
without these attractive secondary forces.

Continuous application of ultrasound in

microfuidic devices has been shown to induce steady state circular fows[19]. Tese gyres
can either aid trapping by increasing the residence time of microparticles as the traverse
the ultrasonic trap, or they can hinder trapping by carrying away particles when acoustic
forces are too weak. Trapping occurs when the combination of forces directing particles
toward the pressure nodes of the acoustic trap exceed the Stokes drag force, F Drag (Eq. 5.4)
of the fowing sample medium. Retaining particles against fow is the basis of acoustic
trapping performed here, and accumulation of particles over time can concentrate
particles. Acoustic forces scale with the particle volume (i.e., radius 3) while viscous drag
scales with the radius, and therefore smaller particles (especially sub-µm) are more
difcult to trap using acoustic forces.
Piezoelectric transducers, such as those made from lead zirconium titanate (PZT) have
been patterned into small footprints[20] or diced from larger PZT discs [21–23].
Transducers may be permanently glued to microfuidic devices (e.g., [23]), or reversibly
coupled to microdevices [24]. Te manufacture of miniature transducers has typically
been conducted in cleanroom environments, yet a bench-top fabrication method is
described here.

Piezoelectric elements for ultrasound emission are driven by an

oscillating signal in the MHz range that is generated by an electronic waveform
generator. Te driving voltage applied to transducers can be increased for greater output
of acoustic energy, yet increased voltage results in greater heat generation that can become
problematic.

Efective acoustic trapping has been achieved in systems where the
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transducer comprised part of the microfuidic channel (e.g. [20,25–27]. Another acoustic
trapping method wherein the microfuidic device contents directly contact the transducer
is in surface acoustic waves (SAW) trapping systems; while SAW devices have been
demonstrated as an efective particle manipulation strategy[28], this technique is
sufciently diferent to lie outside the scope of this paper. Transducers that are exposed to
the sample present difculties with sample carry-over contamination. Small, localized
transducers are often incorporated into a printed circuit boards for support and electrical
connections. In this report, we describe a PCB transducer that is compact and capable or
precise positioning to make contact with microfuidic device.
Fully-enclosed microfuidic devices are ideal for preventing sample carry-over, but the
ultrasound must travel through an intermediate layer (often call the carrier layer) between
the transducer and the water-flled cavity. Glass is a popular material because it has low
acoustic impedance, optical clarity, generally low cost, and well-established
microfabrication methods. Optimal transfer of acoustic energy has been the subject of
modeling and experimentation, and a thin layer of glass that is λ/4 has been shown to be
optimal[23,29,30][31]. It should be noted however that acoustic trapping is still possible
if the λ/4 resonance condition is not met in the carrier layer, but the strength of the
resonance for the whole system is decreased[31]. Glass capillaries are excellent devices
for acoustic trapping (e.g., [24,32,33],) because they have thin glass walls and are
inexpensive. Freestanding bridge structures within a glass microfuidic device[34] are a
good analog to capillaries in vertical resonance, with the additional possibility of confocal
chambers and facile monolithic integration with other microfuidic architecture.
Confocal resonators have been shown to be an efective trapping geometry[35,36].
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Layered acoustic resonators have also been developed with the inexpensive silicone
elastomer polydimethylsiloxane (PDMS) as a spacing layer [27,37,38]. PDMS is a good
interlayer because it bonds well to glass [39], and because microfuidic architecture can be
readily created in PDMS by soft lithography [40] or etching channels into featureless
PDMS by methods including computer controlled cutting[38] and laser ablation(e.g.,
[41]a n d Chapter 4).

PDMS can be used for active fuidic control via valves and

pumps(e.g., [42] and Chapter 4), which could facilitate integration between acoustic
trapping and other microfuidic functions. As a bulk material, PDMS is prone to solventinduced swelling [43], so care must be taken to avoid swelling-inducing solvents. Te
thermal expansion of the PDMS[44] interlayer is predicted to be on the order of a
micron for a PDMS part that is 230 µm thick 25 ºC to 40 ºC, which is manageable at a
steady state temperature.

PDMS is also gas-permeable, which can be exploited to

actually remove air bubbles through the PDMS bulk[45]. Most importantly though,
glass-PDMS-glass (GPG) layered acoustic resonators are efective for acoustic trapping.
Where piezoelectric elements convert mechanical energy to and from electrical
potential, electrical characterization by measuring the admittance as a function of
frequency can reveal important information about both the transducer and the acoustic
resonator system as a whole[46]. Measurement of the transfer function versus frequency
identifes system resonances at characteristic frequencies, and the strength of these
resonances can be determined by their Q factors, a quantitative evaluation of resonance.
In most cases a narrow, high magnitude resonance peak (i.e., a high Q value) is desirable
because the high amplitudes should be achievable when the system is driven precisely at
its resonant frequency. Conversely, a broader resonance peak, while having a lower Q
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value, is less sensitive to deviations between the driving frequency and the resonance peak
maximum frequency. Te most efcient transfer of energy to the water-flled cavity will
occur when the cavity’s resonant frequency is close to (but not identical to) the resonance
of the transducer [47].
Microfuidic acoustic resonators must be driven at specifc frequencies for optimal
performance, and methods such as electrical characterization, fnite element modeling,
and empirical testing of microparticle manipulation all contribute to efective system
characterization. Resonant frequencies of the system can be roughly predicted using 1D
modeling of the resonances or more precisely using 2D fnite element analysis
modeling[48][31].

Empirical trapping of microbeads is another vital tool for

characterizing an acoustic trapping systems. Te arrangement of beads maps out the
pressure nodes of the acoustic feld, discernible either by direct microscopic observation or
advanced techniques such as particle image velocimetry [49] or optical focus analysis[50].
Furthermore, microbeads can be used to determine performance metrics such as trapping
efciency and sample throughput capability. To characterize this acoustic trapping system
we used electrical analysis, modeling, and observation of bead behavior in the acoustic
trap.
While the physical dimensions of a single microfuidic acoustic trap are small
(~10-100 µm across, as discussed in Chapter 1), several techniques exist for parallel or
expanded trapping for increased sample throughput and/or greater control over trap
contents.

Perhaps the most direct approach to parallel acoustic trapping is to have

multiple separate transducers [51] or array controlled [52,53]. Despite the utility of such
arrays of active trapping sites, practical limitations on driving power and resonance
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matching can be non-trivial difculties.

Another strategy increasing the number of

trapping sites within a given volume of fuid is to use higher order harmonic modes with
multiple nodes across the fuidic channel[54] or phase modulation to set up complex
patterns of multiple trapping sites [55].

Te trapping devices described here were

typically operated in the frst harmonic mode with two vertical nodes spanning the fuidic
channel. In this report we describe another method of acoustic trapping in parallel where
several parallel channels in a GPG microdevices were excited by a strip of PZT. Te
diferences in sound propagation between water and the PDMS channels were predicted
to allow for water-centered vertical trapping nodes for parallel acoustic trapping.
Several authors have reported that trapping efciencies of microparticles decrease
rapidly below approximately 1 µm (e.g., [49][56]. Te acoustic forces scale with particle
volumes while viscous drag scales with radius, and at particle dimensions on the order of a
micron these forces are believed to cancel out and preclude trapping. Nonetheless, a
number of reports have described ultrasound-mediated accretion of bacteria in multiwavelength resonators [57,58].

Recently, Hammarström, Laurell and Nilsson

demonstrated that sub-micron particles, including E. coli cells, could be readily trapped
using 4 MHz ultrasound and E. coli concentrations above 5 x 104 cells/µL

(and at

signifcantly lower concentrations when larger seed particles were used)[32]. It has also
been reported that at higher frequencies (and, coincidentally, with more standing nodes)
the acoustic trapping of 400 nm particle transitioned from a streaming-dominated regime
at 2.11 MHz to an acoustic force-dominated regime at 7.21 MHz where aggregation in
pressure nodes was apparent[19].
pathogens were acoustically trapped.

In this work we show that bacterial foodborne
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Eq. 5.1
Vp = (4/3)π(rp)3

Eq. 5.2

Eq. 5.3
Eq. 5.4

Fdrag = 6πμυrp

5.3. Materials and Methods
5.3.1. Ultrasonic Transducer Fabrication and Characterization
Transducers were fashioned from lead-ziconate-titanate (PZT) piezoelectric ceramic
disks with thickness resonance at either 6 MHz (PZ26, Ferroperm Piezoceramics,
Kvistgaard, Denmark). Te piezoelectric disks were manually cleaved into roughly 1 mm 2
pieces by scoring with a razor blade and carefully snapping apart the pieces. Te small
pieces were then mounted to stock printed circuit board (PCB) with copper-ringed holes,
which also provided the PZT elements with an air backing. Conductive epoxy adhesive
(MG Chemicals, type 8331-14G) was used to secure the PZT to the PCB, and also to
create an electrical connection to adjacent holes where wire leads were soldered. Te PZT
was clamped to the PCB before the epoxy cured so that the PZT was fat against the
PCB surface. Once the electrical contact to the bottom electrode of the PZT was cured,
non-conducting epoxy (DevCon 5-min epoxy) was spread thinly over the board to
electrically isolate the bottom and sides of the PZT (but leaving the other wire lead
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uncovered). Conductive epoxy was then applied from the top electrode of the PZT to the
other wire lead. More non-conducting epoxy was applied to the PCB to insulate most of
the second coat of conductive epoxy. Once all epoxy was cured, the PCBs were inspected
and the epoxy was carefully sanded so that the PZT was the tallest feature on the PCB
(to ensure proper contact with the microfuidic devices).
Completed ultrasonic transducers were characterized by transfer function spectra
analysis[46]. An Agilent 8753D network analyzer was used to measure the S 11 (refected
power/incident power) and the S21 (transmitted power/incident power) over a range of
frequencies.

Microfuidic devices were placed in contact with the actuator mounted

transducers, and spectra were obtained for empty microchannels and then for water-flled
microchannels.

A custom application was developed in LabVIEW (National

Instruments) to take data from the network analyzer and calculate the Q factor (by
fnding the -3 dB values) for specifc resonance peaks.
Manifolds for supporting the actuator-mounted transducers and the microfuidic
devices were machined from 0.25 inch thick cast polymethylmethacrylate (PMMA)
(McMaster-Carr, product number 8560K355). Manifold parts were cut out via CO 2 laser
ablation on a VersaLaser 350 laser engraving machine (Universal Laser Systems) using
manufacturer recommended settings for PMMA, and threaded holes were tapped by
hand.

Te pivoting actuator heads were constructed from additional laser-sculpted

PMMA, nylon washers, and 8-32 machine screws. Te PCB-mounted transducers were
afxed to the actuator heads using epoxy (DevCon 5 Minute Epoxy).
During trapping experiments, microfuidic chips were secured to a PMMA
baseplate and the actuator-mounted transducers were manually lowered into contact with
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the microfuidic device. Glycerol was applied between the microfuidic device and the
transducer surface to exclude air and ensure maximal transmission of acoustic energy.

5.3.2. Modeling Microfuidic Acoustic Resonators
Modeling of microfuidic acoustic resonators was utilized for both predictive power and
explanative power. Simple 1D modeling of the water-flled chamber where the speed of
sound, CL = 1500 m/s and the equation CL = λ/f to solve for conditions where chamber
height was n*λ/2. Finite element analysis modeling was conducted in the COMSOL
Multiphysics package (version 4.2) using eigenfrequency studies within the Pressure
Acoustics module. Cross-sectional geometries of microfuidic devices were given soft
sound boundaries because the glass layers were thin [59]. For glass-PDMS-glass devices
where signifcant material existed to either side of the water-flled channel, a subsection
of the cross-sectional area was used with a plane wave boundary condition precluding
refection from the boundary that was contiguous with several millimeters of additional
material and clamps.

Built in material properties were used where available (using

borofoat glass, silicone, and water), and the speed of sound in PDMS was given as 1020
m/s[60]. Te transducer itself or a localized source of acoustic energy was not included in
modeling. Meshing was set to a maximum of 10 µm to allow for adequate sampling
across the acoustic wavelength in water (e.g. ~250 µm at 6 MHz). Surface plots of the
total acoustic pressure were used to identify resonant modes with potential for acoustic
trapping.
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5.3.3. Microfuidic Device Designs and Fabrication
5.3.3.1. Low thermal mass glass microdevices
Glass confocal acoustic resonators were fabricated in borofoat glass via photolithography
and isotropic chemical etching. Devices fabricated by Easley et al.[34] were repurposed in
this work to serve as acoustic resonators. Tese devices feature dual chambers within a
freestanding bridge structure designed to have low thermal mass for rapid heating and
cooling. Te bridge region (3.375 mm wide) was the point of contact for the transducer.
Chambers were 1 mm across at their widest point, and 115 µm deep with 115 µm of glass
above and below.

Chamber depths were confrmed by extrinsic Fabry-Perot

interferometry[61,62] prior to acoustic trapping studies.

Te elliptical shape was

designed to minimize sharp geometrical features to minimize bubble nucleation sites.
Tese devices were designed for rapid infrared-mediated polymerase chain reaction (IRPCR), which is a low-fow application, so these devices were adapted as acoustic
resonators by adding fuidic connections for syringe pump driven fow. Silicone tubing (3
mm o.d., 1.02 mm i.d., Cole Palmer, Cat No. 07625-28) was afxed with silicone
adhesive (Wacker, Elastosil A-07) over the channel access holes. Low retention TFE
Tefon® tubing (1.58 mm (1/16 in.) o.d., 0.3 mm i.d., Supelco, Cat. No. 58698-U) was
used in all experiments to minimize microparticle losses to adsorption. Te TFE fuidic
tubing was pressed into the silicone tubing, held in place by constriction of the silicone
tubing, and no leaking was observed during pressure-driven fow.
5.3.3.2. Rapidly fabricated glass-PDMS-glass microdevices
Laser fabrication of microfuidic architecture was investigated as a more rapid and cost
efective fabrication methodology than photolithography and wet chemical etching.
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Hybrid devices consisting of a polymer fuidic layer sandwiched between two glass
refectors were developed. Sheets of the silicone elastomer polydimethylsiloxane (PDMS)
were purchased in thicknesses of 230 µm (nominal thickness 0.01 inches, Rogers HT6240, Stockwell Elastomerics Inc., USA). Fluidic channels and chambers were throughcut using a CO2 laser etching/cutting machine (VersaLaser 350, Universal Laser Systems
Inc) as described in Chapter 4. Freshly cut devices were frst cleaned with ethyl alcohol
and 5 M sodium hydroxide prior to bonding. Te devices were assembled using oxygen
plasma activation of the PDMS surface to achieve permanent bonding to the glass
acoustic refecting layers. Te carrier glass layer (between fuid and the transducer) was
microscope cover glass (Fisher Finest Brand, #1.5 or #1, Fisher Scientifc). Te refector
glass layer was made from 0.7 mm thick borofoat glass (Schott). Access vias were drilled
into this layer using a diamond tipped drill bit (Triple Ripple, C.R. Laurence Co., Inc).
For some GPG devices, the glass above the trapping sites was etched down to 0.4 mm
thickness using HF to improve the optical and acoustic properties of the trapping site.
As described in Chapter 4, some devices were fabricated from 2 layers of coverslip glass
and in that case no HF etching was required. Macro-to-micro fuidic connections were
made from silicone tubing afxed with silicone adhesive.
Microfuidic architectures for trapping at a single site featured a trifurcated inlet
for hydrodynamic fow focusing, and a trapping chamber that opened gradually to
minimize sharp corners that could act as bubble nucleation sites (or acoustic streaming
sites[19]). Te wider width of the trapping chamber relative to access channels also
served to slow the translational motion of the sample fuid as it passed over the trapping
site, and we believe this reduced the viscous drag experienced by particles in that region.
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Two schemes for multiples trapping sites in GPG devices were also tested. First, a
dual chamber device was constructed with 2 isolated microfuidic domains identical to the
trifurcated GPG design described above. Alternatively, a GPG device with 6 parallel
microfuidic channels was tested, and the closely-spaced channels were actuated by a
single long transducer. Multiple syringes were used in both cases, using a multiple syringe
pump to synchronize fow across multiple trapping sites.

5.3.4. Reagents
5.3.4.1. Fluorescent microspheres
Fluorescent microspheres of various diameters were used to characterize the acoustic
trapping system.

All microparticles used in this work were yellow-green fuorescent

microspheres of the following diameters: 2 µm (FluoSpheres, Invitrogen, F8853), 6 µm
(Polysciences Inc, 17156-2), 10 µm (Spherotech, FP-10052-2), and 20 µL (Spherotech,
FP-20052-5). Microspheres were typically diluted to working stocks in 0.01% TWEEN
20 (Sigma, P5927). A small magnetic stirring disc (V&P Scientifc, VP724F) was placed
inside the syringes containing the microsphere suspensions, and settling was counteracted
by periodic manual agitation the solution with a permanent magnet.
5.3.4.2. Bacterial cell trapping studies
Escherichia coli K12 cells with plasmid-derived ampicillin resistance were cultured on agar
plates at 37 ºC.

For E. coli trapping experiments, 2-3 mm diameter colonies were

swabbed from an agar plate and briefy incubated in fresh LB medium. Te cells were
then pelleted (90s @ 9000 rpm), washed with 1X PCR bufer, pelleted again, and
resuspended in 1X PCR bufer with 0.01% v/v TWEEN for acoustic trapping. One
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milliliter of this suspension was spiked with 1 µL of 5 M Syto® 11 cell-permeable
fuorescent DNA-intercalating dye (Invitrogen, S7573), and spiked with 2 µm fuorescent
beads (fnal conc. of approx. 3 beads/µL). Te Syto® 11 dye caused cells to emit green
light after excitation with blue light, and FITC flter sets were used for microscopy.
Acoustic trapping parameters were optimized empirically at the time of trapping
and conditions are described in the results section.

Samples for PCR analysis were

generated by infusing the bead/cell suspension through the acoustic trap for 10 minutes at
1 µl/min and collecting the efuent. Ten the transducer was turned of, and sample was
infused for 1 minute at 10 µl/min while the efuent was collected into a clean
microcentrifuge tube.

Control samples without acoustic trapping were collected by

fowing the sample through at 10 ul/min for 1 min while collecting the efuent. Te dead
volume from the microchamber center to the PTFE tubing outlet was ~8 µL.
Bacterial cells recovered after ultrasonic trapping were lysed and used as template
material for PCR reactions. E. coli trapping samples were lysed by hypotonic and thermal
stress during the 10 minute pre-denaturation stage of PCR. PCR primers targeting the
LamB (maltoporin) gene in the E. coli genome (forward 5’CTG-ATC-GAA-TGGCTG-CCA-GGC-TCC-3’, reverse 5’CAA-CCA-GAC-GAT-AGT-TAT-CAC-GCA3’)[63] were used to generate an E. coli-specifc 365-bp product. For PCR analysis of
post-trapping samples, 1 µL of well-vortexed trap efuent was mixed with 9 µL of PCR
master mix (1.1X PCR Bufer II (Applied Biosystems), 2 mM MgCl 2, 0.2 mM each
dNTPs, 0.3 µg/µl BSA, 0.2 µM each forward and reverse primers, 0.1 U/µL AmpliTaq
Gold Polymerase (Applied Biosystems)). Termocycling was performed in a Bio-Rad
MyCycler thermal cycler. Te PCR program consisted of (1x10 min. at 95 ºC; 30x(10
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sec. at 95 ºC, 10 sec. at 55 ºC, 10 sec. at 72 ºC); 1x3 min at 72 ºC). Post-PCR analyses
were performed via microchip gel electrophoresis using the DNA 1000 kit for the Agilent
2100 Bioanalyzer.
Cultures of inactivated Listeria monocytogenes and Salmonella enterica (subspecies
enterica serovar enteriditis) were kindly provided by Prof. Ian Glomski and Prof. Sanford
Feldman, respectively. Listeria were cultured overnight, pelleted by centrifugation, and
resuspended in phosphate bufered saline at a fnal concentration of ~2 x 10 10 cells/mL.
Salmonella were cultured overnight in Kreb’s Ringers bufer for a cell concentration of
~1.5 x 108 cells/mL. Samples of foodborne pathogens were heat-killed at 56 ºC for 60
minutes[64] prior to use in trapping experiments. Bacterial cultures were stored at 2-8
ºC following heat inactivation and used within 12 hours to preserve cellular integrity.
Suspensions of Listeria and Salmonella were prepared by spiking 1 µL of culture and 1 µL
of 5 M Syto 11 dye into 1 mL of 0.01% TWEEN 20, with a fnal cell concentration of ~2
x 107 cells/mL (Listeria) and ~1.5 x 105 cells/mL (Salmonella). Bacterial cell suspensions
were incubated in the dark for 30 minutes for fuorescence staining then slowly aspirated
into 1 mL glass syringes (SGE inc.). Protocols for acoustic trapping are described below.
Listeria and Salmonella trapping samples were lysed using the prepGEM Bacteria
DNA extraction kit (ZyGEM, Inc).

PCR typing of foodborne pathogens was

accomplished using published PCR primers specifc for the invA (invasion protein A) gene
for S. enterica[65], the prfA (transcriptional activator of the virulence factor) gene for L.
monocytogenes. A custom Plexor® (Promega) multiplex PCR reaction was designed;
Listeria-specifc primers were labeled with CAL Fluor® Orange 560 and Salmonellaspecifc primers were labeled with CAL Fluor® Red 610. Amplifcation reactions were
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set up according to manufacturer protocols. Purifed DNA from L. monocytogenes and S.
enterica (purchased from American Type Culture Collection) were used to verify the
inter-species specifcity of the multiplex PCR reaction. Te Plexor® quantitative PCR
(qPCR) reaction operates by the progressive quenching of the fuorescent reporters as the
species-specifc PCR products are created and thus the fuorescence signal decreases as
product accumulates. Termal cycling was performed in a BioRad iQ5 with the PCR
program (2 mins. At 95 ºC; 40x(5 sec. at 95 ºC, 35 sec. at 60 ºC)). Following PCR, the
amplifcation products were subjected to melting temperature analysis (range: from 60 ºC
to 95 ºC) to further assess the specifcity of the amplifcation products.

5.3.5. System hardware
Te driving signal for the ultrasonic transducers was produced by an arbitrary waveform
generator (Agilent, model 33220A) connected to a custom 5X amplifer[66], and the
peak-to-peak voltage of the output signal was measured with an oscilloscope (Tektronix
TDS1002). A 50-ohm BNC terminator was connected in parallel to suppress both 60
Hz line noise and a higher harmonics of the WFG signal. A fuorescence microscope
(Zeiss Axioscope A1 with X-CITE 120Q light source; 2X, 5X, or 10X objective lens;
Filter Set 10) was used to visually monitor the trapping process, and microscope images
and videos were captured with a color CMOS camera (PixeLink, PL-B681) or color
CCD camera (Hitachi, KP-D20; with USB frame grabber). Temperature readings were
obtained by placing a fne gauge thermocouple (Physitemp Inc., model T240M) in the
glycerol surrounding the transducer, and the thermocouple was read with an electrically
isolated thermocouple-to-analog converter (Omega Engineering, TAC-80B) and digital
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multimeter. Samples were infused using either a NeMesys dosing module (Cetoni), WPI
SP101, or WPI SP230iw syringe pump (World Precision Instruments). In some cases, a
fow selector valve (Rheodyne Inc) was used to switch the input fow stream between the
cell or microbead suspension and clean run bufer.

5.3.6. Experimental procedures for ultrasonic trapping
5.3.6.1. Microparticle trapping efciency
Suspensions of 2 µm and 6 µm diameter particles were infused through the GPG device
at varying fow rates while the liquid stream coming out of the chip was collected as
several sequential fractions in 0.7 mL microcentrifuge tubes. Te aggregates of trapped
particles were observed via video microscopy. Fluorescent microspheres in pre- and posttrapping samples were counted using Glasstic hemocytometer slides (Kova, Glastic
87144), and the ImageJ software suite (National Institutes of Health, USA) was utilized
to facilitate bead counting. Trapping efciency, Tef, was calculated from the average bead
concentration with ultrasound turned of, C of, and the average bead concentration of
fractions collected while ultrasound was applied, C on, using the formula T e f = (Cof –
Con)/Cof.

Te microparticle concentrations were normalized to the average C of to

facilitate data comparisons. Trapping efciencies were determined at a range of fow rates
(n ≥ 3 each) for both 2 µm and 6 µm diameter beads.
5.3.6.2. Single microparticle retention against fow
Single fuorescent microparticles of various sizes were loaded into the single chamber
GPG acoustic trap by fowing a dilute microparticle suspension through the device until a
single bead was held in the USW. Once a microparticle was trapped, the input stream
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was switched to clean run bufer (0.1% TWEEN). Microparticles were then monitored
by video. Te input fow rate was increased in small increments, and the maximum fow
rate before particles were dislodged from the trap was recorded.
5.3.6.3. Acoustic trapping of bacterial foodborne pathogens
3.6.3.1. Trapping of E. coli in glass ellipsoid microchambers
Suspensions of nonpathogenic live E. coli (described above) were infused in the glass
ellipsoid microfuidic device via syringe pump. Prior to trapping bacteria against fow, the
actuation frequency was scanned from 6 to 8 MHz, and 6.69 MHz was selected for
bacterial trapping experiments. Bacterial cells were trapped by fowing sample through
the activated ultrasonic trap for 10 minutes at 1 µl/min. Ten ultrasound was turned of
and sample was infused at 10 µl/min for 1 minute while collecting the efuent in a clean
microcentrifuge tube.

Control samples (no trapping) were collected by fowing the

sample through at 10 µl/min for 1 minute while collecting the efuent in a tube. Te
trapping apparati and work area were decontaminated with 70% ethanol after trapping
experiments with live bacteria.
3.6.3.2. Trapping of foodborne pathogens in GPG trapping chambers
Acoustic trapping of heat-killed foodborne pathogens (either Listeria monocytogenes or
Salmonella enterica) was conducted in the single chamber GPG microfuidic device. Te
trapping frequency was empirically adjusted from nominal values of 7.1 MHz or 6.2
MHz. Suspensions of bacterial cell were infused at 1 µL/min without hydrodynamic fow
focusing. Video microscopy was used to monitor the formation of trapped aggregates of
cells.

Trapping was conducted for 15 minutes (until visible aggregates of cells

accumulated). To recover the trap contents the input fow was switched from sample to
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clean 0.01% TWEEN solution. Te fow rate was set to 10 µl/min and the efuent was
collected for 1.5 minutes into microcentrifuge tubes.

5.4. Results and Discussion
5.4.1. Transducer Characterization
Te miniaturized piezoelectric transducers were characterized electrically to determine
their resonance characteristics. Dicing and mounting of a 6 MHz PZT to the PCB to
create the miniature PZT assembly (Figure 5.2A-C) resulted in a drop of Q factor from
62.95 (6 MHz PZT with only soldered-on leads) to 19.79 ± 1.657 (N = 3 transducer
assemblies) and shift in Fmax from 6.30 MHz to 6.61 ± 0.0794 MHz. Te reduction in
observed Q factor indicates that the assembly process reduced the amplitude and
decreased the bandwidth of the resonance peak of the transducers, but that the
transducers were still functional because resonance peaks were clearly visible. Two of the
transducer assemblies were selected for use in the trapping system. Te shapes of the
manually-cleaved PZT elements were slightly diferent (as is visible in micrographs of the
trapping chambers), but the transducer assemblies showed similar electrical
characterization results that are indicative of comparable performance. Te electrical
resistances between each wire lead to their respective PZT electrode surface were
measured to be less than 1 ohm to minimize resistive losses. Te PCB-mounted PZT
assemblies were attached to a rotating, vertically adjustable positioner (Figure 5.2D,E)
with a range of motion in the x, y, and z directions provided by a manifold assembly
(Figure 5.2F,G) to precisely contact the delicate microfuidic devices. Tis transducer
packaging method and interface with microfuidic devices were used for all studies in this
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F i g u r e 5.2: Fabrication of miniature piezoelectric
transducers. Commercially available PZT discs (A) were
manually diced into approximately 1 mm 2 pieces (B).
Te PZT fragments were mounted on ~(2.5 mm x 10
mm) pieces of printed circuit board (C), and insulating
and conductive epoxies were used to fasten the PZT and
make electrical connections to it. Te completed
transducer assemblies were mounted onto a positioning
device (D, E) to facilitate precise mating of the
transducer to microfuidic devices. A manifold (F,G)
was used to position the parts relative to each other and
hold them in place.

chapter.

F i g u r e 5.3 Overview of acoustic trapping
apparatus.
A. Te apparatus for acoustic
trapping consisted of a syringe pump for
infusion of the microparticle/bacterial cell
suspension, a layered glass-PDMS-glass
microfuidic acoustic resonator, a waveform
generator ( WFG), amplifer (Amp), a
maneuverable printed circuit board-mounted
piezoelectric transducer, and an epifuorescence
microscope for documentation of acoustic
trapping.
B. Photograph of the acoustic
trapping apparatus used in this work.

Te transducer and microchip were then connected to the other system

components (Figure 5.3) to complete the apparatus.

5.4.2. Acoustic Trapping in Glass Ellipsoid Chambers
Acoustic trapping was performed in microfuidic devices with glass ellipsoid
microchambers (Figure 5.4). Two operational modes were found at 2 specifc frequencies.
Te frst mode of operation depended on a multi-wavelength lateral resonance across the
microchamber. Modeling of the microchamber cross-section (Figure 5.5A) indicated
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that 8 nodes would span the widest
part of the chamber, and 8 bands of
beads were seen when ultrasound
was applied a bead-flled chamber
w i t h n o f o w (Figure 5.5B).
Trapping was initiated when this
lateral focusing of beads
transitioned to localized trapping.
When bead aggregates reached ~20
µm in diameter, the secondary
trapping forces were sufcient to

Figure 5.4: Photograph and diagram of the glass ellipsoid
microfuidic acoustic resonator. (A) Microfuidic channels
are shown flled with black ink for contrast. (B) Crosssectional view (along the red dashed line in panel A inset) of
bridge region of microfuidic device. (C) Arrangement of
transducer assembly below the trapping microchamber.

force incoming beads onto the growing aggregate rather than exiting with the fow.

Digital video shows that, for a fow rate of 2 µL/minute, nearly 100% of the incoming
beads were retained once localized trapping initiated. Microsphere aggregates were also
held against 4 µL/min. and 10 µL/min. albeit with lower trapping efciency.
Interestingly, the spacing between the various trapping sites corresponded to λ/2, or ~107
µm for 6.91 MHz (Figure 5.5C). Trapping was found to be strongest directly above the
transducer, which is indicative of a minor vertical component in the coupling of acoustic
energy from the transducer into the lateral resonance of the chamber.
Te second operational mode of in the microfuidic devices with glass ellipsoid
microchambers consisted of a vertically oriented pressure node in the microchamber and
an ancillary lateral focusing within the inlet channel. Modeling predicted resonance with
vertical character at 7.55 MHz (Figure 5.6A), and efective ultrasound-mediated particle
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enrichment was observed at 7.545 MHz (Figure 5.6B). Lateral resonance within the inlet
channel focused incoming particles into two nodal planes running along the length of the
channel. As labeled in Figure 5.6B, spacing between the nodal planes in the inlet channel
was measured as roughly λ/2 for 7.5 MHz (~99 µm) using the chamber width for scale.
It should be noted that tight focusing in the inlet channel was relatively weak and only
apparent at very slow fow rates (e.g., 0.1 µL/min). However, with future optimization
(such as a longer inlet channel), this lateral pre-focusing could improve trapping

Figure 5.5: Computer modeling and empirical validation of a lateral acoustic trapping mode. (A) Te
absolute value of the total acoustic pressure is plotted over the cross-section of the trapping chambers.
(B) Tis image from fuorescence microscopy shows the spontaneous arrangement of fuorescent
microparticle when the glass ellipsoid trapping chamber was excited at resonance. (C,D) Still images
from video microscopy documented trapping of incoming microparticles into nodal positions that
matched the λ/2 condition for the the applied frequency. Te microfuidic chamber walls are outlined
in white, the PZT transducer is outlined in blue, and the edge of the glass bridge structure is indicated
with the dashed white line.
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p e r f o r m a n c e by re d u c i n g
positional heterogeneity and by
moving microparticles away
from the channel walls to reduce
adsorptive losses.

Te main

trapping site was a vertically
oriented nodal plane, as shown
b o t h e p i f u o re s c e n c e a n d
brightfeld lighting (Figure
5.6C).

Te combined lateral

channel pre-focusing and inchamber vertical resonance
present an avenue for further
optimization of this device.

Figure 5.6: Computer modeling and empirical validation of a
vertical acoustic trapping mode with lateral prefocusing
upstream of the chamber. (A) Te simulated absolute value
of total acoustic pressure is shown for one of the trapping
chambers, and a vertical mode is predominant. (B) Images of
fuorescence microscopy of the chamber and inlet channel
show two streams of prefocused microparticles. (C) An
aggregate of fuorescent microparticles is shown under
fuorescence (left) and brightfeld illumination (right).

5.4.3. Acoustic Trapping in Glass-PDMS-Glass Layered Acoustic Resonators
Te transducers and trapping apparatus was next applied to GPG acoustic resonators
(Figure 5.7A,B).

Computer modeling of the fuidic architecture predicted (Figure

5.7C,D), and observations confrmed (Figure 5.7E), that hydrodynamic focusing confned
the microparticle-laden sample stream to the region above the trapping site while also
slowing the linear fow rate to reduce hydrodynamic drag. Multiphysics simulations of
acoustic resonance (Figure 5.8A,B) suggested that trapping nodes were centrally located
within the chamber, and that two nodal planes were arranged vertically in the
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microchamber (height = 2·λ/2 for 6.34 MHz). Te low acoustic impedance mismatch
between water and PDMS resulted in suppressed lateral refection of sound, so trapping
nodes were predominantly arranged vertically.

Bulk acoustic wave resonances of the

water-flled channel were discernible in the transfer function spectra for the transducerGPG microfuidic device (Figure 5.8C). Two peaks in the transmittance magnitude were
seen at 6.14 MHz and 7.22 MHz, and these frequencies correlated well with empirically
determined trapping modes. Te vertical confguration of the trapping nodal planes was
confrmed using translucent fuorescent particles that appear brighter where the two fat
aggregates overlap (Figure 5.8F). Clusters of particles were seen to rotate independently
of each other, providing further evidence of the dual arrangement of vertical trapping

Figure 5.7: Glass-PDMS-glass (GPG) acoustic resonator construction and fuidic architecture. (A)
Diagram of the construction process for layered microfuidic acoustic resonators for cell trapping. Te
middle and top layers were cut with a laser engraving machine. (B) Cross-sectional view of the trapping
chamber when the ultrasound frequency creates a standing wave between the glass plates. Tis standing
wave creates nodes where cells are trapped. (C) Modeling of the fow velocity reveals that fow is slowest
in the center of the chamber (above the transducer). (D) Modeling of fuid lamina predicted that the
center fow stream will be focused by the sheath fow. (E) Frame capture from video microscopy
documenting hydrodynamic focusing of fuorescent microspheres.
Te fuid lamina containing
fuorescent beads is outlined in red, the transducer is outlined in dashed blue, and the PDMS channel
walls are shaded.
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nodes.
Prominent acoustic streaming afected acoustic trapping in the GPG acoustic
resonator. Te rotational fows due to microstreaming were especially visible for small
particles because of the size dependence in the contribution of F drag relative to the sum of
acoustic forces. Te progression of acoustic trapping of 2 µm microspheres (Figure 5.9AC) indicate that acoustic streaming played a signifcant role in directing microbeads
towards the central trapping site. Furthermore, particle tracking analysis of digital video
(Figure 5.9D,E) revealed curved trajectories due to infuences of acoustic microstreaming.

Figure 5.8: Computer modeling, electrical characterization, and video microscopy of a glassPDMS-glass microfuidic acoustic resonator. (A,B) Te microfuidic device is illustrated in
isometric view (A) and a cross-section (along the red line in A.) was modeled in COMSOL and
predicted to have vertically oriented resonance (B). (C) Admittance spectra were obtained for the
microfuidic resonator in contact with the miniature ultrasonic transducer. When the microfuidic
device was empty (air-flled), a gradual peak was observed, but additional resonance were observed
when the microfuidic chamber was flled with water. Black arrows indicate frequencies at which
trapping was observed empirically. (D) Te vertical orientation and number of nodal planes is
revealed by video microscopy where 2 fat aggregates were observed moving independently of each
other. Te fuorescence intensity was stronger where the two aggregates overlapped. (E) False color
top-view image. (F) Isometric diagram of vertical spacing of fat aggregates within nodal planes of
the standing wave.
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Te efective trapping zone was expanded for small particles because streaming vortexes
prolonged the residence time of microparticles within the trapping chamber.

Tese

vortices tended to deliver particles to the trapping sites, thus allowing them to be pulled
into the trapped aggregate by primary and secondary acoustic forces.
Quantitative evaluation of trapping performance was performed using fuorescent
polymer microparticles.

In some cases, direct analysis of digital video allowed for

evaluation of trapping performance by counting individual beads (Figure 5.10A). Te
intensity of fuorescence emission of the microbeads, the sensitivity and frame rate of the
camera, and linear velocity of the microparticle were the determining factors in whether
individual particles could be tracked by digital video microscopy. Particle tracking was
only possible when the particles were bright enough and moving slow enough to be

Figure 5.9: Progression of acoustic trapping within the GPG trapping device. Beads were initially evenly
dispersed (A), but when the ultrasound was turned on the beads rapidly condensed in the center of the
chamber (B). After 1 minute, a large aggregate was observed (C), and once the aggregate had formed all
visible incoming beads were trapped. D,E. Te motions of individual particles were tracked frame-byframe (D) from digital video taken during microscopy to yield a rough population-level picture of bead
trajectories (E). In E, note how most paths (especially those originating from the right side) end up in
the center of the chamber.
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distinctly visible in several successive frames of video. Despite loss of beads during the
initiation of trapping, most of beads were retained once an aggregate was formed, for an
overall trapping efciency greater than 80% (Figure 5.10B).
Trapping efciency was also determined by enumeration of microparticles in fuid
recovered from the microfuidic device. Te trapping efciency was determined at a series
of fow rates for both 2 µm and 6 µm polystyrene microspheres (Figure 5.11A). At low
fow rates (2 μL/min), the trapping efciency was nearly 80% for both bead sizes, which
corroborated digital video-based counts. Te terminal velocity of a microparticle is due to
the balance of forces acting on it, and at low fow rates both the 2 µm and 6 µm particles
had time to migrate into the acoustic trap before exiting the chamber. However, at higher

Figure 5.10: Results of manual counting of
bead escape events in digital video of acoustic
trapping. (A) Counts of escaping beads in
digital video from 4 replicate acoustic
trapping events compared to no trapping
control. (B) Trapping efciency for the counts
in (A).

Figure 5.11: Characterization of the glass-PMDSglass acoustic resonator through trapping of
fuorescent microparticles.
(A) Te trapping
efciency (defned in section 2.6.1) showed that
trapping efciency showed size dependance, with
high trapping efciency for the 6 µm diameter
microparticles. (B) Single microparticles were
loaded individually into the acoustic trap and
subjected to increasing fow rates until the
maximum fow rate prior to escape was
determined. (Compiled with additional data
collection by Kerui Xu.)
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fow rates the larger beads were trapped at greater efciency due to the higher acoustic
forces relative to viscous drag forces. A clear trend was discernible between the two sizes
of microspheres. Under the conditions of this experiment, the trapping efciency for the
2 µm beads declined from ~80% to ~15% when the fow rate was increased from 2
µL/min to 8 µm/min. Te fact that the microparticle aggregate steadily grew in size over
time defnitively showed particle concentration enrichment within the acoustic trap.
To further investigate the relationship between microparticle size and trapping
strength, individual polystyrene particles were loaded into the acoustic trap one at a time
and subjected to increasing volumetric fow rates until dislodged by viscous drag forces
(Figure 5.11B). While all particles could withstand 6 µL/min fow rates, size selectivity
was achieved at progressively higher fow rates. For the largest diameter bead, 20 µm,
particles were trapped until fow rates exceeded 19.4 ± 2.29 µL/min. Te estimated
trapping forces on individually trapped microbeads were calculated using the constants in
Table 2 and the ftted equation in Figure 5.11B. Forces on the order of picoNewtons
were calculated, which are similar to the range of 100-400 pN summarized by Nilsson et
al. [4]. Te complex microchamber geometry, variable vertical and horizontal positioning
Table 1: Physical constants used in calculations of trapping forces.

Table 2: Summary of single microbead trapping/drag forces.
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of microspheres, gradients in fow velocity due to Poiseuille fow, and the presence of
microstreaming could not be factored into the calculation of the linear fow velocity
experienced by the particle, so the trapping forces listed in Table 2 may be viewed as a
conservative lower limit of trapping forces.

5.4.4. Strategies for Multi-Site Acoustic Trapping
5.4.4.1. Simultaneous Operation of Multiple Isolated Trapping Sites
Since there are practical limits on throughput for any single trapping site, parallel device
architectures were investigated to increase overall device throughput.

Te frst

multiplexed device was the dual GPG resonator depicted in Figure 5.12A, where two
separate trapping sites were actuated and plumbed separately but simultaneously (Figure
5.12B). Trapping performances for the dual device were similar to the single chamber
trapping after empirical tuning of each site. However, this arrangement was unwieldy in
practice due to separate fuidic
connections, PZT transducers, and
driving electronics, as well as the
large translation of the microscope
stage. Fluorescent microbeads were
retained against fow in both traps
simultaneously (Figure 5.12C).

Figure 5.12. Parallel acoustic trapping in GPG devices.
(A) Multiplexed trapping was performed in a GPG
microdevice with 2 isolated domains driven by separate
transducers with separate driving electronics. (B)
Diagram of fuidic connections. (C) Video stills from
simultaneous acoustic trapping of 2 μm fuorescent
beads in 2 isolated domains. Te aggregates of trapped
microbeads are indicated with white arrows.
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5.4.5. Multiple Parallel Microchannels Operated by a Single Transducer
A separate investigation into multi-site trapping featured a 6-channel GPG device
(Figure 5.13A) where six separate channels were actuated by a common PZT to form
trapping sites (Figure 5.13B,C). COMSOL modeling predicted several vertical modes
isolated to the water channels, and the strongest, most balanced mode is shown in Figure
5.14. Localization of modes to the water-flled channels is due to diferences in sound
propagation through water versus PDMS. Digital video showed that ultrasound-induced
aggregation and trapping of microbeads occurred in all 6 channels rapidly (in <30 sec.)
and simultaneously (Figure 5.15A). Trapping was then conducted for a duration of 20
minutes, and digital video indicated that trapping efciency for late-stage trapping was
nearly 100% (Figure 5.15B middle).

Secondary aggregation of microbeads on the

channel walls was also observed, and this caused dispersion upon release of cells when
ultrasound was turned of (Figure 5.15B right). Wall adsorption would be ameliorated by
implementing established anti-fouling techniques such as passivation[67], use of low

Figure 5.13: GPG microfuidic device with 6 parallel
channels spanning a single transducer.
(A)
Photography of microfuidic device. (B) Close up of
the trapping region with PZT position indicated. (C)
Cross-sectional diagram (along the dotted line in
panel A).

Figure 5.14: Computer modeling of mutlichannel, single transducer acoustic trapping
device. (A) Te geometry and materials of the
device were used to create a model within the
COMSOL Multiphysics software.
Te
chambers were 1 mm wide, fanked by PDMS
and separated by 1 mm regions of PDMS. Te
PDMS layer was 290 μm thick, and the glass
plates were 150 μm thick. (B) Modeling results
predicted a distributed trapping mode at 5.899
MHz.
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Figure 5.15: Mosaics of frames from video of simultaneous acoustic trapping in 6 parallel channels
across a single transducer. (A) Initiation of trapping. PDMS chamber walls have been masked with
translucent shapes to emphasize channels. Six channels were infused at 60 μL/hour per channel with a
suspension of beads that were initially well distributed within the fuid (top), but after application of
ultrasound (bottom) each of the channels had a visible aggregate of trapped beads (indicated by red
arrows) and additional beads retained in streaming vortices. (B) Progression of prolonged acoustic
trapping and subsequent release of microbeads. Initial aggregates (bottom left) grew to large accretions
of beads (bottom middle). Discontinuation of ultrasonication (bottom right) showed a wall-adsorbed
cluster and 2 free foating clusters per channel.

surface energy polymeric material[68], or rapid modulation of the driving signal to
optimize trapping positions[69]. Nonetheless, these preliminary data clearly show that
microparticle enrichment was performed in multiple channels simultaneously using a
simple and low cost device.

5.4.6. Trapping of Foodborne Pathogens
Bacterial cells were acoustically trapped in the all-glass microdevice (described
above in Figure 5.4) using the second operational scheme (~7.5 MHz, Figure 5.6).
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Mixtures of live E. coli and microbeads
were infused at 2 µl/min, and visible
aggregates of cells/microbeads formed in
t h e a c o u s t i c t r a p (F igure 5.16).
Microbeads were originally added only as
tracer particles, but we hypothesize that
beads actively assisted the trapping process
as described recently by Hammarström et
al.[32].

Photobleaching of the

fuorescently stained live bacteria was
observed, and this hampered monitoring of

Figure 5.16: Video microscopy of acoustically
trapped E. coli cells and fuorescent microbeads.
(A) Te size of the cell/bead aggregates were
observed to increase in size, which is indicative
of retention of incoming particles. Te scale
bars in panel A represent 100 µm. (B) A
zoomed-in view of a typical cell/microparticle
aggregate within the acoustic trap shows both
fuorescently-stained cells and brighter
fuorescent microparticles.

the trapping progress via epifuorescence microscopy because prolonged illumination
would cause trapped cells to fade and become invisible. Video microscopy showed the
successful acoustic trapping and enrichment of E. coli cells within the trapping chamber.
Te contents of the acoustic trap were collected for three replicate E. coli trapping
events, and these were used as template material for PCR E. coli-specifc PCR reactions.
First, the direct addition of intact cell to PCR reactions was validated for a serial dilution
of E. coli cells (Figure 5.17A). Electropherograms of the processed post-trapping PCR
samples are shown in Figure 5.17B. Two of the trapping samples produced the E. colispecifc PCR product. Te third replicate trapping sample failed to produce the expected
PCR product, and this may have been due to adsorption of the cell/bead aggregate to the
microchannel wall instead of exiting the microfuidic device. Video microscopy collected
during the 3rd trapping event clearly showed that acoustic trapping occurred (in fact, the
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cell aggregate in Figure 5.16B, was from video of the 3rd trapping replicate). Te infused,
no-ultrasound control samples, as well as the unprocessed cell suspension itself, did not
yield a PCR product. Tese results suggest that the minimum amount of starting genetic
material was not present unless acoustic trapping-based enrichment was performed. Te
presence of the PCR product peaks in trapping samples confrmed that: 1) sufcient cells
were collected to exceed the minimum amount of template DNA required, and 2) the
DNA was from E. coli cells (by virtue of PCR primer specifcity).
Te GPG acoustic resonator was utilized to trap heat-killed foodborne pathogens.
Stills from microscope video show the
aggregation and trapping of Listeria
monocytogenes cells (Figure 5.18A) and
Salmonella enterica (Figure 5.18B). Te
acoustic trap was operated at either
7.088 MHz or 6.24 MHz, with a
measured voltage of approximately 15
Vpp. Tese conditions led to heating of
the transducer and microfuidic device,
and a steady-state temperature of the
glycerol surrounding the transducer was
typically between 30-40 ºC.

Te

fuorescence intensity of a growing
aggregate of S. enterica cells was
measured from the CMOS camera

F i g u r e 5.17: PCR-based analysis of trapped
aggregates of E. coli cells and fuorescent
microparticles. (A) Qualitative validation of direct
PCR using intact E. coli cells as template without
acoustic trapping or microfuidic handling. A single
colony of day-old E. coli cells (on the order of 106
cells) was swabbed, serially diluted, and used as
template for PCR reactions. Below 1000-fold
dilution, PCR amplifcation was unsuccessful
because insufcient numbers of cells were present.
(B) Recover y, lysis, PCR , and microchip
electrophoresis were performed on acoustic trap
contents.
E. coli-specifc PCR peaks were
observed in 2 of the trapping samples. (*) In the
3rd replicate, trapping was observed by video
microscopy but post-processing (recovery, lysis, or
PCR) yielded no peak. PCR product was not
observed in any of the infused, no-ultrasound
control samples.
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Figure 5.18: Documentation of acoustic trapping of foodborne pathogens via video microscopy.
(A) Listeria monocytogenes and (B) Salmonella enterica were shown to form clusters that
increased in size over time, indicating a net retention of cells. (C) Te time course of fuorescence
intensity during a Salmonella trapping experiment showed a net accumulation and retention of
cells that was dependent on the rate at which cells were infused.

during the course of trapping (Figure 5.18C). Te rate of increase in fuorescence was
found to be roughly proportional to the fow rate (either 0, 1, 2, or 3 µL/min). While
sample was infused at 3 µL/min. the aggregate reached a critical point where fuorescence
intensity leveled of. At this point either hydrodynamic forces prevented further trapping
and/or the build up of heat from the transducer was sufcient to change the resonant
frequency of the acoustic trap and disrupt trapping.

For both pathogen trapping

experiments, the contents of the acoustic trap were collected and used as template
material for multi-color multiplex qPCR reactions with specifcity for pathogenic
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Figure 5.19: Genetic typing of cells recovered from the microfuidic acoustic trap demonstrated
demonstrated suitability as template for downstream PCR. Melt curves were obtained following PCR
amplifcation to achieve specifc detection of foodborne pathogens.

Salmonella ssp. and Listeria ssp. Te melt curve analysis of Figure 5.19 indicated that
acoustically trapped foodborne pathogens were specifcally detected via PCR.

Te

combination of the visual evidence of cell concentration enrichment within the
microchamber, and the specifc detection of bacterial cells via PCR, indicated that
acoustic trapping was a viable front-end enrichment process for genetic analysis of
foodborne pathogens.

5.5. Conclusions

An entire system was developed for microfuidic acoustic trapping. Miniature transducers
were built using low-cost materials in a typical laboratory setting (without a clean room).
Transducers were characterized by transfer function spectral analysis to identify resonant
modes. Microfuidic devices originally designed for ultra-rapid non-contact PCR were
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shown to be capable of trapping microbeads and live E. coli cells. Te dual functionality
of this device has signifcant implications for the future integration of acoustic trapping
and PCR in the same microdevice. Rapidly fabricated and low-cost glass-PDMS-glass
microfuidic devices were characterized for their acoustic trapping ability through
microparticle trapping studies. Bacterial cells were enriched in and successfully recovered
from both microfuidic devices, and pathogen-specifc PCR analysis was utilized for
unambiguous detection of foodborne pathogens Listeria monocytogenes and Salmonella
enterica. Bacterial enrichment is a vital process in bioanalytical testing, and the next
generation of microfuidic genetic analyzers can incorporate the technologies described
here for implementing acoustic trapping for sample enrichment.
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6 Ultrasound-Mediated Heating for Cell Lysis and PCR
6.1 Abstract

Te development of a platform for cell handling using resonant ultrasound will be
described in this chapter.

Te ability to precisely (and gently) manipulate small

populations of cells could be enormously useful for emergent biomedical techniques (e.g.,
gene therapy for cancer treatment[1,2]). When ultrasound is applied to a microfuidic
device, the small water-flled chambers in the device can resonate and maintain a standing
acoustic pressure wave[3]. Cells exposed to this acoustic feld experience a force towards
the nodes of the standing wave, and these acoustic forces can be used to trap and hold
cells within a microfuidic chamber. Experimental results of acoustic trapping of bacterial
pathogens and a cancer cell line will be presented. Moreover, the ultrasound intensity
could be increased to induce heating by driving the system near its optimal resonance
frequency. Ultrasound-induced heating was utilized both for cell lysis and for successful
PCR amplifcation of a DNA template via thermal cycling. Tis multi-functional device
for cell trapping, cell lysis, fuidic mixing, and PCR thermal cycling has the potential to
simplify integration of bioanalytical processes need for a microfuidic genetic analysis
system.
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6.2 Introduction

Cell handling is an essential step in many bioanalytical and biological methods, and as
described in the previous chapter, acoustic trapping is an attractive technology for noncontact manipulation of cells within a microfuidic device.

Acoustic trapping is

particularly well-suited to working with of small quantities of important or rare cells (e.g.,
circulating tumor cells).

Determination of operational parameters for extended

functionality (e.g., mixing of fuid lamina, simultaneous histological examination during
acoustic trapping, thermally-activated cell lysis for preparation of cellular contents,
thermal cycling for PCR, and even built-in thermometry) would add signifcant value to
the acoustic trapping apparatus.

Additionally, a demonstration of multi-functionality

would provide a path for integration of multiple steps of a bioanalytical workfow on a
single microfuidic device.
Te objectives of this work were to improve all parts of the microfuidic acoustic
trapping apparatus (Figure 6.1) introduced in the previous chapter. Te quality of contact
between the microfuidic device and the ultrasonic transducer is a key determinant of
system performance.

A new generation of printer circuit board-mounted ultrasonic

transducers were developed in hopes of increasing the reproducibility of microfuidic
device alignment and clamping. Excessive heat generation during acoustic trapping is a
well-known problem in acoustofuidics because additional heat tends to destabilize the
acoustic resonance and degrade cell handling performance. In fact, a number of cooling
strategies for acoustofuidics have been described[4–6].

Given our research group’s

familiarity with PCR, instead of minimizing the generation of heat, we wondered if we
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could control it, and even select for heat generation to achieve the high temperatures (i.e.,
near the boiling point of water) needed for PCR. Piezoelectric devices purpose-built for
heat generation have been described for isolated transducers[7] and droplet-based surface
acoustic wave technology[8], but a single device for both cell trapping and (intentional)
ultrasonic heating for lysis and PCR has not yet been described elsewhere.

As this

chapter will show, the acoustic trapping system was actually a multi-functional unit,
capable of cell trapping, microscopic cell analysis, microscale fuid mixing, bundling of
genomic DNA into condensed cluster via acoustic microstreaming, single-cell and batchmode cell lysis, and PCR amplifcation.

Figure 6.1: Overview of acoustic trapping apparatus.

6.3 Materials and Methods
6.3.1 Transducer Fabrication
6.3.1.1 PCB-Mounted PZT Transducers
Printed circuit boards were designed simultaneously with microfuidic devices and
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clamping manifolds to generate a coherent computer model prior to fabrication. Printed
circuit board patterns were designed in CorelDRAW 12 and printed on Pulsar toner
transfer paper (www.pcbfx.com) with a HP LaserJet 4000 printer. Te toner pattern was
transferred to copper-clad circuit board (FR4 Glass Epoxy Resin, 1 oz. (0.0014” thick)
copper, Philmore, Part # PCB35) using a consumer iron operated at ~135 ºC. Water was
used to release the toner transfer paper, and then any exposed copper (not protected by
the toner mask) was etched away with persistent manual application of copper etchant
(Radio Shack) with a cellulose sponge. Holes were drilled in the etched PCBs for the
manifold mounting points and the transducer air backing. Next the toner mask was
removed with acetone and the copper was polished with fne grit sand paper to remove
oxidized copper prior to mounting of PZT elements.
PZT discs have been successfully diced into small shapes using a semiconductor
wafer saw[9,10], but this equipment was not readily available so alternative and available
methods were tested. PZT disks (5 MHz nominal thickness mode resonance, Steiner
and Martins Inc, SM111) were diced by carefully aligning a metal cutting guide over the
PZT disc and repeated scoring it using a capillary cutting stone. Manual of dicing the
PZT material was both error-prone due to unpredictable ceramic breakage and it was
very time consuming due to the repetitive score and level of precision required. Laser
ablation, as generally described in Chapter 4, was used to score PZT discs for precise
snapping into smaller pieces. Te efects of CO 2 laser ablation on PZT has been explored
previously [11], but the application and performance metrics were signifcantly diferent
than those described here. Te chief concern with using IR radiation to dice the PZT is
that the PZT will lose its electrical polarization above a certain temperature (it’s Curie
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temperature).

For the PZT material used in this process (7 MHz, SM111/PZT-4,

Steiner and Martins Inc.), the Curie temperature was listed as roughly 250 ºC. Similar to
glass, bare PZT tended to crack during laser ablation, so pressure sensitive adhesive (3M,
Scotch MagicTape™) was applied to the PZT disks prior to laser processing.

PZT

ceramic disks were scored using laser ablation (VersaLasesr 350, Universal Laser Systems
Inc.; vector mode, 10% power, 5% speed, 1000 PPI) and gaps were etched into the
electrodes on one side (10% power, 10% speed, 1000 PPI). Electrode gap fdelity was
verifed by checking the electrical connectivity across the gap. Following laser scoring and
modifcation, the individual PZT slabs were gently snapped apart along the score lines.
Stacking of piezoelectric materials is commonplace in piezoelectric actuators, and
while it signifcantly narrows the applicable bandwidth of the transducer, this
confguration of PZT elements should also give a much stronger acoustic pressure when
the entire structure is in resonance. A stack of 2 laser-processed PZT elements was
constructed on a PCB identical to the single-site layout described above. Te PZT
polarities were matched up and the PZT elements were fastened to each other and to the
PCB using conductive epoxy.
A multiplexed transducer with 4 individually addressable trapping sites was
constructed via a modifed fabrication scheme from the single 5 MHz transducers. Using
the manual-switching device, the 4 trapping sites were powered in parallel from a single
set of driving electronics. Electrical connections between the top electrode and the PCB
traces were made using 25 µm diameter platinum wires that was laid in a trench etched in
the PZT surface, and the trench was flled with conductive epoxy. Te resistance between
the PZT top electrodes and the terminal contact of the PCB was too low to be measure,
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indicating a very good electrical connection despite the fne gauge wire.

A manual

switching device was also constructed to allow individual connection of the 4 PZT sites
(in parallel) to a single BNC connector input.
An alternative PZT mounting strategy was explored where conductive (carbonflled) silicone elastomer (Stockwell Elastomerics, 0.020, EC2040, 40D, T819) was placed
between the transducer element and the PCB. PZT discs resonant at 10 MHz (Meggitt
Ferroperm Piezoceramics, PZ-26 disk, 7 mm o.d., 0.20 mm thick, Part # F1260160,
Product # 05/0786) with wrap-around electrodes were manually scored and snapped into
roughly pieces with active regions of approximately 1 mm x 1.5 mm. Te conductive
silicone was shaped into a toroid and placed over the air backing hole already drilled into
the PCB. Te silicone and PZT were secured with a very small amount of silicone
adhesive (Permatex 81730). Support posts of more conductive silicone and PZT shards
were placed on the copper pads surrounding the trapping site. Te microfuidic device
was clamped agains the PCB, and the conductive silicone compressed and formed a selfleveling pedestal for the PZT.

6.3.2 Manifold Designs
Te spacer height for the acoustic trapping manifolds was carefully established
using a handheld micrometer (Anytime Tools Inc., Granada Hills, CA, USA; SKU#
203933). Te 4 spacer posts were controlled to all be the same height (all were adjusted
to 9.17 mm, with a measurement precision of 0.001 mm). Laser ablation rarely produces
perfectly vertical holes, so through holes were cut for upright alignment posts and hex
nuts and fat head machine screws were used to orient the alignment screws normal to the
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PMMA base.

6.3.3 Equipment and Software
A suite of custom LabVIEW applications was developed to control the driving
electronics during acoustic trapping.

Instrument drivers in LabVIEW (furnished by

Agilent, Tektronix, and National Instruments; respectively) were incorporated as low-level
control modules. Importantly, the software was designed to log of all changes with a
timestamp that can be used to accurately correlate observed phenomena (recorded on
video) to the settings that caused the efects. System-wide millisecond time stamping
was used to synchronize temperature measurements and parameter histories.

A

LabVIEW shared global variable was used to pass temperature data to the control
software for active feedback control of temperature within the microchannel.
Te waveform generator, oscilloscope, and amplifer circuitry were the same as
described in Chapter 5. Oscilloscope probes (model Tektronix P2220) were used to
measure the voltage on both sides of a 15 ohm resister placed in series with the PZT
transducer to measure the voltage drop. Te probes have a cutof of 6 MHz when set to
1X attenuation. Tis resulted in much lower voltage readings at 10 MHz versus ~5.4
MHz. Te 10X attenuation mode (with a reported cutof frequency of 200 MHz) was
not able to read the diferential across the 15 ohm resistor with adequate resolution of the
oscilloscope digitizer.

Te oscilloscope data acquisition program was improved to

measure frequency and voltage at 3.33 Hz.
Temperature sensing electronics were the same as described in Chapter 2. Two
measurement systems were operated simultaneously with separate DAQ cards. Forced air
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cooling was used to limit remelting of hot melt adhesive used to seal around threaded
thermocouples. External monitoring of temperature was implemented to reduced the
amount of preparation required for microfuidic devices prior to use, and thermal grease
(MG Chemicals 8615, non-electrically conductive boron nitride) was used to enhance
heat fow between the microfuidic device and the thermocouple.

6.3.4 Syringe Pumps and Fluidic Connections
Te syringe pumps were the same as those listed in Chapter 5. Te key diferences were
the valving used in this work and addition of a stirred cell suspension tube to counteract
cell settling. Microfuidic devices were connected to a pair of 4 way valves (Upchurch
Scientifc, Model V100T, 4.5 µL dead volume) to switch between sample infusion mode
and a mode with short-circuited and connection to a nitrogen gas pneumatic line.
Between cell trapping experiments, the fuidic system with rinsed with Cavicide
disinfectant (or 10% bleach, if the microfuidic device was also decontaminated, to
prevent PDMS swelling from isopropyl alcohol in the Cavicide) for 15 minutes via
syringe pump infusion at 5 µL/min.

Next, diH2O was fowed for 5 minutes at 20

µL/min.

6.3.5 Digital Video Microscopy
Optical monitoring of acoustic trapping was performed using an Olympus BXFM
microscope mounted on a vibration isolation table.

Epifuorescence microscopy was

conducted with an HBO100 excitation source and either FITC or TRITC flter cubes.
Cameras were mounted to the trinocular lens port of the microscope to document
trapping experiments. Various cameras were evaluated: an analog color CCD camera
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(Hitachi KP-D240) & VGA resolution USB frame grabber; a Celestron 44421 USB
camera (typically acquired using the free ManyCam application for timestamping); the
PixeLINK color CMOS camera described in Chapter 5; and fnally a consumer
camcorder (Sony HDR-CX260V) was mounted to the microscope using optics cube and
rails and a 2X lens oriented for demagnifcation. Te consumer camcorder produced
either 60i or 60p videos in the AVCHD video codec (an extended variant of the standard
H.264/AVC codec). Videos in 60i were typical, and these videos consisted of interlaced
half frames (felds), acquired at 60 felds per second with 30 full frames captured per
second.

Post-processing of 60i video for particle trapping studies was conducted using

the open source Avidemux (version 2.6.6) and VLC (version 2.1.4) software packages.

6.3.6 Microfuidic Acoustic Resonators
6.3.6.1 Construction
For detailed information on the fabrication of GPG microfuidic devices, please refer to
Chapter 4 and Chapter 5.

In brief, fuidic channels were through-cut in PDMS

presented briefy here: fuidic channels were cut in sheets of silicone elastomer (HT6240,
Stockwell Elastomerics, nominal thickness of ~280 µm) via laser ablation. Te PDMS
layers were sandwiched between glass sheets (#1 coverglass, ~150 µm for the bottom plate
and #2 cover glass, ~220 µm for top plate) to create a resonant chamber.
6.3.6.2 Passivation
Previous studies by our group and others have indicated that bare glass surfaces
are strong inhibitors of PCR[12,13].

Passivation of the microdevice surfaces was

performed prior to cell trapping, lysis, and PCR.

Covalent surface passivation was
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performed using SigmaCote silanizing reagent (Sigma). During device assembly, the
glass layers were treated with piranha solution to remove the anti-clumping coating
applied to most coverglass types. SigmaCote is a proprietary organosilane in heptane, and
the heptane quickly swells PDMS. Tis was problematic for 2 reasons: 1) the heptane
would rapidly swell the PDMS layer of an assembled GPG device to cause distortions of
the fuidic architecture, and in some cases, cracking of the glass layers due to localized
swelling; and 2) solvent swelling of the PDMS layer would alter the height of the
resonant cavity and thus the optimal WFG frequency.

After SigmaCote treatment

microfuidic devices were given at least a day at 55 ºC for the heptane to evaporate (or at
least evenly distribute within the entire PDMS layer). Polyethylene glycol (PEG) precoating and dynamic passivation have been reported to improve PCR efciency within
glass and PDMS microfuidic devices[14,15]. A working stock of 10% w/v solution (10 g
per 100mL) PEG 10000 (Sigma-Aldrich) was prepared by dissolving 0.1 g per 1 mL of
nuclease-free diH2O. Active debubbling of GPG devices was conducted at 5 psi for
several minutes until bubbles were no longer visible.

6.3.7 Cell Culture and Handling Procedures
PC3 (ATCC® CRL1435TM) were cultured according to manufacturer guidelines. PC3
cells were counted using Beckman Coulter Z1 Coulter Particle Counter with a 100 µm
aperture. Cell counts during cell passaging were typically ~= 350,000 cells (>5 um)/mL;
262,000 cells (5>size>19.8 um)/ml; 91,000 cells (>19.8 um)/mL. Removal of cell debris
was performed if required by allowing the cell suspension to settle due to gravity alone for
15 minutes, and then gently pipetting up the cell pellet and adding it to new PBS bufer.
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PC3 cells were labeled using a cell-permeable, blue-excitable DNA intercalating dye
(Syto 11, Invitrogen). Cells fuoresced brightly after incubating for >= 15 minutes in 10
mM Syto11 (e.g., 2 uL of 5 mM syto 11 into 1 mL 1X PBS with 0.1X growth media
with 35,000 cells >5 µm/mL). No washing of cells to unbound dye was required due to
the large selective increase in quantum yield upon DNA binding.

Te extent of

photobleaching depended on the incubation time (and DNA concentration in the
irradiated area), but photobleaching of nuclei of stained PC3 cells was not obvious after
>2 mins of illumination. To minimize photobleaching, the illumination intensity was
reduced whenever possible using the microscope controls. Buccal cells were obtained by
swabbing the inside of one cheek for 30 seconds, followed immediately by elution of the
swab contents in 100 µL of PBS media. Cell suspensions were infused via syringe pump.

6.3.8 Ultrasonic Heating for Lysis and PCR
Te temperature within the acoustic resonator was controlled by modulation of the
driving frequency, the applied voltage, and the duty cycle activation.

Cell lysis was

achieved by frst infusing lysis reagents (PrepGEM Tissue, prepared per manufacturer
recommendations, ZyGEM Inc and associated entities) past trapped cells, then applying
ultrasound to raise the chamber temperature to the 75 ºC optimal temperature of the
thermophilic protease in the lysis solution. PCR reactions were performed using diluted
PCR product that had been previously amplifed from Escherichia coli genomic DNA.
Te PCR master mix and pre-passivation solution consisted of the following, with fnal
concentrations in parentheses: [PCR Bufer (1X, includes 1.5 mM MgCl 2), BSA (0.2
µg/µL), MgCl2 (additional 0.5 mM, fnal conc. of 2 mM), dNTPs (0.2 mM each),
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Forward and Reverse E. coli LamB primers[16] (0.5 µM each), PEG10000 (0.4 % w/v),
PCR product (Diluted 10000-fold to just below detectable level, conc. ~8 pM),
TermoScientifc Phusion Phire polymerase (0.06 U/µL)]. Termal cycling programs for
tube control reactions were identical to those described in Chapter 5. PCR products
were analyzed with using the Agilent 2100 Bioanalyzer and microchip gel electrophoresis
(DNA 1000 series II) kits.

6.4 Results and Discussion

Te fndings reported in this section constitute novel extensions of, and evolution of, the
acoustic trapping platform described in the preceding chapter.

Several factors were

considered in the redesigned acoustic trapping system illustrated in Figure 6.1. Te basic
functional unit of the acoustic trapping system, the piezoelectric transducer, was
redesigned with the goals of optimizing the contact between the microfuidic resonators
and the transducer surface. Te fabrication scheme for the transducer was modifed to a
planar, printed circuit board mounted design that was functional and rapidly fabricated
with widely available materials and tools.

Te microfuidic acoustic resonators were

characterized in greater detail. Te external electrical and computer controls for the
tracking system were signifcantly improved by detailed synchronous collection of data,
improvements to the digital video microscopy methods, and by automation via a suite of
custom software. Te combination of pneumatic and fuidic systems provided for facile
bubble management and improved introduction of cells samples to the trapping site. Te
phenomenon of acoustic streaming was evaluated in greater detail and demonstrated for
mixing of laminar fuid streams and of cells within the acoustic trap. Te most signifcant
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novel extension presented here is the precisely monitored and controlled generation of
heat using resonant ultrasound. Tis ultrasound-mediated heating was utilized for
preparation of DNA from a human cancer cell line, and it was used to conduct PCR
application within the acoustic trapping chamber. Tese fndings suggest that a highly
functional, integrated bio analytical device could be operated by a small, simple, and lowcost ceramic ultrasonic transducer.

6.4.1 Printed Circuit Board Design and Fabrication
Printed circuit board (PCB)-mounted transducers were fabricated by carefully dicing
piezoelectric disks into small elements and afxing them to a pattern of electrodes on the
PCB (Figure 6.2A). To present a planar surface to the glass microfuidic device, scrap
pieces of the same piezoelectric material were placed on isolated copper pads that served
as support columns of equal height to the transducer. A photograph of a representative
PCB transducer is shown in Figure 6.2B with annotation. Te raw piezoelectric
transducer material did not feature wraparound electrodes, so perfectly fat electrical
connections between the top electrode surface and the copper trace on the PCB were
achieved with either conductive epoxy (similar to that used in Chapter 5) Figure 6.3A,B,
or with very fne gauge (25 µm) platinum wire Figure 6.3C,D. Design iterations initially
included silver conductive paint, but it was found that prolonged exposure to glycerol
would cause the bond to fail.
An additional confguration of ultrasonic transducer was used where a thin
conductive silicone pad was placed between the PCB copper traces and the PZT instead
of conductive adhesive. Tis arrangement resulted in a self-leveling PZT support that
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likewise resulted in good fat contact between the transducer top surface and the
microfuidic device. Given that copper has a very high thermal conductivity, it is possible
that this arrangement was benefcial because the relatively low thermal conductivity of the
conductive silicone likely restricted heat fow from the transducer/chip into the PCB.
However, the conductive silicone had low surface energy and it could not be held in place
by conductive adhesive.

Figure 6.2. Layout of printed circuit board for
ultrasonic transducer.

Figure 6.3. Detail of wrap-around electrode
fabrication methods.

6.4.2 Design and Characterization of Microfuidic Acoustic Resonators
Glass-PDMS-glass microfuidic devices were designed specifcally with high-heat
applications in mind. As shown in Figure 6.4A, a special access port was made of the
thermocouple wire to exit the microdevice. Te beveled channel entrances that allow
threading of thermocouples into a microfuidic chip were not possible in this layered
design.

Moreover, the silicone fuidic interconnections precluded threading

thermocouples through the access holes in the top of the device. Te microchannel was
then sealed around the thermocouple wire. Te seal proved to be a recurring problem. A
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microdevice with threaded and sealed
thermocouple (Figure 6.4B) allowed for
insertion of a miniature (~75 µm diameter
wire) thermocouple into the microfuidic
chamber (Figure 6.4C). A second microfuidic
device design was used that featured an etched
access channel (Figure 6.4D) for removal of

Figure 6.4. Glass-PDMS-glass microfuidic
acoustic resonators.

trapping chamber contents while bypassing the dead volume of the typical fuidic
connections. Te fuidic dead volume of the system was estimated by recording the time
required for a dye solution to fow (as a constant volumetric fow rate) from the trapping
site to the tubing outlet.

For instance, a front of visible dye took 32.36 sec. when

aspirated at rate at 0.6 mL/hr, so the dead volume of approximately half of the microchip
volume and outlet tubing was estimated to be 6.06 µL. Both designs of GPG chip were
utilized in this work for acoustic trapping and lysis, while only the design in Figure 6.4AC was used for thermal cycling.
Computer modeling of the microfuidic device in COMSOL indicated that
multiple strong modes were possible in the water-flled chamber near 5 MHz (Figure
6.5A). Moreover, resonance modes with the PDMS sidewalls were also predicted (Figure
6.5B), this is corroborated by the recent used of acoustic standing waves traveling through
both water and PDMS phases simultaneously[17].
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Figure 6.5. Computer simulation of microfuidic acoustic resonators at a range of frequencies for 3
thickness of the glass carrier/refelector layers.

Variability in thickness of glass used for the refector (top plate) the carrier layer
(bottom plate) layers of the GPG microdevices was assessed by measuring a random
sample of coverslips (Figure 6.6). Te range of coverslip thicknesses indicate that, within
a given box of coverslips, coverslips can be efectively characterized by micrometer during
assembly. Te glass thickness were within manufacturer specifcations. Ultimately, the
most important resonance is the water chamber itself. Over my studies, I have observed,
and published work by [3] that there is a tolerance of several hundred microns for the top
glass layer. Te allowable frequencies for the microfuidic resonator only strongly depend
on the glass thickness when the top refector layer has a thickness within a few kHz of the
Table 6.1: Comparison of 3 replicate microfuidic acoustic
resonators.

F i g u r e 6.6. E v a l u a t i o n o f
variation in glass layer thickness.
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λ/2 condition in glass[18,19].

A preliminary study of 3 GPG microdevices is

summarized in Table 6.1, but the resonance characteristics were found to be signifcantly
more complicated however, as described below.

6.4.3 Aligning Microfuidic Devices and Ultrasonic Transducers
Iterations of the acoustic trapping system were designed together – ultrasonic transducer,
microfuidic device, and a manifold for aligning the parts together. Due to the fragility of
the GPG microfuidic devices, the clamping force applied to the device and transducer
had to be carefully controlled. A trapping manifold was designed with four alignment
pins, four rigid steel spacers of equal height, and a clamping part with a deformable pad
that applied a slight downward pressure on the microfuidic device. Te manifold used in
the majority of this work is described in Figure 6.7A-E. when the microfuidic device
was placed on the transducer, and the hex nuts were tightened down against the spacer,
the

Figure 6.7. Alignment and clamping manifold for interfacing microfuidic devices
and ultrasonic transducers.
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microfuidic device was held in place frmly but without breakage. Optical access to the
acoustic trapping chamber was aforded by a window cut into the clamping part. Te
microfuidic device and its associated fuidic connections, as well as the PCB and its
associated electrical connections, were readily securely to the manifold baseplate for safe
portability of these fragile and precisely-aligned components.

Computer modeling

system components allowed for maximal compatibility between the system
components ,once fabricated, and an iterative design process was followed for
troubleshooting and improvements.

6.4.4 Driving Electronics and LabVIEW Programs for Automated Control
Te confguration of test equipment and custom computer control software allowed for
fexible and autonomous operation of the acoustic trapping system.

Te system

components (Figure 6.8A) was extended with a simple method of monitoring the power
consumption of the ultrasonic transducer - the voltage drop across a resistor connected in
series with the PZT was monitored using the oscilloscope (Figure 6.8B). A resistor value
of 15 ohms was found to allow sufcient heating. Empirically determined maximum rates
of data collection were 10 Hz for temperature and 3.33 Hz for readings of frequency and

Figure 6.8. Electrical equipment and computer
control schema.

F i g u r e 6.9. Diagram of thermocouple
placement within the microchamber and
against the microdevice exterior.

175

voltage drop across the resistor by the oscilloscope; the waveform generator was
controlled asynchronously on demand. Both manual and automatic control was
implemented, with automated control achievable through a scripting engine complete
with feedback control of temperature as measured by thermocouples (Figure 6.9).

6.4.5 Digital video microscopy
Digital video was acquired through the microscope using a mounted consumer camcorder
(Figure 6.10) that provided enough sensitivity and temporal resolution to capture
movements of individual cells when Syto 11 fuorescence stain was used (Figure 6.11).
With the recent release of the H.264 codec (and the Sony AVCHD implementation
thereof ), real-time compression of video data allows for frame rates of digital video twice
that of traditional video capture rates (i.e., 29.97 frames-per-second to 59.93 frames per
second) while increasing the number of pixels nearly seven-fold.

While professional

microscope cameras far exceed the performance specifcations of this camera, a
commercial grade CCD camera and hardware encoder such as this would be well suited
for a portable microfuidic bioanalysis system featuring acoustic trapping. Moreover, two
features proved to be unexpectedly useful during acoustic drop experiments: the ability to
have an external monitor display the camera signal, and the synchronous acquisition of
audio for easy notation and narration during experiments.
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Figure 6.10. Incorporation of a consumer digital
video camera with single cell visualization
capability.

6.4.6 Fluidic and pneumatic connections

Figure 6.11. Fluorescence staining of PC3
cells with a cell-permeable DNA intercalating
dye.

Te rough surface of laser ablated microfuidic devices combined with gas permeability of
PDMS necessitated some form of bubble suppression.

A combined fuidic and

pneumatic apparatus was devised (Figure 6.12A) to allow rapid switching between
infusion of sample fuids and the pressurization of the microfuidic architecture with
compressed nitrogen gas.
Importantly, the fuidic path was
"short-circuited" during
pressurization by largely precluding
diferential pressure gradients
between the 2 sides of the acoustic
trapping chamber. Small air bubbles
were almost inevitably present in the
system when frst flled with aqueous
solution because numerous small

F igure 6.12. Apparatus for, and example of, active
debubbling of the microfuidic chamber.
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cavities in the PDMS side walls trapped micro bubbles because the advancing fuid could
not readily wet such small hydrophobia pockets.

Tose same PDMS pockets were

utilized as an exit path for trapped air, as shown in Figure 6.12B. Application of
excessive pressure was problematic, however.

Microchip cracking was caused by

combination of laser ablation-induced cracks, chip clamping stresses, and pneumatic
pressurization of the fuidic domain (10 psi often caused cracking).

Nonetheless,

pressurization at 5 psi was capable of both suppression of bubble growth and expulsion of
bubbles.

6.4.7 Acoustic cell trapping
6.4.7.1 Evaluation of a stacked transducer prototype
During the iterative design of the acoustic trapping transducer to methods of
piezoelectric element dicing were investigated. Manual dicing (Figure 6.13A) produced
fairly unpredictable cleavage patterns, and thus a larger number of transducer elements
had to be fashioned before a PZT block with acceptable geometry was obtained. In
contrast, laser assisted
ablation of piezoelectric
d i s c s p ro d u c e d f a i r l y
uniform blocks of PZT
(Figure 6.13B ) .

Te

prototype stacked PCB
transducer was functional
but performed worse than
Figure 6.13. Evaluation of a prototype ultrasonic transducer based
on its acoustic trapping performance.
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the manually-diced single layer transducer described above (Figure 6.13C,D). Possible
reasons for this degraded performance include a wider mismatch in resonant frequency of
the transducer and the chip, acoustic energy losses due to impedance mismatches between
the PZT material and the conductive epoxy used to bond the stack layers together, and
reduced piezoelectric characteristics due to the laser ablation processing method used in
its fabrication.

Te underlying causes of reduced performance were not investigated

further because the original design was superior, but this information on the laser PZT
dicing method and stacked transducer fabrication scheme are included here to better
inform future researchers.

6.4.8 Acoustic Trapping of PC3 Cells
Acoustic driving studies were conducted on diluted suspensions of PC3 cancer cells. one
replicate of a trap experiment is shown in Figure 6.14, where the 5 MHz transducer was
used to trap PC3 cells fowing at an empirically optimized of rate up to 10 µL/min.
acoustic trapping revealed that sells accumulated quickly in the pressure nodal planes (two
vertical) of the ultrasonic standing wave established within the microfuidic device.
interestingly the combination of incoming trajectory of cells in acoustic streaming was

Figure 6.14. Trapping and enrichment of infused PC3 cells within the acoustic trap.

179

observed to deposit cells preferentially on one side of an aggregator trap cells, and this
caused the cell mass to rotate in a steady clockwise pattern for an extended period of time.
When the 10 MHz transducer and manifold and 20X objective were was used, it was
possible to monitor the individual morphology and dynamics of cells within the acoustic
trap. Trapping efciency was initially low (~30%) while the aggregate of trapped cells was
frst being establish, but later the rate of acoustic trapping approached 100% as incoming
cells were drawn towards the established cell cluster and retained due to secondary
acoustic forces.

6.4.9 Acoustic Streaming for Microscale Mixing
Acoustic micro streaming was a nearly universal phenomenon within the GPG
microfuidic acoustic resonators.

Tis ultrasound-driven fuid fow was evaluated for

promoting mixing between two parallel laminar fows. Two separate solutions of dye
were infused at equal rates through a trifurcated microfuidic device Figure 6.15A (the
middle channel was not used in this experiment). In absence of acoustic fow efects, the
fuid level in the fowed past the trapping site with no additional mixing Figure 6.15B,
but when moderate Figure 6.15C or intense Figure 6.15D ultrasound were applied the
fows the evolution of a green
mixed region was evident. Lastly,
once the ultrasonic energy was
switched of (Figure 6.15E) an
unmixed, laminar fow pattern
was restored.

Figure 6.15. Demonstration of mixing 2 dye-containing
laminar fows with acoustic microstreaming.
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Te same streaming vortices that were responsible for rapid mixing for fuid
laminar were also efective for quickly exchanging the bufer medium surrounding cells
within the acoustic trap.

Streaming was a frequency dependent process, and it was

observed that acoustic trapping could be conducted with little visible rotational
component to trajectories of cells as they entered the device. However, when fow was
stopped, the cells within the acoustic trap were able to be manipulated in chamber-scale
rotational fows (Figure 6.16). Tis was utilized to ensure that a new bufer medium
fowed past the trapped cell clusters was evenly distributed to individual cells.
Microstreaming was a nearly constant phenomenon, so it is possible that the frequency
shift caused the standing wave to weaken to the point that hydrodynamic forces were
dominant. Following the mixing step the cells were able to be refocused. In the case of
Figure 6.16, the new bufer was for cell lysis, so re-trapping may have been slower due to
changes in the cell compressibility as they were attacked the detergents and protease in
the lysis bufer.

Rapid mixing of cells with a new bufer was useful for cell lysis

experiments, but this functionality would also be useful for situations in which the cells
needed to be washed. Tis could efectively serve as a microfuidic equivalent to the
ubiquitous laboratory procedure of pelleting cells and resuspending them in new medium.

Figure 6.16. Bufer exchange and mixing via microstreaming in the acoustic trap.
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6.4.10 Heating with Resonant Ultrasound
Te acoustic energy of the resonant standing waves that were described above in the
context of acoustic trapping was actually propagating in a lossy medium, so in addition to
elastic propagation of the pressure wave some acoustic energy was absorbed and
converted to heat.

Empirical characterization of heating with resonant ultrasound

revealed a dynamic and complex system with multiple resonant modes and rapid
temperature transitions.

Te temperature within the microfuidic acoustic resonator

strongly afected the resonant frequency, and in reciprocity, the amount of resonant
acoustic energy strongly afected the production of heat.

Stable temperatures were

achieved when the rate of change of acoustic heat generation was close to zero and when
that stable production of heat was counterbalanced by heat fow out of the resonator
chamber. A variety of physical phenomena must be simultaneously considered, and the
reader is invited to gradually study each physical phenomenon rather than rush to
evaluate the system as a whole.
Te rate of heat production was primarily determined by the intensity of acoustic
energy in the microfuidic chamber and by efciency of conversion between acoustic and
thermal energy. Te acoustic energy that was absorbed was converted to heat when the
kinetic energy of the longitudinal pressure wave resulted in molecular rearrangements of
polymers or bulk fuid movements. Te conversion of acoustic energy to thermal energy
is a complicated phenomenon for systems with several polymeric macromolecules (e.g.,
DNA, PDMS), and the specifcs of the relevant physical phenomena are beyond the
scope of this chapter. Note that this is an intensely studied phenomena with a variety of
nonlinear physical efect that must be considered. Furthermore, ultrasonic hyperthermia
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within tissue via high intensity (usually not resonant) ultrasound is an important
biomedical technique[20–22]]. Te devices used in this work were resonant devices flled
with relaxing polymer molecules and rapid shear fows, and an empirical approach was
favored to deal with the complexity of the underlying physical phenomena. Te data sets
generated in this work were accomplished for empirical evaluation of the efect of
ultrasound on temperature.
6.4.10.1 Change in Resonant Frequency as a Function of Temperature
Te resonant frequency of the device was found to be strongly temperature dependent.
Achieving a self-limiting, steady-state elevated temperature (e.g., 95 ºC needed to
denature DNA) required time-sensitive modulation of the driving frequency to track the
shift in resonant frequency with temperature. Te bandwidth of the resonance peak was
so narrow that if the self-sustaining resonance
condition was lost the system temperature would
fall precipitously.
Te resonant frequency of the
microchamber was found to decrease with
temperature over the range of operating
temperatures of approximately 50 - 98 ºC. A plot
of theoretical resonant frequency versus
temperature Figure 6.17 shows the well known
non-linear change of sound speed in water versus
temperature.

For example, a frequency of 5.28

MHz was used at 58 ºC but heating to 95 ºC

F i g u r e 6.17. Calculated resonant
frequencies as a function of temperature
with and without accounting for thermal
expansion of the microfuidic device.
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required shifting the frequency down to 5.17 MHz. During the shift from 72 ºC to 95
ºC, a few steps in frequency were required (e.g., from 5.24 MHz used to hold 72 ºC, to
5.22 MHz for 2 seconds to reach 82 ºC, then to 5.18 MHz for 4 seconds until 94 ºC was
reached, then fnally set to 5.17 MHz at a lower driving signal amplitude for a selflimiting temperature of 95 ºC).

Essentially, a ~100 kHz shift downward in signal

frequency was needed to track the shift in resonance. Note that our colleagues [10] have
reported a positive slope in the correlation between frequency and temperature, and while
this may appear to be a discrepancy it is actually due to the shape of the sound speed
versus frequency curve and a diference in which temperatures were evaluated.
6.4.10.2 Amplitude Self-Limiting Behavior
An interesting efect was observed when a shift in frequency was closer to the acoustic
resonance of the system - the temperature would rapidly increase and then abruptly level
of. Tis appears to be a form of self-attenuation. Te physics of the system would
defnitely allow for higher temperatures (water could be boiled within the microfuidic
device), but in some cases the temperature would, for instance, increase to 70 ºC and hold.
It was relatively insensitive to voltage, which may be because the electronics limited the
driving signal or because the heat generation of transducer and resonator plateaued and
an equilibrium between heat generation and heat dissipation was reached. Tis efect was
an important aspect of temperature control by frequency modulation.
6.4.10.3 Several Resonant Modes were Observed
Layered acoustic resonators can have diferent resonances corresponding to individual
layers[19,23]. If one layer of the structure is more resonant at the driving frequency then
it will have a higher acoustic energy density than the others, and this translates to greater
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heat generation in that layer. Tis efect was observed in 2 diferent ways. First, by
examining the rate of change of temperature as a function of frequency while measuring
the internal and external temperature; sometimes the external temperature sensor was
heating up faster than the internal, which strongly suggests that heat was being
preferentially generated in the glass layer or the piezoelectric transducer. Ultrasound
resonance within the PDMS layer was likely at characteristic frequencies, but the lossy
nature of PDMS itself may have led to stronger acoustic streaming as well. Te frequency
range covered by the most efcient heating (as judged by the required signal voltage) was
the sharp resonance peak of the 1st harmonic vertical standing wave in the aqueous
medium.
6.4.10.4 Investigation of the Efects of Temperature on Resonance
Te strong temperature dependence of frequency presented experimental difculties
because an externally-controlled analog for the very localized acoustic heating would have
caused signifcant problems. One approach would be to simply put the entire apparatus
in a temperature controlled oven and scan through the control parameters at a range of
temperatures. However, the integrity and characteristics of the manifold, circuit board,
and microfuidic device could not be expected to withstand the temperature range of 6095 ºC; most likely the data obtained would be invalid for describing normal operating
mode of the devices, but furthermore the high heat could have permanently damaged
components of the apparatus.
To study the shift in system resonance as a function of temperature, acoustic
heating was used to heat the device to known temperature and then apply a test
condition.

Two starting temperatures (58 ºC and 72 ºC) were chosen for pre-
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equillibration points and the frequency was scanned several times to gather 3 replicates of
data at each starting temperature (according to the algorithm in Figure 6.18A). Te large
plot of data in Figure 6.18B is from a study of ultrasonic heating versus frequency. One
replicate scan for the 2 starting temperatures is shown in Figure 6.18C. Te frequency of
maximal heating shifted by approximately 20 kHz between 58 ºC and 72 ºC.
6.4.10.5 Temperature Control Strategies
Te intensity of acoustic energy within the microfuidic device was controlled by
modulating the electrical signal applied to the PZT transducer. Specifcally, the 3 control
strategies used were modulation of electrical signal amplitude, modulation the duty cycle
of the applied signal, and/or modulation of how close the driving frequency was to the
natural resonance of the microfuidic device.

Higher signal voltages produced high

temperatures in general, but some cases a voltage-independent plateau was reached where
the temperature would no longer increase with increasing signal voltage. Generation of
high temperatures with ultrasound required careful control of the driving frequency
because the system would either drive itself out of resonance (resulting in amplitude selflimiting, possibly below the desired temperature). Alternatively, if the signal was shifted
to new applied frequencies too far of resonance (and at a lower frequency than the
resonance) then the system would lose resonance and the temperature would free fall to
below PCR relevant temperatures.
Note that the system was not operated in perfect residence, but rather at a
frequency just slightly higher due to amplitude self-limiting. Operating at resonance
once the system was already at high temperatures would often result in excessive heating
(e.g., to the boiling point at atmospheric pressure, or temperatures above 100 ºC when the
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Figure 6.18. Evaluation of heating performance as a function of frequency for 2 diferent starting
temperatures. A. Algorithm used to control waveform generator during test. B. Raw data annotated by
replicate number and initial temperature. C. Annotated plot of data from the second replicate.

187

Figure 6.19: An example of strategies for controlling heating with resonant ultrasound. For rapid
cooling the ultrasound was turned of for a prescribed amount of time (1190-1197 s), simple on/of
duty cycle control with active feedback from an internal thermocouple was used to maintain ~55 ºC
(1197-1217 s), then a 2-stage heating was conducted frst with higher applied voltage (1217 – 1221 s)
then a lower voltage and on/of control was used to maintain 72 ºC (1221 – 1231 s), fnally a 3-stage
heating to 95 ºC was accomplished by tracking the resonant frequency (1231 – 1237 s) and ultimately
utilizing the self-limiting behavior of the system to maintain 95 ºC (1237 – 1247 s). Tis is one
representative cycle out of 30.

Figure 6.20. Plot of system parameters during thermal cycling for PCR via resonant acoustic heating.
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system was pressured (the
boiling point of water 5 psi
above ambient should be 115
ºC[24])). In fact, temperature
was readily modulated by how
close the driving frequency was
to the resonant frequency. Te

F i g u r e 6.21: Ultrasound-mediated thermal ramping of
internal chamber temperature evaluated for 3 replicate cycles.

approximate, relative location of the resonance peak could be judged from the relationship
between frequency and stable temperature. However, the true resonant frequency for the
simple vertical 1st harmonic mode in the water chamber was often unknown because
temperature control was more important than the amplitude of the acoustic resonance.
When a hybrid control strategy of active feedback control at 55 ºC, nearly self-limiting
active feedback control at 72 ºC, a multi-step self-limiting ascent to 95 ºC, and a noultrasound “free fall” cooling from 95 to 55 ºC was utilized (such as the thermal cycle
shown in Error: Reference source not found). An optimized thermal cycling profle
obtained with this hybrid control strategy is shown in Figure 6.20. Representative
heating and cooling rates were +4.74±0.29 ºC/s 55 - 72 ºC, +4.44±0.49 ºC/s for 72 - 95
ºC transitions, and -6.30±0.25 ºC/s for 95 - 55 ºC transitions (this same data is visualized
in Figure 6.21. Te thermal control with resonant ultrasound was ultimately well within
known tolerances for simple, monoplex PCR reactions.
6.4.10.6 Termal Control During Acoustic Trapping
Termal control during trapping was a concern because the reduced intensity of the
acoustic standing wave from thermal drift directly impact trapping forces. Luckily, for the
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Figure 6.22. Evaluation of heating performance for a 10 MHz transducer revealed greater heating at
frequencies near the second vertical mode in the water-flled chamber.

10 MHz transducer confguration, it was found that less heat was produced near the
transducers optimal frequency of 10 MHz, but that heating could still be accomplished by
lowering the frequency (Figure 6.22). Trapping was most efective at 10.088 MHz while
heating was most efective at approximately 5.5 MHz Tis phenomenon was utilized for
switchable heating during subsequent experiments of integration between trapping and
cell lysis.

6.4.11 Combined Acoustic Trapping and Cell Lysis
6.4.11.1 Lysis of Epithelial Cells
Fluorescence microscopy was used to monitor the packing of a mixture of buccal (check)
cells and fuorescent beads. Ultrasound was applied in a 2-step manner to frst trap cells
and beads together, and then to activate the thermophilic protease (Figure 6.23A). Te
initial packing of cells and beads was more spread out as seen in the microscopy images
(Figure 6.23B) and as diagrammed (Figure 6.23C), which indicated the presence of intact
cells between the beads. After prolonged incubation at elevated temperature, the beads
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F igure 6.23. Termally-induced lysis of buccal cells when co-mingled with
fuorescent beads.

were packed closer together as a result of cell lysis (Figure 6.23D,E).
6.4.11.2 Lysis of PC3 cells
Acoustic cell trapping was integrated with enzymemediated liquid extraction (LE) of nucleic acids
from the cells in the same microchamber. Acoustic
trapping of PC3 cells was frst conducted (Figure
6.24A), then a cell lysis solution was infused past
the trapped cells at low temperature. To initiate
cell lysis, the ultrasonic standing wave was
modulated to heat the chamber contents to
approximately 75 ºC for several minutes.

Figure 6.24. Termally-induced lysis of
PC3 cancer cells within the acoustic
trap and subsequent behavior of
liberated nucleic acids.

Interestingly, the liberated nucleic acids were not always evenly dispersed in the chamber
following lysis, but instead formed obvious clumps and strands due to the complex
motion of the acoustic microstreaming after prolonged ultrasound-mediated
manipulation in the acoustic trap (Figure 6.24B). When the cell clusters were simply
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Figure 6.25. Example of preparative integration of trapping and lysis.

held in place within the acoustic trap and subjected to lysis conditions, planar discs of
glowing cell debris (including nucleic acids) were obtained (Figure 6.25). In some cases
these DNA-containing clusters would adsorb to the microchannels on their way out of
the chip, and passivate of hydrodynamic fow focusing may be needed to prevent this. Te
discs of aggregated material maintained their mechanical integrity after release from the
wall by a surfactant solution (documented via video microscopy; data not shown). Te
quantitative yield of DNA as a function of cell input could not be evaluated due to time
constraints, and these experiments are the next step in characterization of this
device/phenomenon.
In some cases, individual PC3 cell (and more often their liberated nuclei) were
observed lysing due to protease digestion, heat, and acoustic microstreaming. One such
event is depicted in the frst 3 panels of Figure 6.26. Te DNA from the lysed cells did
not disperse in solution but rather was compacted by acoustic microstreaming, and an
unusually bright region was observed at the center of an hourglass-shaped
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microstreaming pattern (4th panel of Figure 6.26). It is worth noting that the PC3 cell
line has many chromosomal abnormalities (e.g., it has 61 instead of the usual 46
chromosomes).

Tis DNA aggregation was unexpected based on the equilibrium

solubility of DNA in absence of fow, and cellular debris was frst thought to play a role.

Figure 6.26. Still frames from video microscopy of individual PC3 cell nuclei lysing in the acoustic
trap, followed by compaction of released nucleic acids via acoustic microstreaming.

6.4.12 Possible Confounding Phenomena for Ultrasound-mediated PCR
6.4.12.1 Aggregation of DNA as a source of PCR inhibition
Fluorescently tagged λ phage DNA, digested with EcoRI and HaeIII restriction
endonucleases, appeared to form a fuorescently glowing aggregate (Figure 6.27A). Prepurifed E. coli genomic DNA stained with Syto 11 nucleic acid stain was observed in
local, streaming-induced concentrations gradients and small trapped aggregates (Figure
6.27B). Tese fndings suggest that cellular debris is not necessary for DNA aggregation
in relatively low-ionic strength bufers (e.g., PCR bufer at 1X, 50 mM KCl).
Te acoustic DNA aggregation appeared to reach DNA densities (as judged by
fuorescent intensity) comparable to heterochromatin in an intact cell nucleus; if all of the
DNA is contained in a disk that is 10 µm thick with a radius of 75 µm the volume is
about 175 pL, and if the entire chamber contents were compacted down into 2 such discs
the increase in concentration would be around 3000-fold (1 µL/(2*175 pL) ~=2800); the
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Figure 6.27: Aggregation of DNA within the acoustic trap. A. Timelapse sequence from digital video
shows the progression from dispersed sample (far left) to aggregation of DNA (far right). DNA was
fuorescently labeled restriction digest of lambda phage with sizes ranging from 22 kbp to approx. 150
bp. B. Streamlines in a solution of fuorescently stained E. coli genomic DNA indicate local
concentration gradients due to acoustic microstreaming.

DNA clusters formed by cell lysis within the acoustic trap were shown to maintain their
integrity after acoustic forces were removed, and this may be indicative of entanglement
or cross-linking through hybridization between adjacent duplexes; this DNA aggregation
phenomenon could be useful for concentrating nucleic acids and possibly evaluating their
parameters such as length). Ultrasound was a likely inhibitor of PCR in this system,
although the extent of inhibition relative to other factors and exact mechanism of this
inhibition remain to be elucidated.
6.4.12.2 Evidence for Ultrasound-Promoted Polymer Adsorption
Acoustic microstreaming appeared to induce deposition of material on the glass walls of
the microchamber. As the photographs in Figure 6.28 show, material was often deposited
in a patterns that coincided with microbubbles locations (visible in Figure 6.27A where a
small bubble in the bottom left migrated over time). Acoustic streaming has been shown
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to be very intense in the vicinity of
microbubbles.

Shear fow induced

conformational changes in the BSA,
PEG, and DNA macromolecules present
in the microchamber may have facilitated
deposition.

During prolonged acoustic

trapping and lysis experiments, glowing
tracks of material were observed on glass
(data not shown).

Fluorescent staining

with a DNA-specifc intercalating dye
suggested this was an adsorbed band of

Figure 6.28. Visual evidence of ultrasoundinduced adsorption of polymers near
microbubbles within the acoustic trap.

DNA. Ultrasound-enhanced deposition of polymers onto the microdevice surface may
have signifcantly lowered the PCR yield due to loss of template, polymerase, and/or loss
of amplifed product to surface adsorption.
6.4.12.3 Ultrasound-Mediated Termocouple Corrosion
Te thermocouple consistently corroded during ultrasound PCR. Sonochemistry has
been characterized for cavitating ultrasound systems [25], and while cavitation is not
expected in our system [26], this has not yet been ruled out empirically. Accelerated mass
transport due to acoustic streaming may have hastened an ultrasound-independent
corrosion process. A thermocouple stored in similar PCR bufer without ultrasound did
not show signs of corrosion (though it was not connected to measurement electronics).
Te measurement electronics themselves may create a permissive condition for corrosion
(e.g., by providing an electron sink), but the corrosion chemistry appears to be aqueous-
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Figure 6.29. Early stages of thermocouple corrosion putatively
ascribed to ultrasound exposure. A. Pitting can be seen in the
copper wire of the thermocouple. B. Failure frequency occurred at
high ultrasound intensity and high temperature.

based.

Te thermocouples were defnitely corroding , and only the copper wire was

degraded (or even corroded away all the way to the insulation).

Te thermocouple

corrosion made for logistical challenges when conducting PCR, and it may have been a
signifcant inhibitor of PCR as well.

6.4.13 Observation of Successful PCR via Ultrasound-Mediated Heating
Tere have been literature reports of DNA damage from non-cavitating ultrasound[27],
and some macromolecular adsorption was evident (as described in section 6.4.12.2), so a
solution of DNA size standard was subjected to ultrasound-mediated thermal cycling in
an attempt to control for these phenomena. Figure 6.30A shows overlaid
electropherogram traces for DNA size standard infused through the chip then collected
(red trace) and for the same DNA solution after exposure to a typical ultrasoundmediated PCR thermal cycling program.

Tis limited testing showed no signs of

additional (post-passivation) loss of DNA to adsorption (as judged by their comparable
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peak heights), nor evident DNA strand breakage (which would likely be seen as split
peaks due to altered electrophoretic mobility).

Importantly, the microchamber only

constitutes ~10% of the volume recovered from the device, so any efect of ultrasound will
be ~10-fold less pronounced than if the chamber contents could be analyzed directly.
Also, the pre-purifed and short (between 100 and 1600 bp) DNA size standard may not
be an adequate model for genomic DNA; large DNA molecules are subject to more
entanglement and possible strand breakage as the molecules are less able to reconfgure
due to contrained topology (without breaking a bond in the phosophodiester
backbone[28]). Nonetheless, this control experiment was relevant for the use of short
linear DNA as template material for PCR.
As discussed in Chapter 1, the high surface area to volume ratio of microfuidic
devices creates a situation where adsorption of biomolecules onto microchannel surfaces
can easily be depleted those species from the aqueous volume. Te PCR reaction requires
several biomolecules (primarily DNA template, Taq polymerase, oligonucleotides) to
combine in the liquid phase for DNA replication, and when the concentration of these
key players is too low the reaction will fail to enter exponential growth[14,29]. Indeed,
pre-passivation with PCR master mixture was found to be necessary for our microfuidic
system.

When successive fractions of master mix were infused through the device,

collected, and thermal cycled a trend was evident. As Figure 6.30B shows, the peak
height of PCR product in successive washes increased. Moreover, this trend was found to
plateau after successive infusions of master mix, and fractions after the 3 rd pre-passivation
infusion showed no additional increases in peak height (data not shown). Tis could be
due to adsorption and dispersion within the fuidic architecture. In any case, successful
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amplifcation of PCR master mix that had been infused through the chip was indicative
of sufcient surface passivation.
Te possible confounding factors for PCR amplifcation may have been the reason
for numerous failed PCR amplifcations (data not shown). Once reason may have been
the template choice, because interestingly, the lambda phage genome has so-called sticky
ends which have been shown to cause concatemerization[30] and entanglement[31], and
one hypothesis is that the shear fow from acoustic microstreaming may have caused
concatemerization and condensation of lambda phage DNA to the point where it was no
longer was a suitable PCR template.

Genomic DNA from E. coli was also difcult to

amplify (one success in many attempts; data not shown due to low number of replicates).
Te high value of genomic DNA as PCR templates certainly warrants additional study
when ultrasound-mediated PCR is further developed.
To provide initial validation of ultrasound-mediated PCR, a more robust, albeit
less realistic reaction recipe was utilized. Tis recipe used a dilution of pre-amplifed PCR
product for template. Moreover, a DNA-tethered polymerase (Termo Phusion Phire)
may have ofset inhibition from loss of processivity due to shear fow. As Figure 6.31A
shows, the peak height obtained from using PCR product as template was on the same
order of magnitude as a peak amplifed directly from genomic DNA. Tis is likely due
either to a limiting condition in PCR reaction (e.g., reagent depletion ultimately curtailed
amplifcation) or a sampling and detection upper limit of the Agilent 2100 Bioanalyzer.
PCR master mix that was thermal cycled via ultrasound was shown to produce a PCR
product, Figure 6.31B, which was actually diluted ~10-fold because the ~1 µL of thermal
cycled microchamber contents were aspirated from the chip along with at least 9 µL of
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F i g u r e 6.30. Control experiments
regarding DNA shearing or adsorption
and substrate inhibition by the
microfuidic device.

Figure 6.31. Successful amplifcation of PCR product via
resonant ultrasonic heating, along with associated control
experiments.

PCR master mix that was not thermal cycled. Importantly, unreacted PCR master mix
taken from the microchip immediate prior to thermal cycling showed that no detectable
product was initially present. Te 3 replicates of successful PCR, Figure 6.31C, have
unequivocally shown that ultrasound-mediated thermal cycling for PCR amplifcation
was responsible for generating the expected PCR products. Tese data clearly show that
the acoustic trapping platform was capable of ultrasound-mediated PCR amplifcation.

6.4.14 Possibilities of a Multi-Site PCB
Multiple trapping sites were utilized to enhance trapping efciency by arranging the 4
trapping sites in series down the length of a single microchannel (Figure 6.32A,B). Te
dispersed mixture of particles must pass through 4 regions of a localized standing wave
(Figure 6.32C), and at each site particles are either trapped or moved toward the nodal
planes. Net trapping efciency was visibly maximized (Figure 6.32D) when the 4 sites
were operated in series for cooperative trapping.
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Figure 6.32. Design and preliminary evaluation of a multiplex printed circuit board
transducer.

Te 4 trapping sites had slightly diferent resonance frequencies and apparent
trapping performance.

Nonetheless, the range of frequencies was within 0.2 MHz,

centered around the nominal 5 MHz resonance for this material. In Figure 6.32D, the
left-most transducer may have been outputting a relatively weak standing wave, coupling
to the microfuidic device was poor, or the microfuidic device was not in resonance. Te
6 µm beads migrated to the channel center rather than trap at the frst site. Based on the
relatively tight distribution of observed resonant frequencies between the four sites, the
simultaneous establishment of stable pressure nodes at all sites may be possible by rapidly
scanning the narrow range of frequencies. Published reports by Wiklund and coworkers
have shown that individual sites will “lock in” to its own frequency and maintain
resonance. Tis is because the ring down times of ultrasonic standing waves persist over
times scales on par with the scanning[32]. With respect to the current prototype, each of
the transducers on the PCB were operable and capable of manipulating microparticles
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through acoustic forces.
Advanced operations should be possible with this multiplexed transducer PCB
through switching of the trapping sites independently and through microfuidic device
design. For the serial trapping application described above, shuttling of trap contents
between sites could be achieved by turning of the transducers in sequence (starting with
upstream transducer frst) and allowing the released trap contents to move with the
hydrodynamic fow to the next trapping site.

Moreover, the diferent functionalities

described above – acoustic trapping, rapid mixing of laminar fow streams, cell lysis, and
PCR – could be conducted serially with a dedicated and optimized microfuidic
architecture at each site. Alternatively, the 4 sites could be operated in parallel to improve
the device throughput.

6.5 Conclusions and Future Avenues of Research

Te multiple functionalities of the PCB-mounted transducers could be utilized for
efective (and fexible) integration of bioanalytical processes on a monolithic microfuidic
device. One scenario would be a platform that would accept an incoming stream of rare,
high-value cells[33] and leverage the following capabilities: acoustic trapping of cells for
concentration enrichment, facile medium exchange, optical analysis of cells via
epifuorescence microscopy, mixing of laminar fuid streams in a very small footprint via
acoustic micro streaming, lysing of trapped cells to liberate genomic DNA (and other
cellular contents such as RNA), thermal cycling for nucleic acid amplifcation, and
(unexpectedly) apply acoustic forces to compact genomic DNA into very small volumes.
Characterization of the current platform could be improved by quantifcation of
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DNA recovered from trapping and lysis experiments, and subsequent verifcation of
suitability for PCR. STR profles using post-trapping+lysis PC3 cell DNA would yield a
STR profle that is characteristic of this cell line.
Resonance tracking[7,10,34]] for more accurate and automated control of
resonance and heating.

Improving surface passivation in hopes of reducing

macromolecular deposition. Measurement of chamber temperature using ultrasound by
applying resonance tracking with a validated correlation between resonant frequency and
temperature. Quantitative polymerize chain reaction is a viable extension because the
microscope and detection optics for fuorescence detection are already an integral part of
the system. [35,36].

Te DNA aggregates did act as a qualitative indicators of

resonance/temperature due to reproducible decreases in fuorescence intensity when high
temperatures were reached; if this intensity versus temperature were monitored closely it
may be possible to quantitatively assess DNA melting.
Lastly, ultrasound has been shown to improve injection of foreign DNA into
mammalian cells [1]. Te efects of acoustic trapping on mammalian cells have been
established in a number of studies[37–39], and conditions have been described for
acoustic trapping that did not result in long term loss of viability in the cell once they
were recovered from the acoustic trap. Tis opens the possibility of in vitro handling of
cells for applications such as gene therapy or tissue engineering.
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7 Concluding Remarks
7.1 Summary of Preceding Chapters

Te unifying goal of the work presented in this thesis has been the development and
improvement of integrated bioanalytical microfuidics for genetic analysis.

An

introductory discussion on the signifcance of scale was provided in Chapter 1, along with
a discussion of commercialization of microfuidic technology. In Chapter 2, a genotyping
assay was designed from the ground up to be inherently compatible with integrated
microfuidic devices (requiring only a single PCR step, and utilizing unlabeled primers
which could be readily adapted to a variety of separation and detection systems).
Chapter 3 describes the knowledge transfer and equipment upkeep of instrumentation
for microchip electrophoresis with laser induced fuorescence detection. Te design and
rapid manufacturing of microfuidic devices using laser ablation was covered in Chapter
4, and a number of functional microfuidic devices (i.e., for acoustic trapping, for active
fuidic control, and for directed cell culture) were fabricated using a widely available CO 2
laser engraving instrument.

Te development and characterization of a microfuidic

system for acoustic trapping was the topic of Chapter 5. A bench-top method for
fabricating ultrasonic transducers was presented, that were the result of an iterative design
process[1,2] for interrelated components (i.e., microfuidic devices and ultrasonic
transducers, and manifolds to precisely couple the two).

A functional platform for

acoustic trapping and enrichment of bacterial pathogens was demonstrated.
Finally, the acoustic trapping platform was refned and automated in Chapter 6,
and a novel extension of the trapping platform was described. Acoustic resonance in
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glass-PDMS-glass microfuidic devices was modulated to control the density of acoustic
energy in the device, and in efect to control the rate of heat production due to absorption
of ultrasound. Heating with resonant ultrasound was applied to in situ integration of
acoustic cell trapping with thermally-activated cell lysis. Furthermore, polymer dynamics
and rheology of DNA molecules within the acoustic resonator were found to induce
concentration gradients of DNA in microstreaming and the compaction of DNA into
aggregates in the nodal planes of the ultrasonic standing wave. Once the thermal control
of the microchamber temperature was within tolerances of PCR a short DNA template
was successfully amplifed by thermal cycling with resonant ultrasound.

7.2 Potential Future Applications of Microfuidic Technologies
7.2.1 Distributed Fabrication for Biomedical Devices
Data with low signal to noise (e.g., low phenotypic penetrance of underlying genetic
diseases) has been of little clinical utility, but advances in computational tools[3] may
enable extraction of useful bioanalytical data from large amount of “noisy” bioanalytical
data. To give a hypothetical example, the levels of a certain protein biomarker may only
be indicative of disease in 30% of patients, but when hundreds of biomarkers are assessed
simultaneously for a large number of patients, latent correlations between biomarkers and
their true biological functions are likely to be revealed. Microfuidic technologies could
constitute a widely deployable frst line of testing. Te performance of these frst line
testing devices may not match the that of expensive specialized equipment (e.g., as found
in the central laboratory of a hospital), but their immediacy and widespread
implementation may ofer clinical utility.

207

Te logistics of manufacturing and deploying microfuidic devices have been
intensively studied[4–6] and inexpensive consumables for microfuidic technologies has
been recognized as essential to their success in emerging markets such developing nations
and point-of-care testing. Moreover, rapid prototyping methods for microfuidic devices
are valuable because they enable broader development and deployment of microfuidic
technologies. For instance, 3D printed microfuidics (e.g., [7]), as well as the chemical
reaction containers [8], optical components [9], detection systems [10] may enable
stakeholders in a bioanalytical testing to build their own platforms. End-users can build
their own devices in an open source model for conventional method replacement[11] or
microfuidic-specifc functionalities[12], both of which utilize a range of microfuidic
processes[13].
Te laser fabrication processes described in Chapter 4 are a contribution to the
growing trend of rapid prototyping and the use of low cost materials. Researchers at both
large and small institutions in many parts of the world have access to CO 2 laser engraving
equipment. For instance, laser engraving instruments are often found in non-engineering
academic environments such as architecture departments, where they have gained broad
popularity for constructing physical scale models of buildings. Te careful evaluation of
instrument operation parameters in Chapter 4 reconciles the non-idealities of a
mechanical stage (e.g., drive belt slippage, limited resolution of control electronics
digitizer) with achievable microfuidic feature quality.

Te sharing of fabrication

parameters that are easily adopted by researchers outside the niche of microfuidics may
allow for wider adoption of microfuidic technologies by lowering the barriers to
evaluating them. For instance, a researcher who specializes in cell biology (challenging
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enough as it is due to the complexities of biological systems[14]) may want to study
individual cells with microfuidics, but investing substantial time and a signifcant part of
the current research budget is not an option. Tis hypothetical researcher could evaluate a
microfuidic platform via low-cost and rapid microfuidic device prototyping. In some
cases microfuidic methods may work well enough to enable collection of preliminary
data for funding applications, or to warrant study of a new hypothesis entirely through
new capabilities. It is worth noting that this distributed, open source model would likely
encourage collaboration rather than obviate it.

Proprietary commercial systems have

logistical and legal advantages (e.g., commercial availability, quality traceability for
forensic testing).

Moreover, specialized fabrication facilities will remain essential to

technology advancement and can improve collaboration[15].

7.2.2 Cell Modifcation Technologies
Microfuidic technologies will likely be the tools of choice for future technologies such as
gene therapy and synthetic biology. When working with individual or a few cells, the
precision handling that microfuidic devices can ofer allows the cells to handled and
modifed in a controlled environment. A conceptual analogy is presented in Figure 7.2,
which explores the relationship between the sizes of objects and the workshops in which
they are created. Te working environment must be larger than the object being worked
on as well as all of the necessary tools. Granted, this traditional view of manufacturing
may be challenged in the future with self-assembled or 3D printed objects, but when an
existing object must be modifed or repaired this workshop:workpiece size correlation
may be unavoidable. Mammalian cells are generally on the order of 20 µm in diameter
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(BNID 103788, [16]), so micro- or nano-scale spaces[17] are a good ft for them.
A few specialized cell types in mammals behave as somewhat autonomous agents
(e.g., CD4+ T cells of the immune system), and may be metaphorized as machines
consisting of functioning components. In this vein, editing the genome of a cell is the
same as replacing a part in an automobile engine or reprogramming a computer. [Tis
reductionist view is not meant to misinform[18] or trivialize the remarkable nature of our
biology: extreme caution must be taken as this technology is developed. Bioethisists,
policy makers and humanity at large have some important decisions to make in the near
future[19,20].

Human gene therapy has faced tragic miscalculations and technical

challenges[21], b u t h o p e re m a i n s f o r h i g h l y p re d i c t a b l e a n d t a r g e t e d
therapies[22][23][24].]

Te promise of cell-based therapies for improving human

health[25] should not (and will not) be ignored in the decades to come. Conventional
laboratory procedures for cell-based therapies include manipulation, monitoring, and

Figure 7.1. Comparison between workshop spaces and the items they produce. A. Te NASA Vehicle
Assembly Building[31] is one of the largest buildings in the world by volume (160 m tall x 218 m long x
157.9 m wide). Tis enornity is needed to enclose spacecraft during their construction. B. A traditional
workworking workshop and a wooden. C. A microfuidic device (e.g., this glass-PDMS-glass device is 22 x
22 x 0.5 mm) used to manipulate a mammalian cell on the order of 20 microns in diameter.
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recovery of cells by highly trained technicians, and these procedures will be expensive or
impossible to scale up adequately. Microfuidic technologies will likely be essential for
widespread adoption of cell-based therapies: the cost and logistics of conventional
methods would become intractable, but integrated microfuidic technology could feasibly
ofer comparable capabilities at signifcantly lower cost.
Te acoustic cell trapping and handling platform described in Chapters 5 and 6
may be useful for next-generation cell handling techniques because it ofers precise,
gentle, and non-contact methods for handling cells.

Acoustic trapping devices have

already been utilized for tissue engineering[26] and temporary handling of cells without
loss of viability[27,28]. Moreover, the ultrasound used for trapping, while potentially
non-lethal to cells, has been shown to permeabilize cells to allow for rapid transport of
macromolecules[29], small molecules into or out of cells (Figure 7.2). Implementation of
a microfuidic system for cell modifcation with clinical utility is a challenging task, but

Figure 7.2. Example of applicability of microfuidic ultrasonics standing waves to gene therapy. A.
Ultrasound has been shown to permeabilize the cell membrane of cells passing through an ultrasonic
standing wave, allowing otherwise impermeable macromolecules such as DNA and proteins to enter (or
exit) the cell. B. Diagram of apparatus used by Carugo et al. to expose cells to ultrasonic standing waves. C.
Results of a cell permeabilization experiment where fuorescently labelled dextran (FITC-dx), a sizeeqivalent analog to DNA and proteins, was taken up by cells when exposed to a strong ultrasonic standing
wave. Inset 1 indicates that permeabilization by fow perturbations were very minor. Inset 2 shows a cell
with intracellular fuorescent FITC-dx that was introduced via sonoporation. (Adapted from [29])
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the necessary technologies already exist separately. Microfuidic devices may be able to
seamlessly integrate a complicated workfow for cell trapping, addition of reagents (e.g.,
virus particles for gene transfection), optical evaluation of the cells, and gentle recovery so
that the modifed cells can be reintroduced to the patient. Te choice of gene therapy
targets and ultimate safety of the procedure are well beyond the scope of this dissertation.
However, the low cost and deployable methods for acoustic cell trapping may facilitate
research into the safety of advanced cell handling techniques by lowing the cost and time
barriers to preforming experiments.

7.3 Final Toughts

Ultimately, the original research described in this dissertation had the central goal of
improving microfuidic tools for genetic and cellular biotechnology. Te chapters above
represent an attempt to improve the bioanalytical processes of cell handling, nucleic acid
extraction, PCR assay design and implementation, PCR product separations, and
interpretation of data for genetic analysis.

Te practical matters of commercializing

microfuidic systems have proven to be non-trivial[2,4,30], yet continued development is
warranted.

Microfuidic devices have the potential to conserve precious reagents and

samples, speed up bioanalysis, facillitate large-scale multiplexing, enable new technologies
through unique physics, and integrate a variety of bioanalytical processes in one device.
Just as computer hardware and software have co-developed to achieve what was
previously impossible, microfuidic technologies will co-evolve with bioanalytical and
biotechnological techniques to substantially improve human health and well-being in the
decades ahead.
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