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Abstract

Electrowetting-on-dielectric (EWD) digital microfluidics is a droplet-based fluid han-

dling technology capable of radically accelerating the pace of genome engineering re-

search. EWD-based laboratory-on-chip (LoC) platforms demonstrate excellent per-

formance in automating labor-intensive laboratory protocols at ever smaller scales.

Until now, there has not been an effective means of gene transfer demonstrated in

EWD microfluidics platforms. This thesis describes the theoretical and experimen-

tal approaches developed in the demonstration of an EWD-enabled electrotrans-

fer device. Standard microfabrication methods were employed in the integration

of electroporation (EP) and EWD device architectures. These devices enabled the

droplet-based bulk transformation of E. coli with plasmid and oligo DNA. Peak on-

chip transformation efficiencies for the EP/EWD device rivaled that of comparable

benchtop transformation protocols. Additionally, ultrasound induced in-droplet mi-

crostreaming was developed as a means of improving on-chip electroporation. The

advent of electroporation in an EWD platform offers synthetic biologists a reconfig-

urable, programmable, and scalable fluid handling platform capable of automating

next-generation genome engineering methods. This capability will drive the discov-

ery and production of exotic biomaterials by providing the instrumentation necessary

for rapidly generating ultra-rich genomic diversity at arbitrary volumetric scales.
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Introduction

1.1 Motivation

1.1.1 Thesis Statement

Miniaturization and automation of genome engineering methods will accelerate re-

search in the field of synthetic biology, the emerging science of re-designing biolog-

ical machinery for the discovery and development of advantageous capabilities of

synthetic life forms. Advances in this field stand to revolutionize our approach to

human health, security, and manufacturing. However, cumbersome genome editing

protocols that rely on iterative and parallel processes currently present a technolog-

ical bottleneck that limits the rate at which synthetic biologists can build and test

new biological constructs. Microfluidics-enabled gene transfer technologies seek to

overcome the experimental barriers of manual protocol execution by offering solu-

tions that are easily scaled in terms of device geometry, assay time, and protocol

parallelizability, but few solutions have been adopted by the biological research com-

munity. Thus, the demand for an automatable microfluidic platform suitable for

the suite of operations necessary for modern biological experimentation is currently

unmet.
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To address this problem, this thesis explores the integration of an electropora-

tion device layer into the electrowetting-on-dielectric (EWD) digital microfluidics

platform. The integration of electroporation into the EWD lab-on-chip (LoC) en-

vironment supports expressed demand from the synthetic biology community for

instrumentation capable of handling a multitude of gene transfer experiments, in

parallel, and with relative ease. Realization of electroporation, a proven gene transfer

technology, in an EWD LoC platform will drive the development of next-generation

platforms that will facilitate the use of labor-intensive genome editing protocols that

rely on iterative and parallel processes. With these goals in mind, the research de-

scribed in this dissertation aims to demonstrate EWD-enabled electroporation in a

basic on-chip transformation of E. coli with synthetic DNA constructs. Addition-

ally, this research seeks to improve on-chip electroporation performance by coupling

ultrasound device hardware and optical monitoring techniques to a custom EWD

platform. This work presents key information regarding further genome engineering

scalability through microfluidic, electronic, and acoustic device integration.

Specifically, this thesis advances the hypothesis that the engineering basis for inte-

grating electroporation into the EWD LoC environment may be guided by numerical

and analytical models of pertinent electrostatic and hydrodynamic device behaviors,

which can be utilized to optimize on-chip gene electrotransfer experiments with E.

coli Then, optical in-situ monitoring techniques can be implemented as feedback

mechanisms to monitor and optimize auotmated genome engineering cycles carried

out on a EWD platform.

The impact of this thesis is as follows:

1. Determination of design rules for on-chip electroporation in EWD digital mi-

crofluidic systems in terms of device geometry, pulse strength, pulse number,

and pulse-polarity to achieve transformation efficiencies comparable to that of
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benchtop performance.

2. Establishment of numerical and analytical models as well as optimization meth-

ods for electroporation in EWD LoC systems in terms of pulse exposure effi-

ciency, cell survivability, transformation efficiency, and transformant yield.

3. Demonstration of microfabrication processes for efficient fabrication of scalable,

electroporation-enabled EWD LoC systems using established manufacturing

technologies.

1.1.2 Industry Trends

Synthetic biology is a synergestic collaboration of engineering and biology that seeks

to generate artificial or modified organisms that exhibit new or advantageous capa-

bilities [1]. It is the practice of designing, discovering, and harnessing new biological

machinery from the most basic level of living systems - the genome. This multidisci-

plinary field represents an engineering-driven approach to understanding, developing,

and leveraging the vast potential available in living systems for use in a wide range

of application domains, and it is quickly becoming an industry in a class of its own.

The global synthetic biology market is currently estimated to be in around $3 billion

and is expected to grow ten-fold by 2020 [2–4]. However, key enabling technologies,

particularly design and automation tools, are needed to realize the potential appar-

ent in this nascent field. With applications that range from healthcare to materials

production and scientific implications that stand to redefine our view of life itself,

synthetic biology is a rapidly growing field that carries a high technological demand

and a scope as potentially lucrative as it is scientifically profound.

Since the early 1980’s, the pace of scientific research in the field of synthetic

biology has exploded. The number of peer-reviewed publications on the subject

as well as the efficiency of the core tool set, in particular DNA sequencing and
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synthesis technologies, are exponentially increasing. To demonstrate the magnitude

of this expansion, the annual rate of papers published regarding synthetic biology

is compared to those pertaining to the semiconductor industry [5–7]. Figure 1.1

(A) shows the annual number of publications per year appearing in the Thomson

Reuters Web of Science Database that utilize either the keywords “semiconductor”

or “synthetic biology” since 1930.

These plots reveal striking similarity between the two industries including a slow

initial foundation period followed by accelerated growth as the respective technologies

entered into application stages. For the semiconductor industry, the advent of the

P-N junction transistor marked a dramatic increase in the growth rate of the field,

indicated by a surge in the number of annual publications in the late 1940’s. A

similar increase appears in annual publication rate for the synthetic biology field

in the early 2000’s. Carr and Church [5] attribute these respective transformations

specifically to the development of massively parallelized sequencing methods, device

miniaturization, and DNA microarray synthesis strategies.

Recent technological advancements in DNA sequencing and synthesis reveal ef-

ficiency trends that rival Moore’s Law. In a race toward the heralded “$1,000

Genome”, industry leaders such as Illumina, Roche, and Life Technologies have made

great strides in commercial DNA sequencing technologies, boasting efficiency dou-

bling about every 3 months since 2003 [5]. The $1,000 price point is a benchmark

that signifies the beginning of a new era of personalized medicine in which an entire

human genome (∼3.3 Gbp) can be accurately sequenced for a reasonable monetary

sum. In contrast to DNA sequencing, advancements in DNA synthesis and assembly

methods hold the promise of revolutionizing a different economic sector: materials

production and industrial manufacturing. Figure 1.1 (B) shows efficiency trends for

DNA sequencing (triangles) and synthesis of oligonucleotides (circles) and double-

stranded DNA (diamonds) in units of base pairs (bp) per dollar. For comparison,
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Figure 1.1: Trends in the Synthetic Biology and Semiconductor Industries. (A)
Time-series of publication rate appearing in the Thomson Reuters Web of Science
Database referenced by the keywords Semiconductor (light blue) and Synthetic Bi-
ology (dark blue) since 1930. (B) Process efficiency since 1970 for the semiconduc-
tor and DNA sequencing/synthesizing industries; Oligo synthesis (dark blue circles)
and DNA sequencing (yellow triangles) have seen accelerated paces of improvement
compared to double-stranded DNA synthesis (diamonds), which has exhibited signif-
icantly slower industrial development [5]. Transistor manufacturing efficiency (black
squares) and Moore’s law of reducing transistor cost (red dashed line) are shown for
comparison [6]

the manufacturing efficiency of transistors in units of transistors per dollar (squares)

is shown with Moore’s Law (dashed line), doubling in efficiency approximately every

18 months. Notably, Figure 1.1 shows dsDNA synthesis and oligo synthesis doubling

in efficiency approximately every 24 and 6 months since 2003, respectively.

The biological approach to materials production and discovery relies on gene

synthesis, assembly, and transfer methods to engineer microbes, such as bacteria

or yeast, to produce useful compounds such as fuel precursors, drugs, and plastics.

Driven by improved efficiency of DNA sequencing and synthesis, synthetic biologists

have made a remarkable set of accomplishments that utilize microbes as robust chas-

sis for experimentation with synthetic gene constructs [5, 8]. For example, Amyris,

a renewable products company based in California, has engineered a strain of indus-

trial yeast, Saccharomyces cerevisiae or S. cerevisiae PE-2, to ferment sugars derived
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from biomass into an isoprenoid-based biofuel precursor known as farnesene [9–11].

Once fermented, farnesene is distilled and hydrogenated into a clear diesel fuel known

as farnesane. This straightforward process has been transferred from the laboratory

setting to the industrial scale in Brotas, São Paulo, Brazil. As of 2013, the farnesene

plant was producing over 1 million liters over a 45 day period and was powering

over 400 São Paulo city buses on a fuel blend coined Diesel de Cana™ [12,13]. Other

strains of engineered S. cerevisiae have been synthetically modified to produce a

range of molecules including an anti-malarial drug (artemisinic acid) [14] and vari-

ous isoprenoid-based essential oils, fragrances, and pharmaceuticals [15].

Escherichia coli (E. coli) is another widely utilized example of a microbial chassis

that has been engineered for materials production. In 2010 the company LS9, devel-

oped a strain of E. coli capable of metabolizing plant biomass into fatty acid ethyl

esters, an alternative biodiesel molecule, via an acyl-CoA ligase/ethanol transesterase

pathway [10, 16]. Within two years, LS9 opened a biofuel plant in Okeechobee, FL

based on a 135,000 liter fermentation process [17], and in two more years were ac-

quired by Renewable Energy Group, (Ames, IA) for $61.5 million [18]. A major

workhorse of the industry, E. coli has also been metabolically reprogrammed for the

production of many other biomolecules including ethanol [19], polyhydroxyalkanotes,

a bioplastic precursor [20], as well as human insulin [21] and hemoglobin [22].

The examples above represent just a glimpse into the array of applications made

possible by genome engineering, but they reveal critical components, processes, and

technological barriers that will shape the coming age of biomanufacturing. In order

to obtain a jet-fuel excreting yeast cell or bioplastic producing bacterium, entire

metabolic pathways for those materials must be imparted into a host cell to enable

it to function as a microbial chassis. A metabolic pathway consists of a set of

enzymes that act on a substrate through a series of reactions to produce some useful

biomolecule such as farnesene or PHA. Enzymes in a given metabolic pathway are
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simply proteins that are synthesized by the cell from DNA instructions, or genes, that

exist within the genome of a microbial chassis. Hence, critical challenges of microbe-

based materials production involve designing, synthesizing, and transferring DNA

into target cells, where the enzymes needed for a desired metabolic pathway can be

produced.

1.1.3 The Demand for Advanced Instrumentation

This new paradigm of materials production and discovery demands the development

of tools dedicated to assisting synthetic biologists in microbial strain engineering.

In response to this demand, the Biotechnologies Office (BTO) within the Defense

Advanced Research Projects Agency (DARPA) recently launched two programs to

develop the instrumentation needed to expand present capabilities reported in the

synthetic biology community. The first of these programs is entitled Living Foundries

and comprises two multi-phase components dedicated to bolstering the manufac-

turing potential of biological systems. The Living Foundries: Advanced Tools and

Capabilities for Generalized platforms (ATCG) program is a $30 million initiative

administered over 3 years (2012 - 2015) to develop automation tools for compress-

ing the biological design-build-test (DBT) cycle by a factor of 10 in cost and time

while expanding the complexity of biologically manufacturable materials [23,24]. The

follow-up effort to the ATCG component is the Living Foundries: 1,000 Molecules

program, a $110 million effort invested over 5 years (2014 - 2019) that is designed

to utilize tools from the ATCG program to create a rapid prototyping infrastruc-

ture for synthetic biologists and ultimately produce 1,000 new molecules of defense

relevance, particularly those impossible to create with traditional petroleum-based

methods [23,24].

A popular approach to genome engineering adopted by many of the Living Foundries

reseachers is known as Multiplex Automated Genome Engineering (MAGE) [25,26].
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MAGE is a strategy that harnesses the principles of natural evolution to quickly

generate sequence diversity in a richly heterogeneous microbial population through

iterative steps of allelic replacement. The technique, which is discussed in greater de-

tail in the following section, allows the generation of billions of mutant genomes per

day from an initial bacterial strain and a pool of many different oligomers that encode

variants of enzymes in a particular metabolic pathway. Once generated, mutants are

assayed for genotype and/or phenotype and those of interest are kept. Since many

different oligomers are utilized during each allelic replacement step, MAGE enables

time-efficient exploration of sequence space and ultimately, rapid discovery of useful

enzymatic pathways. Given its iterative nature, MAGE is a biological protocol that

begs for automation. Unfortunately, recent attempts at automating MAGE have re-

sulted in bulky, bench top robots that are difficult to operate and prone to failure. It

is proposed here that miniaturization and automation technologies, similar to those

employed in the revolution of DNA sequencing tools, will enable an operable MAGE

platform, makeing MAGE widely accessible and expanding the scope of microbial

strain development [5].

1.2 Scalable Genome Engineering Technologies

Multiplex automated genome engineering (MAGE) and conjugative assembly genome

engineering (CAGE) are second generation, combinatorial methods that enable si-

multaneous, genome-wide redesign of a microbial population [25, 26]. The MAGE

process involves the simultaneous insertion of many synthetic DNA fragments, typi-

cally ∼90 bp oligos, into a genome at multiple sites. This process enables the rapid

generation of a diverse genome set that can be parsed down later through the appli-

cation of selection pressure. Gene insertion into E. coli cells is typically accomplished

by exposing a fluid volume of cells and synthetic DNA to a short (∼2 kV/mm) elec-

trical pulse [27]. An applied electric field of the appropriate strength causes the
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cells to polarize and small pores to form in the cell membrane, a process known as

electroporation. These pores are large enough to accommodate the migration of the

DNA oligos into the cell, and once inside the cell, the oligomers become randomly

incorporated into the cell’s genome at locations wherever the genome happens to be

replicating [8,25]. In addition to gene electrotransfer, multiple varieties of oligomers

are used over multiple MAGE cycle iterations. Multiplexed gene delivery, completed

over several cycles of MAGE, increases the rate of generating a desired mutation

from practically zero mutations per hour per cell, to several mutations per hour

per cell [8]. The cyclic addition of multiple varieties of synthetic DNA is shown

schematically in Figure 1.2 (A). The final enabling step of the MAGE process is

selection, where mutants that exhibit the desired properties of a certain enzyme or

pathway are chosen to remain in the MAGE cycle. The application of selection pres-

sure against those not exhibiting the desired trait ensures that the cell population

evolves into a useful strain. For example, if during MAGE processing of a simple E.

coli population, the gene for kanamycin antibiotic resistance is included in the oligo

pool, and the desired trait is kanamycin resistance; then growing the transformed

cell population in the presence of kanamycin should remove any untransformed cells,

leaving only those cells that incorporated the target oligo (and their descendants)

available for the next round of transformation. Thus, MAGE can be thought of as an

accelerated, intelligently-designed instance of evolution whose end goal is creating a

range of special-purpose organisms that are capable of producing desired substances.

In their seminal paper, Wang, et al. employed MAGE to optimize the 1-deoxy-

d-xylulose-5-phosphate biosynthesis pathway in E. coli for lycopene production. Ly-

copene is a powerful antioxidant and deep red pigment that is currently being in-

vestigated for it’s ability to prevent some types of cancers, particularly prostate

cancer [28]. During their experiment, the Harvard-led team used MAGE to mod-

ify 24 genetic components (20 endogenous genes known to increase lycopene yield
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Figure 1.2: Summary of second generation technologies for genome engineering:
multiplex automated genome engineering (MAGE) and conjugative assembly genome
engineering (CAGE). (A) MAGE is the process of iteratively inserting short, 90 bp
oligos of synthetic DNA into a genome at multiple sites for the generation of a diverse,
reprogrammed microbe population exhibiting pre-defined metabolic traits [25]. (B)
CAGE involves utilizing MAGE to generate many small-scale genome modifications
that can be combined via bacterial conjugation to give engineers complete access to
the bacterial genome in a time-efficient manner [26].
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and 4 genes from secondary pathways known to inhibit lycopene production) were

simultaneously modified using a complex pool of synthetic, 90-mer oligos. Over 35

cycles of MAGE, as many as 15 billion genetic variants were generated at a rate

of 4.3 × 108 bp/cycle. Selection was then done by isolating bacterial colonies that

produced intense red pigmentation on Luria–Bertani (LB) agar plates. Compared to

the ancestral E. coli strain equipped with unoptimized plasmid for lycopene produc-

tion (EcHW2 with pAC-LYC), several emergent strains showed a fivefold increase in

lycopene production, a rate of ∼ 9000 µg/g dry cell weight [25].

Another second generation genome engineering technique, CAGE, involves the

genomic combination of two bacterial strains by way of selective mating [8]. Recall,

that MAGE provides engineers a means of rapidly introducing many snippets of

synthetic DNA throughout a microbial genome and selecting for cells that exhibit

desired traits. CAGE extends the scope of genomic engineering by enabling the

combination of transformed genomes through selective bacterial conjugation. The

CAGE protocol begins with MAGE, during which the bacterial genome is divided

into 2N different sectors that are targeted for transformation in multiple MAGE steps

that are performed in parallel. Once the small-scale modifications are made with

MAGE, pairs of the resulting bacterial strains are selected for conjugation, which

involves the exchange of genetic information between bacterial cells [29]. After N

rounds of selective conjugation of the MAGE-transformed sub-populations, the entire

bacterial genome is covered, rendering a final cell population whose genome has been

entirely re-engineered [26]. Figure 1.2 (B) summarizes the large-scale, hierarchical

genome engineering strategy of CAGE, where the genome of an initial E. coli strain

is divided into 25 = 32 sectors; 32 instances of MAGE are conducted in parallel

(∼143 kbp scale) and the resulting variants are selected for 5 rounds of conjugation

giving rise to a final strain whose genomic modification approaches the 4.6 Mbp scale

(∼143 kbp × 25 = 4.6 Mbp), which is the size of the entire E. coli genome. Isaacs,
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et al. employed exactly this strategy to reassign all of the TAG stop codons in 314

gene to the synonymous stop codon TAA. In doing so, the researchers re-wrote one

aspect of the genetic code in the final E. coli strain. They noted that experiments

like this could lead to the creation of orthogonal biological systems that may exhibit

unprecedented properties, such as the ability to utilize unnatural amino acids or

prevent the correct translation of exogenous genetic material, or organisms that are

innately resistant to viral infection [8,26]. The creation of orthogonal organisms that

utilize a custom genetic code carries profound implications, which exceed the scope

of this introduction.

1.3 Gene Transfer Devices in the Lab-on-Chip Environment

The key step in either process, MAGE or CAGE, involves stimulating cells to up-

take exogenous DNA. CAGE is built upon many parallel steps of MAGE, and the

MAGE process requires an efficient gene transfer mechanism to initiate the uptake

of synthetic DNA by the microbe population that is to be transformed. Tradi-

tional, on-bench gene transfer of synthetic DNA has been demonstrated in a variety

of techniques that utilize viral, chemical, electrical, or mechanical approaches. Each

method has specific limitations as cell viability is sacrificed for gene transfer efficiency

amongst these approaches. This narrows down the strategies that are appropriate

for incorporation into a MAGE-dedicated LoC platform.

Viral systems are among the most effective means of DNA delivery, achieving

exceptionally high (> 90%) delivery and expression rates due to their highly evolved

and specialized components [30]. However, viral approaches to synthetic DNA deliv-

ery suffer from high lethality (low viability), limited DNA carrying capacity, speci-

ficity to only certain cell types, production and packaging issues, and high cost [31].

Chemical methods offer the easiest and most versatile approaches to gene transfer,

but are impeded by moderate transfer efficiency and viability. In general, chemical
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approaches are based on complex formation between positively charged chemicals

(e.g. polymers, calcium cations, functionalized nanoparticles, etc.) and negatively

charged DNA molecules. Once the complexes are formed and exposed to cells, DNA

absorption usually occurs by endocytosis [30,32]. Although their reliance strictly on

fluid handling makes chemical and viral approaches are amenable to the LoC envi-

ronment, their cost or relatively low performance to other methods excludes them

from being optimal choices for use in an on-chip MAGE application.

1.3.1 Electroporation

Gene electrotransfer, or electroporation, is an electrical method of gene transfer that

has been widely utilized by synthetic biologists for over 3 decades. First developed

in 1982 [27], electroporation involves the use of high strength (1–10 kV/mm) electric

field pulses (1–100 ms) to transiently permeabilize cell membranes and facilitate the

uptake of exogenous DNA [30]. Application of an electric field to a cell, causes the

cell to polarize as intracellular and extracellular charge carriers (mobile ions near

the two surface sides of the dielectric membrane) migrate in the electric field. It

is hypothesized that the concentration of charge at the poles of the cell modulates

the hydration of polar head groups of phospholipids in the cell membrane, which

leads to the formation of inverted hydrophilic pores. Additionally, the high inten-

sity electric field forces structural reorganization of membrane lipids, which aids in

the formation of field-stabilized permeation sites. The resulting porated membrane

allows the exchange of small molecules into and out of the cell’s interior [33]. Bulk

electroporation, (∼ 100 µL) is typically done in disposable cuvettes equipped with

metallic plates separated by a 1–4 mm gap. Although effective for transforming

cell populations, bulk electroporation suffers from several issues including variations

in local pH, relatively low cell viability and transformation efficiency, as well as the

need for empirical optimization of cell-specific protocols (electric field strength, pulse
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Figure 1.3: Electroporation device geometries amenable to the LoC environment.
(A) Gold saw-tooth microelectroporation electrodes fabricated inside of a 50 µm
thick microchannel. Pressure driven flow is employed to move cells through the
device during electroporation and cell lysis experimentation [34]. (B) Chrome/gold
electroporation electrodes integrated with a T-junction microchannel geometry for
discretized flow of droplets containing single mammalian cells [35]. (C) Gold ring-dot
electroporation device FEM E-field simulation and transformation results showing
EGFP expression in transfected mammalian cells [36].

duration, cell suspension conductivity, etc.) [32].

The relatively simple device geometry required for electroporation has led to

increased investigation over the past decade into miniaturized iterations of the tech-

nique. Figure 1.3 shows three examples of microelectroporation that may be useful

for integration into the LoC environment. In Figure 1.3 (A), Lu, et al. demonstrate
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a continuous flow microelectroporation strategy that employs saw-tooth shaped elec-

trode arrays electroplated inside of 50 µm deep microchannels [34]. During opera-

tion, a mixture of HT-29 cells (human colon carcinoma) and nucleic acid sensitive dye

(acridine orange and propidium iodide) is driven through the device with an external

pump. An AC electroporation bias of > 10 V and ranging in frequency from 1–100

kHz is applied to the thick, saw-tooth electrodes, causing permeabilization and cell

lysis which is measured by external fluorescence microscopy. Figure 1.3 (B) depicts

a droplet-based approach to single-cell electroporation [35]. In this example, flow

focused, discretized flow is deployed at a T-junction for generation and transport of

aqueous droplets that contain single Chinese hamster ovary cells and plasmid vector

pEGFP-C1. This enhanced green fluorescent protein (EGFP), as the disperse phase

and hexadecane as the continuous phase. In this approach, constant DC voltages

(0–7 V) were applied to a pair of 25 µm wide by 150 nm thick gold microelectrodes

patterned on glass to have a 20 µm interelectrode gap. As the droplets are driven

past the electrodes, the cells are electroplated in the presence of the pEGFP-C1 plas-

mid. Transfected cells were then collected in a 96-well plate, cultured for six days,

and interrogated with fluorescence spectroscopy to quantify morbidity and transfor-

mation rates. Figure 1.3 (C) shows finite element model (FEM) simulations and

experimental transformation results for an annular microelectroporation device [36].

Using standard microelectromechanical systems (MEMS) fabrication techniques, the

chrome/gold ring-shaped device, which was patterned on a glass substrate, con-

sists of a central dot electrode measuring 1.6 mm in diameter surrounded by a 300

µm wide, concentric ring electrode with inner and outer diameters measuring 5.6

mm and 6.2 mm, respectively. During operation, HEK-293A, HeLa, Neuro-2A, and

HUVEC cells were electroporated in the presence of pEGFP-C3 plasmid encoding

EGFP with 100 µs, 250 V pulses applied over the 2 mm radial gap. After 24 hrs of

post-transformation culture, cells were imaged with a fluoroscope to test for EGFP
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expression thereby demonstrating successful electrotransformation.

The preceding examples show how microscale electroporation geometries can be

coupled to various microfluidic and analytical modalities. Accordingly, microscale

electroporation holds promise for the development of future LoC gene transfer appli-

cations by offering several key advantages over bulk electroporation including in situ,

real-time monitoring of molecular uptake, tighter control over electric field profiles,

single cell electroporation, and rapid protocol optimization [32,37–44].

1.3.2 Sonoporation

Mechanical approaches to gene transfer take on a variety of forms including: mi-

croinjection, particle bombardment, and sonoporation. DNA microinjection is one

technique in which high transfer efficiency and high viability are observed together

— however, the method involves the use of manipulation stages for the precise posi-

tioning of microneedles that are needed to deliver DNA, one cell at a time. Hence,

this method requires a laborious effort only to offer extremely low throughput (i.e.

transformants per unit time) [30, 32, 45]. Particle bombardment, also known as bi-

olistic particle delivery, involves accelerating DNA-coated microparticles to velocities

high enough to penetrate cell membranes or cell walls [30, 46]. Although moderate

cell viability and gene transfer efficiency can be achieved with particle bombardment,

the approach requires high pressure helium propellants to be used in cumbersome

pressure chambers and accordingly is not immediately amenable for incorporation

with an LoC platform. Sonoporation, or cell sonication, involves the application

of ultrasonic acoustic waves to suspensions of DNA and cells. Frequency, inten-

sity and exposure times typically range from 20 kHz to 5 MHz, ∼1–100 W/cm2,

and 1 s–30 min, respectively [47]. These ranges of parameters are known to cause

acoustic cavitation and microstreaming in aqueous media, which has been corre-

lated with reversible poration of cell membranes [48]. Gene sonotransfer is generally
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done by bringing an ultrasonic transducer into acoustic contact with a fluid volume

that contains cells and DNA. Exposure time, duty cycle, and acoustic intensity are

operational parameters that have been shown to affect cell viability and gene trans-

fer efficiencies [32, 47, 49–54]. Notably, relatively high transfer efficiencies (> 70%)

and cell viabilities (> 70%) have been reported for a variety of sonoporation device

geometries that may be suitable for incorporation in an LoC environment [52,55].

Over the past few years, several pertinent examples of LoC sonoporation devices

have appeared in the literature. Two such examples of LoC-ready sonoporation de-

vices appear in Figure 1.4. The first example involves the use of an ultrasound (130

kHz) acoustic field for lysing GFP-producing E. coli and P. pastoris cells in a contin-

uous flow microfluidic system. Figure 1.4 (A) shows the component layout of a 100

µm wide by 20 µm tall meandering microfluidic channel integrated with four disk-

shaped piezoelectric transducers (20 mm in diameter and 2.1 mm thick) mounted

on a glass substrate, with the control system employed for ultrasound exposure and

pressure driven flow (function generators, amplifiers, syringe pump, pressure con-

troller). Not shown in the diagram are the external analysis methods, quantitative,

real-time polymerase chain reaction (qRT-PCR) and fluorescence microscopy [53].

During operation of the device, a syringe pump is used to drive cell suspensions

through the microchannel while the lead zirconate titanate, Pb[ZrxTi1-x]O3, (PZT)

piezoelectric disks are driven with 200 Vpk-pk, 130 kHz sinusoidal waveforms. To elu-

cidate the cavitation activity, images of the microchannel taken during insonation by

a high-speed camera with 1 µs exposure show the absence, expansion, and collapse

of microbubbles at times 0, 280, and 6170 s. After insonation, qRT-PCR revealed

DNA concentrations that increased monotonically with ultrasound exposure time.

Fluorescence microscopy of cells treated with ultrasound showed a dramatic reduc-

tion in the number of GFP-producing, cells. Figure 1.4 (B) shows a second example

of microsonoporation made possible by the marriage of microfluidic and ultrasound
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Figure 1.4: Sonoporation device geometries amenable to the LoC environment.
(A) Meandering microchannel integrated with PZT ultrasound (130 kHz) transduc-
ers for sonoporation of bacterial and yeast cells [53] (B) Hydrostatic PZT-enabled
sonoporation chamber for transformation of mammalian cells [52].
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piezoelectric technologies [52]. Here, a resonant ultrasound chamber was fabricated

by layering a base, plastic clamps, a PZT transducer, matching layer, fluid gasket,

reflector glass and cover clamp. During operation, 1 MHz excitation signals with am-

plitudes ranging in PZT bias from 0–100 Vpk-pk, or energy densities of 0–40 mJ/cm3,

were applied to mixtures of HeLa cells and pEGFP-N1 plasmid in the sonoporation

chamber for 5, 10, 15, and 20 s. After 24 hrs of cell culture at 37◦C, flow cytometry

was used to determine transfection efficiency and survival rates. As the accompa-

nying plot suggests, a threshold in sonoporation activity was observed for a 20 s

exposure around 80 Vpk-pk, or 32 mJ/cm3, where the percentage of surviving cells

suddenly drops and the percentage of transformed cells suddenly rises. In summary

of the sonoporation techniques mentioned above, these studies have demonstrated

the considerable potential for coupling microfluidic liquid handling strategies with

ultrasound emitters for transforming and/or lysing bacteria, yeast, and mammalian

cells, which carries great promise for a larger-scale LoC sonoporation application like

MAGE.

1.4 Digital Microfluidics

As outlined in the examples above, electroporation and sonoporation are immedi-

ately applicable to the LoC environment. Although this realization helps narrow

down the selection of gene transfer techniques useful for on-chip MAGE, it remains

to be demonstrated which microfluidic strategy is most suitable for scalable LoC

genome engineering. To date, electro- and sonoporation devices have been inte-

grated with hydrostatic [36], continuous [34, 53] and discrete flow [35] microfluidics

platforms. While these approaches are completely acceptable as proof-of-concept

demonstrations of gene transfer in microfluidic environments, they lack several key

logistical characteristics requisite for large-scale genome engineering experimenta-

tion. By definition, a true LoC platform should be capable of administering a host of

19



tasks routinely accomplished on the lab bench. These methods include fluid mixing,

retention, incubation, cell culture, as well as analyte pre-concentration, separation,

or washing, and detection. Such a system should be aggressively scaled-down in

terms of liquid volume, fully automatable with protocols that are reconfigurable,

and capable of execution in parallel to one another.

Conventional, or continuous-flow microfluidics platforms rely on external pumps,

pressure sources, or power supplies to drive fluids through microchannels that allow

for very specialized protocols to be executed. Applications adopting this strategy

typically involve the confluence of a few fluid reactants via interconnected microchan-

nels that flow through a particular device [34, 35, 53] where a reaction occurs and is

subsequently analyzed as reaction products effuse through waste or collection ports

for further downstream processing. Under this flow paradigm, bench-top protocols

such as MAGE that require many mixing steps, many different reactants, or iter-

ative processes simply cannot be achieved without considerable increases in device

complexity, if at all.

Electrowetting on Dielectric (EWD) digital microfluidics has revolutionized the

paradigm of liquid handling in the LoC environment. Rather than relying on a rigid

arrangement of fluidic components like pumps, channels, and valves to achieve partic-

ular tasks, EWD digital microfluidics utilizes arrays of integrated fluid actuators that

leverage the principle of electrowetting to accomplish liquid handling with remark-

able levels of precision. EWD is the phenomenon that involves modulation of the

wetting behavior of a polarizable liquid droplet on a hydrophobic, insulated electrode

by an applied electric field [56–59]. An electric potential applied between a liquid

droplet and the supporting electrode results in the formation of a localized electric

field across the underlying insulator; this reduces the interfacial tension between the

liquid and the insulator surface [60–62]. In turn, a reduction in the macroscopic

contact angle of the droplet is observed, as shown in Figure 1.5 (A). The Young-

20



Lippmann equation (Eq. 1.1) is frequently used to describe the mechanism of EWD

actuation:

cos θ = cos θY +
εrε0

2tγLV

U2 = cos θY + η (1.1)

where θ is the voltage-dependent electrowetting contact angle, θY is Young’s angle of

the system at zero voltage, t is the thickness of the dielectric with permittivity, εε0,

and γLV is the interfacial tension between the droplet and the surrounding medium.

See Appendix A.1 and A.2 for thermodynamic and electromechanical derivations of

the Young-Lippmann equation. The dimensionless term, η, in Eq. 1.1 is known as

the electrowetting number and represents the relative strength of electrostatic and

surface tension forces in the system. Closer inspection of this term reveals its nature

as a simple, passive electrical component, since εrε0/t is the capacitance per unit

area between the drop and the electrode [62].

Elevating the EWD concept to a new level, Pollack, et al. utilized standard

fabrication methods from the microelectronics industry to realize arrays of EWD ac-

tuators, which proved to be capable of supporting droplet motion with unprecedented

control [60]. Figure 1.5 (B) diagrams the canonical EWD actuator, which appeared in

the journal Lab Chip in 2002 [60]. Since then, the field of EWD digital microfluidics

has rapidly expanded, giving rise to myriad studies, bioassay demonstrations, and at

least one commercial product. In terms of application, EWD LoC efforts encompass

a variety of analyses including enzymatic [64–67], proteomic [68–74], immunologi-

cal [75,76], DNA [63,75,77–80], and cell-based assays [81,82]. Figure 1.5 (C) depicts

an EWD LoC platform dedicated to DNA pyrosequencing, a sequencing-by-synthesis

method that involves the detection of chemiluminescent light (560 nm) upon incorpo-

ration of deoxyribonucleotides (dNTPs) to a growing template strand [63]. Figure 1.5

(D) shows an experimental EWD platform and imaging apparatus upon which some

experiments described in this work were conducted. It is one commercial prototype
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Figure 1.5: Electrowetting-on-dielectric (EWD) digital microfluidic concepts and
passive platforms. (A) The EWD concept: the application of an electric potential
between a sessile droplet and the insulated electrode on which it rests results in a re-
duction in interfacial surface tension between the droplet and the insulated electrode
observed by a reduction in the macroscopic contact angle of the droplet, or modified
wetting behavior [62]. (B) A diagram of the canonical EWD actuator array [60].
(C) An EWD LoC platform dedicated to DNA pyrosequencing [63], (D) Advanced
Liquid Logic’s commercial EWD platform.

developed for sample preparation by the recently acquired Illumina, Inc. subsidiary,

Advanced Liquid Logic, Inc.

The LoC EWD systems shown in Figure 1.5 (C-D), as well as each of their

predecessors, while functional and robust, are not fully integrated platforms and

possess many undesirable features that more scalable implementations may avoid.

First, these first-generation EWD systems were fabricated using printed circuit board

(PCB) technologies, which is limited to relatively large feature sizes (∼0.004” or 100
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µm) compared to today’s standard photolithographic processes (∼20 nm). Secondly,

the simplistic design of the passive EWD array requires electrode addressing to be

handled by off-chip control logic and relay arrays in addition to often cumbersome

on-chip electrode bussing strategies built on multi-layer PCBs. This approach to

chip control means that for platforms with a moderate number of EWD electrodes

(∼100), many electrodes may need to be simultaneously activated, which complicates

droplet routing and may cause bottlenecks in assay development. Third, capacitive

and impedance sensing strategies have been utilized in EWD systems for as feedback

signals indicating the location of a droplet in addition to measuring droplet volume,

analyte concentration, and analyte identity [83–86]. However, when coupled with

the passive EWD architecture, this form of electronic sensing is only feasible at a

few electrode locations and typically requires off-chip signal processing circuitry to

track or analyze droplet contents.

More recently, demonstrations of fully or partially integrated EWD platforms

have emerged in the literature indicating a propensity in the field to utilize more

advanced fabrication technologies. Rather than relying on a simplified EWD device

architecture and peripheral banks of high-voltage relays for driving actuation logic,

the field is turning toward thin film transistor (TFT) arrays [87] and complementary-

metal-oxide-semiconductor (CMOS) integrated circuit (IC) technology [88] to pro-

duce fully integrated EWD platforms. Moreover, these elegant designs have the

potential to boast a multitude of individually addressable electrodes that include

electrical impedance measuring microcircuits as well as integrated optical detection

capability. Figure 1.6 shows two active EWD platforms recently reported in the lit-

erature for general bioassay development. The platform shown in Figure 1.6(A) was

produced using Sharp’s proprietary Continuous Grain Silicon (CG-Silicon) process

typically used for the mass production of liquid crystal displays (LCDs). This design

utilizes a TFT array to 1) write electrowetting voltages to an asserted array element
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and 2) sense the electrical impedance at every array element. Each element, or pixel,

in the 64×64 pixel array drives a 200×200 µm indium-tin oxide (ITO) EWD elec-

trode, which consists of a 20 nm SiOx layer, a 340 nm SiNx layer and a 50 nm thick

Teflon AF 1600 hydrophobic surface coating. A 130 µm thick Mylar spacer is used

to define the fluid channel height between the EWD surface and the ITO-coated top

plate.

During droplet actuation, data is written to the EWD platform via a single serial

input line. Logic blocks in the column and row drivers then decode the input data

to the appropriate element pattern in the TFT array. Once written, a static random

access memory (SRAM) cell within each array element stores the programmed data

until it is rewritten. The state of the SRAM cell configures the state of two analog

switches that are connected to externally supplied voltages, V1, which drives the

EWD electrode, and V2, which drives the counter electrode on the top plate. The

externally supplied voltages are typically configured as square waveforms of high level

+10 V and low level -10 V such that V2 is the logical complement of V1. This provides

a 20 V potential difference over the EWD electrode for any asserted array element and

can be updated with a data refresh rate of 50 Hz. In concert with droplet actuation,

impedance sensing is accomplished by comparing the droplet load impedance with

a reference capacitance. Depending on the presence or absence of a droplet, the

measured voltage swing is nominally 1.3 V and is read out through sensor column

amplifiers, which resemble readout circuitry used in CMOS image sensors. Sensor

data are then converted to an analog signal and read serially through a single output

line [87]. Figure 1.6 (A) includes a photograph of the TFT array device with a block

schematic of the integrated EWD actuation/sensory driver (top) as well as impedance

data collected during a splitting operation, where color is mapped to the voltages

sensed at each element in the EWD array. In its first demonstration, this platform

was used in conjunction with a colorimetric assay to quantify the concentration of
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Figure 1.6: Fully-integrated, active EWD platforms. (A) Photograph of the thin
film transistor (TFT) array device with a block schematic of the integrated EWD
actuation/sensory driver (top) and impedance data collected during a splitting opera-
tion (center) [87]. (B) Schematic and micrograph of an EWD platform fabricated us-
ing a high-voltage complementary-metal-oxide-semiconductor (CMOS) process [88].
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glucose in blood sera. Other assay formats are currently under development.

In a similar approach, a 0.35 µm high-voltage CMOS process was used to demon-

strate a fully-integrated EWD LoC for quantitative polymerase chain reaction (qPCR).

As shown in Figure 1.6 (B), a 7×8 array of 200×200 µm square electrodes and four

reservoir electrodes comprise the EWD device layer. A 100 µm thick layer of SU-

8 and a 2 µm thick layer of parylene-C form the fluid channel and electrowetting

dielectric, respectively. Meanwhile, an ITO-coated polyethylene naphthalate (PEN)

coverslip is utilized as the top plate and EWD counter electrode. Lastly, a 100 nm

thick coating of Teflon AF was used as the hydrophobic coating on the top and

bottom plates. During operation, control bits are latched in parallel (row-wise) to

level shifters fabricated in each pixel. The level shifters make use of high voltage

transistors to apply either 0 or 90 V relative to the top plate counter electrode to

the asserted (or de-asserted) EWD element. The IC also makes use of a Dickson

charge pump to step up the 3.3 V core logic supply voltage to generate the 90 V re-

quired for EWD actuation. Although this implementation does not utilize integrated

impedance sensing for droplet detection, it does employ an integrated single-photon

avalanche diode (SPAD) for measuring fluorescence during DNA amplification. To

accommodate the SPAD, an area of 100 µm2 is removed from the EWD correspond-

ing pixel (7,3) to form a window for light collection. The SPAD has a shallow p+

region that is 7.5 µm in diameter and an n-well with a 15 µm diameter. During

operation, the diode is biased beyond its reverse breakdown voltage and a passive

resistor is used to quench any avalanche caused by incident photons. Rather than

spatially filtering pump light, fluorescence monitoring is accomplished with a time-

resolved method by pulsing the excitation laser (500 nm) and enabling the SPAD

with a synchronized gating signal appearing 100 ps after the excitation pulse. Push-

ing the level of integration even further, this EWD system also includes integrated

serpentine interconnect metal temperature sensors and high-resistance polysilicon
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heaters to control the thermal cycling required for qPCR [88].

Device integration in LoC systems offers many advantages, but integration comes

at a cost. As mentioned above, more sophisticated system architectures typically re-

quire more advanced fabrication technologies that tend to be much more expensive,

more rigid in terms of device layout, and take much longer to design and build than

simpler or less elegant systems. However, the return on such an investment is mea-

sured in device capability, ease of operation, and scalability – all desirable features

well worth the resources required for development. This is apparent throughout the

LoC literature as more and more hardware components are ported to match the

EWD format. Components including photodetectors [89, 90], microresonators [91],

optical tweezers [92], surface plasmon resonance imaging modalities [80, 93], micro-

heaters and thermocouples [88, 94, 95], and magnets for analyte separation and de-

tection [95–97] have been demonstrated in the EWD LoC configuration as progress

toward a true chip-scale laboratory is made. The wide range of these recent ad-

vances underscores the importance of EWD technology to the LoC effort and should

galvanize device designers into imparting new functionality to an already versatile

platform.

1.5 Research Model and Objectives

The preceding sections in this chapter form the foundation for the research objectives

of this thesis. Chapter 1 begins with a thesis statement regarding the integration

of gene transfer devices in the EWD format and then outlines the growing demand

for advanced instrumentation in the synthetic biology community. A brief review of

the current state-of-the-art in genome engineering protocols and pertinent microflu-

idic technologies follows. Altogether, this introduction identifies the industrial niche

and underlying technologies that support the development of genome engineering

methods for the EWD LoC environment.
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The present work targets electroporation (EP) as a viable approach to imple-

menting gene transfer in the EWD LoC environment, and seeks to demonstrate

EWD-coupled acoustic microstreaming (MS) as a means of improving on-chip EP

performance. The central challenge that this thesis addresses is the application of

scientific principles to implementing EP in an EWD device. Several aims stem from

this central challenge including: 1) Demonstrate a scalable EP/EWD device that

rivals benchtop performance; 2) Explore chemical and acoustic mechanisms for im-

proving on-chip EP performance; 3) Combine EP and MS hardware into a single

functioning architecture. These aims emerge from the hotbed of the existing genome

engineering (GE) technologies introduced in this chapter and seed the contributions

Figure 1.7: Research Model of this Thesis. Principles from the body of existing
technology, i.e. tools and workflows of benchtop GE, must be reinvented to work
in the EWD format. Implementation of an EP device in the EWD format is the
fundamental contribution that overcomes the technological bottleneck currently faced
by synthetic biologists. This development gives rise to scalable, streamlined LoC GE
workflows while providing a technological node that is compatible with acoustic MS,
which stands to improve device performance.
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offered by this thesis. The research model, shown in Figure 1.7, maps the trajectory

of the work described in this thesis.The model begins with the existing technology,

or prior art, outlines three specific contributions of this work, and suggests the future

impact of the contributions made by the contributions detailed in this thesis.

With this research model in focus, four objectives emerge as benchmarks that delin-

eate the arc of this work.

Objective I: Devise digital microfluidic device geometries capable of handling

electric field pulses of ∼2 kV/mm required for DNA electrotrans-

fer and high efficiency acoustic coupling while supporting droplet

actuation needed for EWD LoC operability.

Objective II: Utilize theoretical and empirical models to explore optimum modes

of device operation in terms of electric and acoustic field profiles

and overall device performance in terms of numbers of surviving

cells, transformed cells, and transformation efficiency.

Objective III: Develop appropriate fabrication processes for realizing electropo-

ration and ultrasound microstreaming device geometries in a pre-

existing commercial EWD platform as well as a simplified, custom

EWD platform.

Objective IV: Demonstrate and optimize EWD-coupled electroporation and acous-

tic microstreaming device operation in a basic bacterial transforma-

tion of E. coli with synthetic DNA constructs that utilizes maximal

transformation efficiency as a guiding figure of merit for idealized

device operation.

With these objectives in mind, the following chapters of this thesis describe the

theoretical consideration and experimental results that power the iterative design-
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build-test (DBT) cycle involved in mirosystems prototyping and are organized as

such. Chapters 2 and 3 focus on general theoretical and practical aspects of gene

transfer as well as electro- and acoustic device design and operation. Chapters 4

and 5 address the construction of devices and the experimental apparatus employed

in this work. Experimental results are reported in Chapter 6. Chapter 7 integrates

the lessons learned on scalable, EWD-enabled genome engineering methods into the

future work for the next iteration of the DBT cycle which is discussed the final

chapter.

30



2

Mechanisms of Gene Delivery

Addressing the challenge of adapting a given genome engineering method to a new

fluid handling format requires a firm grasp of proven gene delivery mechanisms. A

comprehensive review of these methods provides a framework that highlights physi-

cal device principles, identifies important performance metrics, and ultimately guides

device co-design. The purpose of this chapter is to review the fundamental princi-

ples of various gene delivery methods in order to assess their applicability to bacterial

genome engineering in an EWD platform. Mechanisms for biological, chemical, and

physical delivery of DNA into prokaryotic cells are discussed to identify appropriate

methods for development in an EWD system. The work presented here highlights

a need for the reinvention of two physical gene delivery methods: electroporation

and acoustic microstreaming, hence the focus on these topics. Where appropriate,

mathematical models are utilized to gain insight on mechanism dynamics and device

operating constraints. The chapter concludes with a comparison of techniques for

EWD-enabled genome engineering and a summary of points that form the basis of

device operation, which will guide the co-design of the EWD-enabled electrosonopo-

ration device outlined in subsequent chapters.
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2.1 Biological Methods

Aside from simple uptake of exogenous DNA, bacteria rely primarily on two biological

mechanisms for the exchange of genetic material between individual cells: transduc-

tion and conjugation. Collectively known as horizontal or lateral gene transfer, these

mechanisms enable individual cells to share virtually any fragment of their chromo-

some and consequently, promote the movement of collections of genes throughout

populations of evolving cells. Recently, synthetic biologists have leveraged these

naturally occurring processes to introduce genome-wide modifications to cell popu-

lations. While exceptionally useful at the benchtop, these methods scale into the

microfluidc regime without the need for new hardware.

2.1.1 Phage-Mediated Transduction

Bacteriophages are viruses, or phages, that infect bacteria. Bacteriophage transduc-

tion begins when a transducing phage recognizes a compatible receptor on a potential

host cell and adsorbs onto the cell surface. Upon binding to the host cell receptor,

the phage injects it’s DNA payload into the host bacterium. The bacteriophage DNA

may then direct synthesis of structural proteins including a capsid head, tail, and

baseplate for the assembly of new phage particles as well as nucleases that degrade

the host DNA. Phages exploit the DNA replicating enzymes of the host cell for chro-

mosomal replication and then self-assemble with DNA fragments available within the

host cell. In the mechanism of bacterial gene transfer, these fragments include phage

DNA and host cell DNA and are encapsulated into newly assembled progeny phage.

The incoming phage DNA may also recombine with the host chromosome. Although

relatively rare, recombination may impart novel phenotypes to the host cell. After

many rounds of protein synthesis, DNA replication, and phage assembly, progeny

phages will cause the host cell to lyse, spilling its contents into the environment and
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initiating the next round of infection and ultimately, gene transfer [29,98,99].

Bacteriophage transduction is not an ideal mode of gene transfer for genome-scale

engineering. Although the mechanism boasts very high transfer efficiency, transduc-

tion typically results in cell lysis, leading to a high cytotoxicity and fewer cells re-

maining for any intended application. Transduction is also limited to cell types that

possess surface receptors specific to a given phage and is associated with a high cost

of development [30]. Despite these limitations, progress with the technique has been

recently reported for creating diverse genomic libraries with ∼25 kbp gene constructs

in an E. coli chassis [100]. Moreover, this work was accomplished with a future mi-

crofluidics implementation in mind. Isothermal incubation of reagents is the primary

liquid handling method required for transduction making it immediately amenable

to deployment in an EWD LoC platform.

Although phage-mediated transduction may not be an ideal tool for genome-scale

engineering, its critical components are essential to more useful methods, including

MAGE. The λ bacteriophage possess a system of three proteins critical to efficient

allelic replacement experiments reliant on homologous recombination to integrate

oligo DNA into a host genome. The λ-Red system utilizes an exonuclease, which

digests the 5’-ended strand of a dsDNA end; β protein, which binds to ssDNA and

promotes strand annealing; and γ protein, which binds to the bacterial enzyme,

RecBCD, responsible for recombinational repair [101]. These enzymes are inducible

with a 42◦C heat shock and promote high frequency recombination with small (>40

bp) DNA fragments [25, 102, 103]. Strains of E. coli, engineered with the λ-Red

proteins often form the original microbial chassis for MAGE cycling as they exhibit

dramatically increased rates of genetic recombination compared to wild type strains

[101, 104]. Thus, MAGE may utilize non-biological methods for DNA delivery, but

it relies on phage-machinery for integrating DNA into a host genome.
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2.1.2 Bacterial Conjugation

The mechanism of bacterial conjugation closely resembles mating in that it relies

upon physical contact between donor and recipient cells for the exchange of plasmid

or chromosomal DNA [105]. The process is the most prolific pathway of horizontal

gene transfer and is not limited by domain. For example plasmid encoded conjuga-

tion machinery supports DNA exchange between bacteria, bacteria and yeast, and

bacteria and plants [106–109]. Conjugation requires the donor strain to possess self-

transmissible or mobilizable plasmids that possess an origin of transfer (oriT ) and

encode key components of the transfer apparatus: the pilus, coupling proteins, and

the relaxome. These plasmids may also integrate into the bacterial chromosome via

homologous recombination and take parts with them when they attempt to transfer.

During conjugation, the pilus, a tube-like structure roughly 10 nm in diameter and

of variable length extends from the donor cell to the recipient cell, forming a channel

between the cells. Once the connection is made, coupling proteins bind to the cell

membrane and signal the initiation of the transport process. The relaxome is a con-

glomerate of proteins that binds to the origin of transfer on the fertility plasmid and

guides the transfer of DNA from the donor to the recipient cell. Two major compo-

nents of the relaxome are relaxase, a site-specific DNA endonuclease that cuts a single

strand of the fertility plasmid at the origin, and helicase, an enzyme that separates

the two DNA strands. Once the fertility plasmid is nicked by relaxase, the coupling

protein pumps a single strand of DNA out of the donor cell along with the relaxase

and helicase. The relaxase then reconnects the two ends of the fertility plasmid and

DNA polymerase replicates the complementary strands of the plasmid in each cell.

Once DNA transfer and replication are complete, the mating pair separate [98].

Through billions of years of evolution, nature has engineered a near-ideal gene

transfer system in the mechanism of bacterial conjugation. The process boasts min-
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imal toxicity to participating cells, it is used for inter-species and even inter-domain

gene transfer and can transfer large (∼100 kbp) elements at extremely high efficiency.

In addition to its biological advantages, the cost of bacterial conjugation is relatively

low and since it relies primarily upon incubation of donor and recipient strains, is

theoretically applicable to the digital microfluidics format. Accordingly, bacterial

conjugation is an appealing addition to the synthetic biologists’ toolset. As briefly

outlined in Section 1.2, bacterial conjugation has been used to completely recode the

E. coli genome [26]. In a striking proof of concept, 32 MAGE-cycled strains of E.

coli were merged in a hierarchical pairing scheme to produce a new bacterial strain

in which all occurrences of the TAG stop codon were replaced with the synonymous

TAA stop codon. The scope of the edits demonstrated in this technique range from

the nucleotide to the megabase scale, and highlighted bacterial conjugation as a

controllable method for fundamentally re-engineering bacterial phenotypes.

2.2 Chemical Methods

Competence refers to the ability of a cell to take up foreign DNA, and it may be

conferred to a cell population by natural or artificial means. Natural competence

was discovered in 1928 in Streptococcus pneumonia by Griffith, who showed that a

preparation pathogenetic cells, inactivated by heat treatment, possessed a biochem-

ical capable of transforming non-pathogenetic cells into a pathogenetic variety [110].

Sixteen years later, in a monumental breakthrough, Avery, MacLeod, and McCarty

deduced that DNA – not protein – was the compound responsible for the bacterial

transformation observed in Griffith’s experiments [111]. This discovery ultimately led

to the understanding that DNA was the chemical responsible for genetic information.

In 1970, Mandel and Higa reported on the role of calcium ions (Ca2+) along with

a brief heat shock in the uptake of λ-phage DNA, showing that competency could

be artificially induced in E. coli [112]. Since then, several chemical preparations
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have become popular for the chemical transformation of microbes with linear and

plasmid DNA. While these protocols differ in terms of the various divalent metal

ions, solvents, and durations of a 42 ◦C heat shock used, they are believed to con-

fer chemical competence through similar mechanisms. It is believed that divalent

ions form reversible coordination complexes with negatively charged phosphates in

DNA and the oligosaccharide region within lipopolysaccharide sites present on the

E coli cell wall [113]. With DNA adsorbed to the cell surface, a brief (∼60 s) heat

shock step facilitates uptake by lipid release and subsequent pore formation and

through depolarization of the inner cell membrane, which lowers the potential bar-

rier for movement of negatively charged DNA into the cell [114]. Hence, induction of

chemical competence is a multistep process that relies upon DNA adsorption to and

membrane permeabilization for the transfer of DNA. Equipped with the basic con-

cept for inducing chemical competence, Section 2.2.1 outlines general cell handling

protocol that is common to the each of the methods described in Sections 2.2.2–2.2.5.

2.2.1 General Cell Handling

Benchtop chemical transformation typically begins in the following way. A single

colony of E. coli is selected from a fresh source plate and inoculated into 2 mL of

pre-warmed LB growth media for overnight culture (∼16 hrs) at 30 ◦C with constant

agitation. The following day, 100 µL of the overnight culture are diluted into 50 mL

of pre-warmed LB media and incubated with agitation at 30 ◦C until they reach early

log phase, which corresponds to an optical density (OD) of 0.3–0.5. Once early log

phase is reached, the cultures are placed on ice for 15 min and centrifuged at 4,000

rpm for 8 min to pellet cells in the culture. Once pelleted, cells are resuspended in

method-specific buffers as discussed below or, may be suspended in method-specific

buffer and 20% (v/v) glycerol solution and stored at -80 ◦C.
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2.2.2 CaCl2 Method

Freshly cultured and pelleted cells prepared as described in Section 2.2.1 are resus-

pended in 25 mL of ice cold 10–500 mM CaCl2, effectively doubling the concentration

of cells in the original 50 mL suspension. After 1 hr of incubation on ice, 100 µL of

competent bacteria is mixed with 1 µL of 0.1 ng/µL plasmid DNA, encoding antibi-

otic resistance to ampicillin or kanamycin, in ice cold 14 mL round bottom tubes and

incubated for 30 min on ice. After the incubation, a 45 s heat-shock is performed by

placing the culture tubes into a 42 ◦C water bath; a 2 min incubation on ice immedi-

ately follows. The cooled samples are then recovered by adding 100 µL of LB growth

media and incubating at 30 ◦C for 1 hr. After recovery, 100 µL aliquots are spread

onto LB agar plates containing 100 µg/mL ampicillin and cultured overnight (∼16

hrs) at 30 ◦C. The following day, colonies are counted and transformation efficiency

(cfu/µg) is computed as colony forming units (cfu) per mass of plasmid DNA (µg).

Although dependent upon bacterial strain, plasmid size, and CaCl2 molarity, the

CaCl2 Method typically produces transformants with a transformation efficiency of

104–106 cfu/µg with survival rates that tend to vary with osmolarity, but typically

fall in the 0.1–25% range [112,115,116].

2.2.3 MgCl2-CaCl2 Method

Freshly cultured and pelleted cells prepared as described in Section 2.2.1 are resus-

pended in 15 mL of ice cold 100 mM MgCl2, increasing the cell concentration by a

factor of 3.33. After a 10 min incubation on ice, the bacteria are centrifuged at 4,000

rpm and 4 ◦C for 10 min and then resuspended in 15 mL of 100 mM CaCl2. After

a 30 min incubation on ice, 100 µL of competent bacteria is mixed with 1 µL of

0.1 ng/µL plasmid DNA, encoding antibiotic resistance to ampicillin or kanamycin,

in ice cold 14 mL round bottom tubes and incubated for 30 min on ice. After

the incubation, a 45 s heat-shock is performed by placing the culture tubes into a
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42 ◦C water bath; a 2 min incubation on ice immediately follows. As outlined in

Section 2.2.2, cooled samples are then recovered by adding 100 µL of LB growth

media and incubating at 30 ◦C for 1 hr. After recovery, 100 µL aliquots are spread

onto LB agar plates containing 100 µg/mL ampicillin and cultured overnight (∼16

hrs) at 30 ◦C. Colonies are counted the following day and transformation efficiency

is computed. The MgCl2-CaCl2 Method typically produces transformants with effi-

ciencies in the 103–106 cfu/µg range with survival rates that tend to fall in the 1–10%

range [115,116].

2.2.4 Hanahan’s Method

Hanahan’s Method utilizes a more complex mixture of salts, but tends to produce

transformants with higher efficiency than others reported in the literature. Freshly

cultured and pelleted cells prepared as described in Section 2.2.1 are resuspended in

16.5 mL of frozen storage buffer (FSB), a cocktail consisting of 10 mM CH3CO2K at

pH 7.5, 45 mM MnCl2, 10 mM CaCl2, 0.1 M KCl, 3 mM [Co(NH3)6]Cl3, 10% (v/v)

glycerol solution, and incubated on ice for 15 min. After incubation, the bacteria are

centrifuged again at 4,000 rpm and 4 ◦C for 10 min and then resuspended in 4 mL

of FSB, which increases the cell concentration by a factor of 12.5. Dimethyl sulfide

(DMSO) is then added twice in 5 min intervals and 140 µL volumes to achieve a

final concentration of 7% (v/v). After the DMSO addition, 200 µL of the competent

bacteria is added to 1 µL of 0.1 ng/µL plasmid DNA, encoding antibiotic resistance

to ampicillin or kanamycin, in ice cold 14 mL round bottom tubes and incubated

for 30 min on ice. After the incubation, a 45 s heat-shock is performed by placing

the culture tubes into a 42 ◦C water bath; a 2 min incubation on ice immediately

follows. As outlined in Section 2.2.2, cooled samples are then recovered by adding

100 µL of LB growth media and incubating at 30 ◦C for 1 hr. After recovery,

100 µL aliquots are spread onto LB agar plates containing 100 µg/mL antibiotic
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and cultured overnight (∼16 hrs) at 30 ◦C. Colonies are counted the following day

and transformation efficiency is computed. Hanahan’s Method typically produces

transformants with efficiencies in the 104–107 cfu/µg range with survival rates that

tend to fall in the 10–100% range [115,117].

2.2.5 DMSO/PEG Method

Freshly cultured and pelleted cells prepared as described in Section 2.2.1 are resus-

pended in 4 mL of ice cold transformation storage buffer (TSB) consisting of LB

broth at pH 6.1, 10% (w/v) polyethylene glycol 4450 (PEG), 5% (v/v) DMSO, 10

mM MgCl2, and 10 mM MgSO4, filter sterilized with a 0.45 µm filter, which increases

the cell concentration by a factor of 12.5. After a 30 min incubation on ice, 100 µL

of competent cells are mixed with 0.1 ng/µL plasmid in a 14 mL round bottom tube

and incubated on ice for 30 more min. The cell suspension is then diluted to 0.9 mL

with TSB and 20 mM glucose and incubated at 30 ◦C for 1 hr. After recovery, cells

are plated on LB agar plates with 100 µg/mL ampicillin and cultured overnight (∼16

hrs) at 30 ◦C. Colonies are counted the following day and transformation efficiency

is computed. The DMSO/PEG Method typically produces transformants with ef-

ficiencies in the 103–105 range with survival rates that tend to fall in the 1–10%

range [115,118].

2.2.6 Advantages and Disadvantages of Chemical Methods

The brief overview of the transformation protocols mentioned in Sections 2.2.2–2.2.5

reveals potential for use in a microfluidics-based genome engineering application.

However, performance, cost, and complexity must guide prioritization of method

implementation. In terms of sample handling, each method employs some combi-

nation of washing, incubation, and temperature control, which are LoC operations

of low to moderate complexity. Moreover, each of these operations is amenable to
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the EWD digital microfluidics format. So in deciding which to implement, one must

consider complexity, reagent cost, and efficiency. For instance, a single wash step

as required for the CaCl2 Method may require three fluidic inlets for cells, DNA,

and CaCl2 wash buffer, a relatively low complexity system. Increasing the number

of washes increases the complexity and overall footprint of the integrated LoC plat-

form, making MgCl2-CaCl2, Hanahan’s, and DMSO/PEG Methods less attractive

for actual implementation. Overall, complexity and cost must balance with process

efficiency. While Hanahan’s Method tends to perform with the highest transforma-

tion efficiency, it requires two wash steps with multicomponent buffers. In contrast,

the CaCl2 Method offers slightly lower transformation efficiencies but only requires

one wash of a single component buffer. Thus, cost and complexity must be weighed

against process efficiency.

2.3 Physical Methods

In contrast to biological and chemical methods, physical methods of gene delivery

utilize external stimuli to directly introduce DNA into cells. In biological and chemi-

cal methods, DNA transfer is mediated by various biochemical coupling mechanisms

including cell attachment, endocytosis, pilus formation, and lipid-DNA complex-

ing [119]. These barriers ultimately reduce transformation efficiency or stall the

transformation process. Physical methods attempt to bypass these barriers through

mechanisms that transiently modulate cell membrane permeability or physically force

DNA constructs into nearby cells. The physical transformation toolset comprises a

diverse inventory of relatively new techniques, some of which are not entirely well-

understood. The following subsections outline several physical gene transfer methods

that are useful for bacterial transformation. Among these methods, electroporation

and sonoporation stand out as viable candidates for integration into the digital mi-

crofluidics format and accordingly, are discussed in greater detail.
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2.3.1 Biolistic Transformation

The term “biolistic” is a portmanteau contraction of two words, “biological” and

“ballistic”. Hence, biolistic transformation refers to the ballistic delivery of DNA

into biological cells. This method utilizes DNA-coated gold or tungsten nanoparti-

cles (100–800 nm) as projectiles that are propelled with velocities high enough to

penetrate the cell membrane [119]. Typically, nanoparticle bombardment is driven by

a shock wave of compressed helium in a vacuum chamber held just below atmospheric

pressure (∼98 kPa) [46, 120]. During operation, the DNA-coated nanoparticles are

loaded onto an aluminum or kapton membrane and a high pressure helium pulse

is delivered to rupture the membrane. This releases a shapely defined shock wave,

which launches the particles from the membrane and into a film of cells cultured on

a agar plate that is placed in close proximity to the nozzle of the biolistic appara-

tus [120]. After bombardment, the vacuum is released and the cells are incubated

for several hours at 30 ◦C. The cells are then transferred to selection media that

contains an antibiotic to which the DNA encodes a resistance and allowed to grow

over night. Colonies are counted the following day and transformation efficiency is

computed. Biolistic transformation typically produces transformants with efficiency

in the 102–104 cfu/µg range [121].

2.3.2 Optoporation

Optoporation is a laser-based method for introducing exogenous material, such fluo-

rescent dyes or DNA, into irradiated cells through pores generated in the cell mem-

brane [122–124]. While it is clear that pulsed laser irradiation can be used to tran-

siently permeabilize irradiated cells, the exact mechanism of laser-mediated gene de-

livery is still under investigation. A key distinction to make is that for optoporation,

the laser beam does not typically interact directly with the cells, but rather relies

upon the presence of an absorptive medium, such as polyimide. During irradiation,
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it is believed that a mechanical transient or stress wave is produced as a result of the

optical breakdown or ablation of the absorbing medium. This stress wave couples

into nearby cells, and under certain conditions, may produce reversible pores large

enough to support molecular transport across the cell membrane [122,125]. Although

most of the literature on optoporation focuses on transfection of eukaryotic cells, the

technique has been applied to bacterial transformation with mediocre efficacy. In

one study, E. coli cells were transformed with plasmid DNA by irradiation with a

He-Ne laser (632.8 nm, 3 mW/cm2) [126]. Survival rates were found to be in the

20–50% range while transformation efficiency was comparable to that of standard

chemical transformation, in the 104–106 cfu/µg range.

2.3.3 Tribos Transformation

Tribos transformation is one of the more recently discovered physical methods of

gene delivery. The method makes use of shear stresses generated by sliding friction

to permeabilize cell membranes. The mechanism is known as the Yoshida effect and

occurs when a colloidal suspension containing cells, nanofibers, and DNA is deposited

onto a hydrogel and exposed to sliding friction by means of an applied interface, such

as a polystyrene stirring rod [127]. During application of the shear stress, the aci-

cular nanoparticles and cells complex as the frictional coefficient increases rapidly.

At a high enough shear stress (> 2.1 N), nanoparticles may penetrate the cell mem-

brane and enable DNA transport into the cell [127,128]. The Yoshida effect has been

observed with a variety of material combinations including agarose as the hydrogel

component; 10–50 nm multi-walled carbon nanotubes, maghemite (γ-Fe2O3), and

chrysotile (asbestos) as the nanoparticle component; and polystyrene, polyethylene,

and quartz as the solid substrate [121]. Yoshida, et al. report transformation efficien-

cies in the 105–107 cfu/µg range using the tribos method with E. coli and plasmid

DNA and otherwise standard cell culture procedures [127,128]. In general, transfor-
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mation efficiencies in this range are considered to be poor, especially when compared

against electroporation, which typically outperforms other physical methods by 2 to

3 orders of magnitude in efficiency.

2.3.4 Electroporation

Since its first description in 1972 by Neumann, et al., electroporation has become

a widely used method for gene delivery across all cell domains making it a sta-

ple technique in the molecular biologist’s toolset [27, 129–131]. Electroporation is a

method that uses electric pulses to create transient pores in cell membranes as well

as drive DNA or other molecules such as dyes or drugs into exposed cells [132–135].

The presence of physical electropores was not observed until 1990 when Chang and

Reese used a custom apparatus to freeze electroporated cells a few miliseconds after

being pulsed. Frozen and fractured electroporated samples subsequently observed

with scanning electron microscopy revealed a distribution of 20–120 nm circular

pores [136]. Alongside direct observations of this nature, current knowledge of elec-

troporation is by and large empirical and built primarily around studies of cell sur-

vival, dye uptake, or transformation rates that tend to vary with the intensity, dura-

tion, and number of the applied electric pulses [137,138]. Only in the past decade has

the theory of electropore formation begun to catch up to experimental observation

present in the literature.

Physical models of electroporation have emerged from two basic approaches: 1)

static, empirical models that seek to attribute the extent of electroporation (i.e.

cell survival or dye uptake) to some physical quantity such as electric field inten-

sity, pulse energy, or induced charge; and 2) dynamic, theoretical models that use

relationships from membrane energetics and electrodynamics to explain the spatio-

temporal process of pore formation. The former has divided the electroporation

community into two groups that argue the critical quantity governing the extent of
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electroporation to be either induced charge [138,139] or pulse energy [137,140,141].

Meanwhile, the latter has produced considerable insight into a plausible mechanism

of electropore formation, but continues to lack the full predictive power of a ma-

ture theory [134, 139, 142–147]. Despite their differences, these approaches remain

congruent, each describing different aspects of the same process. Accordingly, each

approach is utilized in this thesis. The following section outlines a numerical model

adapted to describe the electroporation of bacterial cells to build the scientific ar-

gument that will guide device development and operation reported in the following

chapter. The empirical approach is used later alongside statistical analysis, in Chap-

ter 6, to support data interpretation.

Mathematical Model of Electroporation

To illustrate the action of a high strength (∼1 kV/mm) electric pulse on a single

cell, the following mathematical description was implemented in MATLAB® R2014b.

The model has been adapted from [146–148], which report on the electroporation of

single eukaryotic cells. For simplicity, the following model assumes a spherical cell of

radius a immersed in a conductive medium and exposed to a transient electric field

of strength E. The inset of Figure 2.1 (A) shows the axially symmetric geometry

considered in the model. Intracellular and extracellular potentials, Φi and Φe, are

governed by Laplace’s equations,

∇2Φi = 0

∇2Φe = 0.
(2.1)

A uniform external field E is included as a boundary condition on the edge of Φe,

Φe (t, ρ, θ) = −Eρ cos θ as ρ→∞, (2.2)

where ρ is the distance from the center of the cell and θ is the polar angle measured

with respect to the direction of the field E. The continuity equation, below, describes
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the current density across the cell membrane. It consists of a capacitive current,

current through protein channels, and current through electropores, Jp.

−n̂ · (σi∇Φi) = −n̂ · (σe∇Φe)

= Cm
∂Vm

∂t
+ gm (Vm − Vrest) + Jp,

(2.3)

where n̂ is the outward normal to the membrane surface, Vm = Φi − Φe, is the

transmembrane potential. All others parameters are defined in Table 2.1. Current

density through the electropores is a continuous function of θ and is written as

the sum of current density through K pores, each with individual radius, rj in the

following way:

Jp (t, θ) =
K∑

j=1

jp (rj, Vm) · n̂. (2.4)

The current through each pore is a function of the transmembrane potential, the

pore resistance, Rp = h/(πσpr
2), and the input resistance, Ri = 1/(2σpr) according

to Ohm’s law,

jp (rj, Vm) · dA =
Vm

Rp +Ri

. (2.5)

Before the electric pulse is triggered, the cell is assumed to be maintain a rest po-

tential, Vrest, as the following initial condition is applied:

Φi (0, ρ, θ) = Vrest

Φe (0, ρ, θ) = 0
(2.6)

A trapezoidal pulse, beginning at time, τp, and lasting for a duration of τd is applied

as the electroporation stimulus for t ≥ 0.

E(t, θ) =


0 t ≤ τp

E τp < t < τp + τd

0 t ≥ τp + τd

(2.7)
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Based on the statistical simplification offered by Neu and Krassowska [149], this

model assumes that hydrophilic electropores appear with an initial radius r∗ at a

rate determined by an ordinary differential equation,

dN

dt
= αe(Vm/Vep)2

(
1− N

Neq (Vm)

)
, (2.8)

where N (t, θ) is the pore density, with initial condition, N (0, θ) = N0, and Neq is

the equilibrium pore density for a given transmembrane voltage, Vm:

Neq (Vm) = N0e
q(Vm/V ep)2 . (2.9)

Note that Eq. B.6 governs electropore creation and annihilation, or resealing. During

a pulse of sufficient strength, the pore density grows larger than N0. Once the electric

field is turned off, and Vm returns to 0, the right hand side of Eq. B.6 becomes negative

and the pore density starts decreasing.

As stated earlier, it is assumed that hydrophilic, i.e. conducting, pores are cre-

ated with radius r∗. During exposure to the electric pulse, the model assumes that

each pore created will change size in order to minimize the energy of the entire cell

membrane, W . For a membrane with an ensemble of K pores, the evolution of their

radii, rj is determined by the gradient flow of the bilayer energy,

drj

dt
= − D

kBT

∂W

∂rj

, j = 1, 2, ...K (2.10)

where D is the diffusion coefficient of the pore radius, kB is the Boltzmann constant,

and T is the absolute temperature. The membrane energy is

W =
K∑

j=1

[
β

(
r∗
rj

)4

+ 2πγrj − πσeff (Ap) r2
j −

∫ rj

0

F (rj, Vm) dr

]
. (2.11)

The first term in Eq. 2.11 accounts for the steric repulsion of lipid heads; the second,

for the edge energy of the pore perimeter; the third, for the effect of pores on the
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membrane tension; and the fourth, for the contribution of the transmembrane po-

tential. The third term in Eq. 2.11 contains the effective tension of the membrane,

σeff, which is a function of the combined area of the pores, Ap =
∑K

j=1 πr
2
j . Eq. 2.12

introduces tension coupling between pores so that each pore affects the tension expe-

rienced by every other pore in the ensemble. As pores are created and expand, their

total area Ap increases, which decreases the effective membrane tension exerted on

every other pore. Eventually, the reduction of σeft halts further expansion of pores,

imparting stability and ultimately reversibility to the electroporation process.

σeff (Ap) = 2σ′ − 2σ′ − σ0

(1− Ap/A)2 , (2.12)

where σ0 is the tension of the membrane without pores and σ′ is the surface energy of

the hydrocarbon-water interface. The last term in Eq. 2.11 imparts the contribution

of the applied electric field to the membrane energy. Assuming that the inner surface

of a pore is toroidal, the electric force acting on a pore may be approximated by the

formula

F (r, Vm) =
Fmax

1 + rh
r+rt

V 2
m, (2.13)

where Fmax, rh, and rt are constants. For further discussion of the membrane energy

with regard to electroporation, see Appendix B.1.

The model described above was implemented as a finite element model (FEM) in

MATLAB® R2014b on a desktop computer with 4 GB of RAM and a 3.33 GHz Intel®

Core™ 2 Duo processor. The axially symmetric domain, Ω, shown in the inset to

Figure 2.1 (A) was defined in polar coordinates on the half-circle for θ ∈ [0, π] and ρ ∈

[0, 3a] such that Ω ∈ θ×ρ. The number of points on the boundary, ∂Ω, where ρ = 3a,

was set to 100 and was adaptively meshed so that the density of mesh points increased

at the poles of the domain. This was done in anticipation of higher computed pore

density at the poles. As shown in the inset to Figure 2.1 (A), the poles are denoted
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Table 2.1: Parameters of the electroporation model

Symbol Value Unit Definition Source

α 1×105 cm−2 s−1 Creation rate coefficient [150]
Vep 0.258 V Characteristic voltage of electroporation [150]
N0 1.5 ×105 cm−2 Equilibrium pore density at Vm = 0 [150]
r∗ 5.1 nm Minimum radius of hydrophilic pores [151]
rm 0.8 nm Minimum energy radius at at Vm = 0 [151]
D 5×10−18 cm−2 s−1 Diffusion coefficient for pore radius [145]
T 298.15 K Absolute temperature (25 ◦C) ?
β 1.4×10−19 J Steric repulsion energy [149]
γ 1.8 ×10−13 J cm−1 Edge energy [145,151]
σ0 1×10−7 J cm−2 Surface tension of the bilayer without pores [145]
σ′ 2×10−6 J cm−2 Surface tension of the hydrocarbon-water interface [152]
a 1 µm Approximate radius of E. coli cell [153]
A 1.25 ×10−7 cm2 Area of lipid bilayer, assuming spherical cell ∗
Fmax 0.70 ×10−9 N V−2 Maximum electric force for Vm = 0 [154]
rh 0.97 nm Constant for electric force [154]
rt 0.31 nm Constant for electric force [154]
Cm 9.5 ×10−7 F cm−2 Surface capacitance of the membrane [150]
Rm 5.23×103 Ω cm2 Surface resistance of the membrane [150]
h 5 nm Membrane thickness [151]
σe 5.55×10−4 S cm−1 Extracellular electrical conductivity [155]
σi 4.55×101 S cm−1 Intracellular electrical conductivity [155]
σp 2×10−2 S cm−1 Conductivity of solution filling the pore [155]
τp 1×10−3 s Beginning of the electric pulse ◦
τd 1×10−3 s Pulse duration ?

? Parameter set to match experimental conditions
∗ Parameter determined by fundamental principle
◦ Arbitrary parameter

as the arc between D and Db for the depolarized pole, and the arch between H and

Hb for the hyperpolarized pole. Time stepping was also handled adaptively. The

time step was inversely proportional to the pore creation/annihilation rate such that

dt ∝
(
dN
dt

)−1
. This ensures that the simulation slows down when the membrane pore

density is changing rapidly and allows larger time steps to be taken when the electric

field is turned off and pores are resealing.

An integral component of the model involves various temporally-resolved quan-

tities of the pore ensemble including radial distribution, mean radius, and total

number. In order to track these values effectively in time, pores were launched indi-

vidually up to a total number of 200 pores. That is, for less than a total of 200 pores,
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pore radii were computed individually. Once the size of the ensemble grew beyond

200 total pores, pores were binned according to size and tracked in groups. A bin

size of 1 nm was determined to produce sufficient detail on the ensemble distribution

within reasonable computation time. Thus, for a small cost in terms of resolution of

pore radii, this approach enabled efficient statistical tracking of the ensemble without

the need for solving an unmanageable number of differential equations as prescribed

by Eq. 2.10. Simulations spanning 3.0 ms of computation time were completed in

∼5 min.

To illustrate the dynamics of electropore formation, single pulses of field strength,

E =1.10, 1.20, and 1.33 kV/mm and duration τd=1.0 ms were simulated for the sin-

gle cell electroporation model previously described. Figure 2.1 shows the results from

each simulation. The first result considered outlines a considerable discrepancy be-

tween a well known, analytical solution to the transmembrane voltage for a spherical

cell in a uniform field. Derived in the late 1950’s, Schwan’s equation is a closed-form

solution to the steady-state Laplace equation that marks a highlight in the evolution

of electroporation theory [156,157].

∆Φ =
3

2
Ea cos θ (2.14)

Although Schwan’s equation captures basic picture of a cell polarizing in an applied

electric field, it ignores all time-dependent phenomenon and any ionic exchange across

the membrane that might result from electropore formation. The electropore model,

however takes ion exchange into account via the transmembrane current described in

Eq. 2.3–2.4. As electropores nucleate at the poles of the cell, ion exchange through

the newly formed pores halts further development of the transmembrane potential as

the cell reaches its maximal polarization. This effect suggests that Schwan’s equation

overestimates the transmembrane voltage, a result that appears in Figure 2.1 (A) for

a 1.33 kV/mm pulse, which depicts the spatial distribution of the transmembrane

49



voltage for Schwan’s analytical model and the pore model.

Figure 2.1: Results computed for the electroporation model. (A) Transmembrane
potential for an analytical approximation and that computed in the pore evolution
model; (Inset) computational domain showing axial symmetry, location of depolar-
ized (D–Db) and hyperpolarized (H–Hb) poles. (B) Electropore distributions for
t=0.05, 0.1, 0.5, and 1 ms after the initiation of an electric pulse of field strength
E =0.75 kV/mm. (C) Evolution of the mean pore radius for three pulses of field
strength E =1.1, 1.2, and 1.33 kV/mm; (Inset) fractional area of electropores during
delivery of the pulse. (D) Evolution of the total number of electropores for three
pulses of field strength E =1.1, 1.2, and 1.33 kV/mm.

This comparison highlights other important implications of the electroporation

model. First, model reveals the presence and size of the porated region. The com-

puted transmembrane voltage is characterized by regions at either end of the cell
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that maintain approximately a ∼1 V potential difference. These regions, denoted in

the inset to Figure 2.1 (A) as the arcs D–Db and H–Hb, coincide with the poles of the

cell, where the vast majority of pores form. The model predicts a depolarized pole

of 0.28π rad and a hyperpolarized pole of 0.3π rad. Secondly, the computed trans-

membrane potential suggests the presence of a threshold effect for electroporation of

∼1 V. This result is corroborated in other theoretical studies [146,150,153] and has

been verified experimentally as a time- and chemical-dependent phenomenon [158].

In addition to the transmembrane voltage, the electroporation model also predicts

the statistical distribution and quantity of electropores. Figure 2.1 (B) illustrates

the evolution of an ensemble of electropores as they form during a 1.00 ms, 1.20

kV/mm, pulse. The pores are shown in a histogram plot for time slices, t =0.05,

0.10, 0.50, and 1.00 ms. During the delivery of the pulse, electropores nucleate and

rapidly grow in quantity and size to 269 pores with a mean radius of 57 ± 8 nm

(µ±σ) within 50 µs. After 100 µs, 415 pores have been formed and the effect of the

membrane tension can be seen causing the pores to shrink in size and spread to 48

± 5 nm. As more pores are created, this effect intensifies and the mean pore radius

drops to 27 ± 3 nm for 1,932 pores at 500 µs and finally to 22 ± 1 nm for 3,290

pores just before the end of the pulse. Figure 2.1 (C) and (D) show the evolution of

mean pore radius and quantity, respectively, for each of the pulses investigated in the

study. The inset to Figure 2.1 (C) shows the fractional area of the pores relative to

the surface area of the cell membrane, which was calculated as FA =
∑K

j=1 πr
2
j /4πa

2.

The data indicate an important insight into the dynamics of electroporation. The

model suggests a tradeoff exists in mean pore size and quantity. This is a direct result

of the model used for the effective membrane tension in Eq. 2.12, but is not without

physical interpretation. As pores are created and expand, the effective membrane

tension decreases as does the pore energy per Eq. 2.11. To compensate, the bilayer

energy minimum shifts to more energetic, smaller pore radii. Hence, a membrane
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electroporated to a lesser extent can support larger pores than one in which very

many pores have formed. This somewhat counter-intuitive result is immediately

applicable to device operation in that it suggests the potential utility of electric

pulses of lower, possibly even sub-threshold intensity.

Lastly, Figure 2.1 (D) points out another characteristic of electroporation that

has carries immediate experimental applicability. The timescale in Figure 2.1 ex-

tends far beyond the duration of the 1 ms pulse; 104 times farther, in fact, out to

the 10 s mark. In each curve, pores nucleation occurs rapidly at the onset of the

pulse, when t = τp = 1.0 ms, and only begins slow down through the duration of

the pulse, τd = 1.0 ms. After the pulse, the pores rapidly shrink in size, as shown

around t = 2.0 ms in Figure 2.1 (C). However, they do not vanish as quickly. The

model suggests that the pores reseal very slowly compared to the timescale of their

expansion and contraction. A characteristic time scale, τR, of 0.73 s, was measured

as the time required to reduce the pore count by a factor of 1/e. This effective decay

constant is corroborated by experimental evidence, which suggests the time scale

for pore resealing to be in the 10−1–102 s range [136, 153, 159]. A long electropore

lifetime of has direct implication to protocol optimization. In particular, it suggests

that a multiple-pulse electroporation scheme may be useful for improving transfor-

mation results, a conjecture that has been verified in theory [148]. In such a case,

a multiple-pulse scheme introduces at least two new experimental parameters, pulse

number and frequency, which would require optimization along with many other

variables including pulse strength, duration, as well as cell, DNA, and extracellular

salt concentration.

Empirical Models of Electroporation

Although the model results offer several valuable insights into the underlying mech-

anism of electroporation, this approach fails to predict two critical aspects of a given
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electroporation protocol: cell survival and transformation rate. The aforementioned

electroporation model is very simple compared to the complex phenomena driving

the cell’s ability to survive being extensively porated or make use of transferred DNA.

The model makes no attempt to incorporate functions regarding active cell repair,

mechanical rupture, DNA transport, or DNA expression. But, where theoretical

models have failed, empirical models of electroporation thrive.

Canatella and Prausnitz utilized a statistical approach to quantitatively predict

cell survival and molecular uptake of electroporation experiments for a wide range of

experimental parameters and cell types [137]. The basis of their model rests on the

hypothesis that electroporation is a universal physical phenomenon that acts primar-

ily on the lipid bilayer structure of cell membranes. Accordingly, the model incorpo-

rated physical parameters including extracellular solute concentration, effective pulse

length, number of pulses, cell volume, and peak transmembrane potential to accu-

rately predict experimental outcomes of previously published studies. Theory guided

rationale led to the form of the mathematical expressions developed for molecular

uptake and cell survival. Their rationale states: (1) molecular uptake occurs above

a threshold determined by electric field strength, pulse duration and number; (2)

uptake increases with field strength; and, (3) eventually plateaus with field strength,

pulse duration, and pulse number; and, (4) cell survival decays at a rate proportional

to electric field strength, pulse duration, and pulse number. Nonlinear regression for

200 different experimental conditions was used to compute relevant coefficients and

power laws in the following expressions for number of molecules transported into the

cell, N , and fraction (%) of cells that survive a given pulse:

N = 7× 107γτ 0.31n0.12ν
[
1− e−1.4×10−3τ2.2n2.1∆Φ4.8

]
(2.15)

S = 100e−0.14τ0.92n0.54∆Φ2.1

, (2.16)

where γ is the extracellular solute concentration, τ is the effective pulse length, n is
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the number of pulses, ν is the cell volume, and ∆Φ is the maximum transmembrane

potential as calculated in Eq. 2.14. In its form above, the model accurately predicted

cell survival and transformation rates for 900 additional experimental conditions,

including data from 60 eukaryotic cell lines reported in 33 independent studies. Pre-

dictions typically fell within reported margins of error, underscoring the usefulness

of the empirical approach.

The form of Eq. 2.16 was later questioned by Schoenbach, et al. (2009) in a scaling

law for cell survival, which identifies pulse charge, not pulse energy, as the scaling

factor governing cell survival [138]. Note that the exponent in Eq. 2.16 is roughly

captured by the term τ
√
n∆Φ2, a quantity proportional to the product of pulse

energy density (στE2) and the square root of the number of pulses (
√
n), where σ is

the conductivity of the cell suspension. The analysis of Schoenbach, et al. asserts the

contrary, that the true scaling law for cell survival is the product of pulse charge and

the square root of pulse number, S = S (Eτ
√
n), and not the product of pulse energy

density and the square root of pulse number, S = S (σE2τ
√
n). Their analysis took

into account the data from electroporation experiments of eukaryotic cells for a range

of electric field strengths, pulse duration, and pulse numbers. This study used linear

regression with respect to several physical parameters, including pulse charge and

energy, to identify a physical quantity that scales with the extent of electroporation.

An earlier work of Krassowska, et al., maintained similar conclusions: eukaryotic cell

viability is proportional the charge delivered by the electric pulse [139].

In contrast to studies based on eukaryotes, Schoenbach et al. (1997) reported data

on the lethal electroporation of E. coli as an energy-dependent phenomenon [141].

Krassowska et al. point out that this discrepancy is most likely attributable to fun-

damental differences in cellular structure of some eukaryotes and some prokaryotes.

Mammalian cells have one membrane consisting of a phospholipid bilayer while gram

negative bacteria, like E. coli, have an inner phospholipid bilayer, an intermediary
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peptidoglycan cell wall, and an outer lipopolysaccaride membrane [98, 139]. This

structural difference may result in qualitatively different relationship between pulse

strength and survival for different cell types.

As suggested by the empirical studies discussed above, cell survival and trans-

formation efficiency vary with electric field strength. Each study maintains that

cell survival decays with increasing field strength while the number of transported

molecules increases, most likely approaching an asymptote. Given that a population

of transformed cells may consist only of those that 1) survive electroporation and 2)

contain target DNA, the opposing dynamics of cell survival and molecular transport

suggest the existence of optimal pulsing conditions. And indeed, this is observed ex-

perimentally. Dower, et al. reported an optimal field strength for the transformation

of E. coli to be around 1.25 kV/mm with a duration of 5 ms. At this field strength,

their simple, single-pulse protocol produced transformants with an efficiency of 109–

1010 cfu/µg of DNA, but killed ∼90% of cells exposed to the pulse [130]. This is

considered typical performance and due to high efficiency, provides the technological

precedent for the gene transfer method utilized for most MAGE experimentation [25].

2.3.5 Sonoporation

In recent years, sonoporation has emerged as a notable method of physical gene deliv-

ery. In general, sonoporation refers to the transient enhancement of cell permeability

through application of an acoustic excitation or oscillatory pressure wave. Although

the exact mechanism remains unclear, sonoporation is associated with the occurrence

of inertial and microstreaming cavitation [160]. Early speculation on the mechanism

of sonoporation focused on inertial cavitation, a violent process in which gas bodies

or bubbles, driven at high ultrasound power, rapidly collapse in a burst of localized

shock waves and fluid jets capable of causing damage to nearby cells [161,162]. How-

ever, studies have confirmed that sonoporation of eukaryotic cells can be achieved in
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the absence of inertial cavitation [163–167].

More recently, a gentler phenomenon known as cavitation microstreaming was

identified as a plausible mechanism of sonoporation. Stable cavitation, also known

as microstreaming, is a second-order nonlinear effect in which velocity gradients

generated by a first-order oscillatory acoustic field rectify viscid fluid flow to give rise

to a mean fluid velocity, or stream [160, 168]. Cavitation microstreaming gives rise

to average fluid velocities and vorticies that manifest with time-scales much shorter

than that that of the first order oscillatory field [168]. It is speculated that shear

stress and flow field divergence present in microstreaming flows enhance permeability

by stretching and shearing cells immersed in the flow field. According to Rooney, who

first described microstreaming-induced sonolysis of red blood cells, microstreaming

established in the vicinity of an oscillating body has a sharp velocity drop across a

thin boundary layer whose thickness, δ, is given by

δ =

√
µ

πfρ
(2.17)

where µ and ρ are the fluid viscosity and density, respectively, and f is the applied

ultrasound frequency [169,170]. Rooney estimated the velocity gradient, G associated

with an ultrasound probe of radius, R0, and oscillating with a displacement amplitude

of ε0 to be described by the relation

G =
2πfε20
R0δ

. (2.18)

This relationship, then, leads to an estimate of the shear stress, S, associated with

the velocity drop over the boundary layer

τp = µG =
2π3/2ε20 (ρf 3µ)

1/2

R0

. (2.19)

Aside from the oscillating probe face, shear stress also is present in the boundary

layer between stationary walls and the free stream velocity, u. The wall shear stress
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present in a fluid flowing in the xy-plane, and in a boundary layer spanning the

ẑ-direction, is simply the product of the fluid viscosity and the velocity gradient over

the boundary layer,

τw = µ
∂‖u‖
∂z

∣∣∣∣
z=0

, (2.20)

where, ‖u‖=
√
u2 + v2 + w2 is the magnitude of the free stream velocity, which com-

prises three vector components, u = (u, v, w). In addition to velocity gradient and

wall shear stress, Collis, et al. have taken this notion a step further in hypothesizing

that flow field divergence also contributes to sonoporation [160]. The divergence of

a flow field is a measure of the rate at which the field is stretching (positive values)

or compressing (negative values), and may be expressed mathematically as

∇ · u =

(
∂u

∂x
+
∂v

∂y
+
∂w

∂z

)
. (2.21)

Lending support to this theory, various studies suggest the presence of stretch-

activated channels in cell membranes that open and close in response to changes

in mechanical stress [171–174]. To illustrate flow field divergence and the presence

of shear stress in a microstreaming flows, Collis, et al. studied microstreaming flows

for microbubbles forced at acoustic frequencies and quantified the stress fields asso-

ciated with the induced flow patterns. Figure 2.2 highlights their results, showing

microstreaming patterns (A,C,E) alongside respective divergence fields (B,D,F) for

microbubbles of radii∼250 µm attached to a horizontal transducer surface and forced

at 2.422, 1.188, and 8.658 kHz, respectively. Particle image velocimetry (PIV) was

used to measure the flow field from image sequences. Subsequently, Eq. 2.21 was

used to compute the divergence of the microstreaming flows. These data confirm the

presence and magnitude of the boundary layer predicted in Eq. 2.17 and explicitly

reveal that flow divergence and thus, shear stress, arise in microstreaming flows.
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Figure 2.2: Microstreaming induced flow patterns and flow field divergence. (A)
Quadrupole, (C) circular vortex, (E) dipole microstreaming patterns created by oscil-
lation of a microbubbles with radius 232 µm at 2.422 kHz, 224 µm at 1.188 kHz, and
267 µm at 8.658 kHz, respectively. (B,D,F) Flow (arrows) and divergence (surface)
fields [160].
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The work of Collis, et al. calls attention to another important phenomenon

associated with microstreaming: micromixing. Assuming that sonoporation is a

shear stress and field divergence-mediated phenomenon, Figure 2.2 suggests that

sonoporation is more likely to occur for cells in or around the boundary layer, which

shrinks with the inverse square root of frequency, i.e. δ ∝ f−1/2. Hence, ultrasound

frequencies commonly used for sonoporation, where f ranges from 20 kHz – 2 MHz,

produce microstreaming boundary layers with thickness, δ, that ranges from 4 –

0.4 µm. Thus, microstreaming essentially reduces the activity of sonoporation to a

surface effect. It follows that in order to observe a greater extent of cell poration,

mixing is necessary to increase cell exposure to shear stress present in the boundary

layer. Fortunately, micromixing is an intrinsic component to microstreaming. So,

it is expected that microstreaming-induced fluid flows act to 1) sonoporate cells

near oscillating boundaries, and 2) mix the cells so that over time, some appreciable

fraction of the cells in suspension become porated. Moreover, the exposure time-

dependence of sonoporation has been observed experimentally.

Wu, et al. report that shear stress associated with microstreaming near an

immersed ultrasound probe, driven at 21.4 kHz, was the primary reason for re-

versible sonoporation observed in their experiments with eukaryotic (Jurkat lym-

phocytes) [163]. Moreover, lethal and reversible sonoporation were both quantified

in terms of applied voltage, velocity gradient, shear stress, and exposure time. Fig-

ure 2.3 (A) summarizes these results by showing the voltage applied to the ultrasound

transducer plotted against the resulting velocity gradient and shear stress present in

each of their experiments. Two stains, Trypan Blue and FITC-dextran were used

to indicate lethally and reversibly sonoporated cells, respectively. As shown in Fig-

ure 2.3, the fraction of lethally and reversibly porated cells rose with exposure time

for transducer voltage of 150 mVp-p, which corresponds to a shear stress of 12 Pa.

With regard to exposure time and excitation voltage, Wu, et al. note that shorter
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Figure 2.3: Microstreaming induced sonoporation. (A) Physical parameters ex-
amined in the sonoporation trials conducted by Wu, et al.. (B) Fraction of cells
killed (dark blue), reversibly porated (light blue), and intact (hatch) after variable
exposure to 21.4 kHz excitation driven at 150 mVp-p [163].

exposure times require higher excitation voltages to achieve similar levels of sonopo-

ration. They go on to attribute the relationship of exposure time and sonoporation

extent to activity occurring in the boundary layer, suggesting that cells most likely

need to pass through this effective treatment region multiple times before incurring

enough membrane damage to be detectable [163].

Despite its demonstrable efficacy, sonoporative gene transfer is limited by a criti-

cal drawback. Ultrasound intensities above 2 W/cm2 have been shown to significantly

damage DNA constructs in solution [175]. Both inertial and stable cavitation are

responsible for ultrasonic degradation of DNA, but the mechanism of action differs

for each form. During stable cavitation (i.e. microstreaming), shear stress present

in the forced flow field degrades DNA by mechanically breaking the DNA polymeric

chain [176]. The kinetics of this degradation mechanism have been characterized as

a first-order reaction, where the equilibrium constant depends on the intensity of

the ultrasound, the proportion of different gases present in solution, and tempera-

ture [177]. In contrast, inertial cavitation is observed at higher ultrasound intensities

than cavitation microstreaming and accordingly is associated with more violent re-
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actions. Inertial cavitation can lead to extreme thermal gradients that are localized

around the collapse of a gas body and are capable of decomposing water, giving rise

to free radicals [178,179]. Once generated, free radicals are believed to damage DNA

by causing single-stranded breaks in molecules that happen to be near the imploding

bubbles.

In spite of these destructive mechanisms, ultrasonic degradation of DNA appears

to be self-limiting. During sonication, the molecular weight as determined by gel

electrophoresis declines, but tends to approach a lower limit of 100–500 bp [175].

The rate and extent of DNA degradation has been shown to depend on ultrasound

intensity, exposure time, as well as the gases present in the DNA solution during

sonication [180–182]. Solutions saturated with nitrogen tend to yield DNA frag-

ments approximately half the length of that obtained when the solution is saturated

with air, a difference that has been attributed to variations in the heat conductivity

between the two gases [177]. A lower bound on the size of fragments produced dur-

ing DNA ultrasonication implies a potential upper bound to the size of functional

DNA fragments that may be transferred during sonoporation. Thus, reduced trans-

formation efficiency is anticipated for longer DNA constructs, such as plasmids (∼1

kbp).

The experimental parameter space for sonoporation is quite large. Ultrasound

frequency, intensity, exposure time, and gas saturation have all been identified as

critical aspects of a sonporation-based transformation protocol. In addition, the

same mechanism responsible for permeabilizing cells with ultrasound energy may

also damage the DNA intended for transfer. Experimentally, exposure time may

be lengthed or shortened to control the extent of sonoporation, as suggested by

the results presented in Figure 2.3. However, transformation rates for sonoporation

typically fall in the range of 106–108 cfu/µg of DNA [183, 184]. This is roughly a

factor of 100 less than typical efficiencies reported for electroporation. Therefore,
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it is no surprise that the adoption of sonoporation protocols has lagged far behind

that of electroporation in the microbiology community. However, the two techniques,

if properly combined, may work synergistically with one another. Longsine-Parker,

et al. report on the significant improvement of survival rates and dye (propidium

iodide) delivery through the combination of electro- and sonoporation [55]. While the

mechanism of their synergy remains unclear, the combination of these two modalities

may be advantageous to bacterial transformation and ultimately MAGE. Thus, the

goal of integrating electro- and acoustic microstreaming are given prominent position

in the experimental portion of this thesis.

2.4 Performance Metrics and Trade-Offs

The gene transfer methods surveyed in this chapter span the biological, chemical,

and physical realms and accordingly, vary widely in terms of performance, complex-

ity, and scalability. Direct comparison of these methods will aid the identification

of the most suitable method or methods for implementation in an EWD format

and highlight important trade-offs inherent to each method. Table 3.1 summarizes

the performance metrics and barriers to minimization for each of the gene trans-

fer methods previously discussed. Cell survival and transformation efficiencies are

taken explicitly from sources in the literature, while method complexity and scal-

ability were estimated from literature review. Of the biological methods reviewed,

bacterial conjugation is the highest performer, boasting extremely high cell survival

and transformation efficiency. Additionally, since conjugation requires a plasmid for

instructions and incubation of dissimilar strains, the method is inexpensive, simple,

and inherently scalable. In this context, scalability refers to the applicability of a

gene transfer method to be carried out at arbitrarily sized fluid volumes, the single

cell limit being the lower bound of the scale. Bacteriophage mediated transduction,

while requiring similar fluid handling operations, is much more costly due to devel-
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Table 2.2: Gene transfer methods for bacterial transformation

Method Protocol Survival Efficiency‡ Complexity Scalablity Source

Biological
Transduction ∼1% ∼100% Low High [30]
Conjugation 100% ∼100% Low High [98]

Chemical

CaCl2 1–25% 104–106 Low High [112,116]
MgCl2-CaCl2 1–10% 103–106 Moderate High [116]
Hanahan’s Method 10–100% 104–107 Moderate High [117]
DMSO/PEG 1–10% 103–105 Moderate High [118]

Physical

Biolistic ? 102–104 Moderate Low [46,120]
Optoporation 20–50% 104–106 High Moderate [122,126]
Tribos Transformation ? 105–107 Low Low [127,128]
Electroporation 1–10% 108–1010 Moderate High [130]
Sonoporation 20–60% 106–108 Moderate Moderate [183,184]

‡ Unless shown, units are cfu/µg
? Value not available

opment of the gene construct [30]. Synthetic DNA would need to be synthesized

and the packaged into an appropriate phage capsid specific to a certain cell line of

interest. Transduction is low in protocol complexity and highly scalable, requiring

mixing and incubation, but may be cost prohibitive in many applications. The fluid

handling operations required for either biological method already exist in the EWD

format.

Among the chemical methods discussed, Hanahan’s Method is the highest per-

forming protocol. Hanahan’s method is a finely tuned, multi-component buffer sys-

tem optimized for complexing DNA to cell membranes. Due to the number of the

components in the buffer (6) and it’s multi-step nature, Hanahan’s method was con-

sidered to be moderately complex. As the method only requires incubation and

mixing, it was also ranked with high scalability. The CaCl2 method is a more attrac-

tive protocol for initial investigation in a microfluidics platform. The CaCl2 method

is reported to be slightly lower in efficiency, but would require less preparation. As

mentioned with regard to the biological methods, an EWD-based chemical trans-

formation could be as simple as reagent mixing and incubation, but given the low

efficiency compared to physical methods, chemical transformation should be exam-
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ined secondarily, as a possible improvement to more efficient physical transformation

methods.

The most important aspect of any gene transfer method is the efficiency (cfu/µg

DNA) with which transformants are produced. In seeking a method to port to

the EWD format, scalability is also highly important. Electroporation boasts the

highest transformation efficiency of the methods reviewed and has been demonstrated

at the single cell limit. In terms of method complexity, electroporation requires

pulse delivery circuitry and fluid handling infrastructure capable of washing cells.

The method, the high efficiency, high scalability, and moderate complexity make

electroporation the most viable candidate for integration with EWD microfluidics.

Sonoporation ranks a close second to electroporation as evidence in the literature

suggest this protocol to be considerably efficient and moderately scalable. Similar

to electroporation, acoustic devices require several stages of supporting circuitry

that typically include waveform generators, radio frequency (RF) amplifiers, and

impedance matching transformers. However, acoustofluidic integration may be as

simple as cementing an ultrasound transducer to EWD substrate. Additionally,

recent evidence suggests a possible synergy in gene delivery for combined electro-

and sonoporation. Thus, acoustic device integration will be investigated alongside

that of electroporation.

2.5 Summary

In this chapter, bacterial gene transfer methods from the biological, chemical, and

physical domains were cataloged and characterized for a side-by-side comparison. For

each method, details regarding the most likely mechanisms of action were outlined

in addition to common ranges in performance, specifically, cell survival and trans-

formation efficiency. Inferences on method complexity and scalability were based on

experimental apparatus reported in literature and used to identify electroporation
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and sonoporation as the two most viable approaches for microfluidic integration.

With the dynamics of electro- and sonoporation in view, we turn to Chapter

3 to develop the rationale behind the integration of electroporation and acoustic

device hardware into the EWD format. Each subcomponent of the co-design will

be considered in detail in order to identify specific geometric parameters desired in

an actual device. Thus, Chapters 2 and 3, together, form the theoretical basis of

device operation and integration, and ultimately inform the subsequent fabrication

and experimental efforts reported in this thesis.
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3

Microsystem Design

Equipped with the fundamental principles of bacterial gene transfer, the focus of this

thesis turns to hardware prototyping in passive EWD digital microfluidics platforms.

This chapter outlines design rationale for each of the three subcomponents that

comprise the EWD-enabled electrosonoporation device developed in this thesis. The

EWD fluid handling system is considered first, and is followed by an investigation

of theoretical device geometries that are potentially useful for coupling electric and

acoustic energy into fluid microdrops. Finite element models (FEM) of microfluidic,

electric, and acoustic devices are used to predict performance and ultimately, to

inform subsequent fabrication decisions. The chapter concludes with a discussion of

the advantages and limitations of the designs considered and identification of device

geometries selected for fabrication.

3.1 Electrowetting-on-Dielectric (EWD) System Design

The EWD system considered here is that of the capacitive (passive) format outlined

in Section 1.4. The basic geometry of digital microfluidics platforms of this nature is

that of a bottom plate, an intermediate gasket layer, and a top plate that together
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form a microfluidic channel and support the actuation of aqueous microdrops or

droplets surrounded by a gas (air) or organic (silicone oil) phase by the principle of

electrowetting on dielectric.

The bottom plate is formed by a substrate patterned with metallic electrodes, a

blanket dielectric layer, and a hydrophobic surface coating. The gasket is typically

formed by a photopatterned, injection molded, or micromachined (e.g. laser or com-

puter numerical contol (CNC) mill) polymeric material that adheres to the bottom

plate, top plate, or both [59, 63, 185, 186]. EWD top plates are usually constructed

with an optically transparent substrate and are planar except for through holes dedi-

cated for fluidic input and output (I/O). The top plate also includes a blanket film of

conductive media that forms the counter electrode to those patterned on the bottom

plate as well as a hydrophobic surface coating. The top and bottom plates sandwhich

the gasket layer to form the full EWD assembly. Top plates are either held in place

mechanically, with an external pressure supplied by spring loaded clips, set screws,

magnets, adhesive, etc. or by chemically bonding the hydrophobic layers together

with a heat or plasma treatment [59,63,185–187]. Details of each layer in the EWD

platform are considered further in the following subsections.

3.1.1 Bottom Plate

The EWD bottom plate may be considered the device layer of the fluid actuator.

Patterned metallic electrodes are used to control fluid interfaces by locally energizing

the adjacent dielectric layer, thereby modulating the surface tension in the vicinity of

the droplet interface and driving droplet motion. This configuration carries several

implications with regard to substrate materials and subcomponent geometry.
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Substrates

Given that EWD electrodes are patterned on the substrate and function to deliver

supplying the electrowetting potential relative to the top plate, the EWD electrodes

must be electrically isolated from the bottom plate substrate. This ensures that

neighboring EWD electrodes do not interfere with one another. Thus, electrical

conductivity is a critical parameter for EWD bottom plate substrates. Since the

seminal paper of Pollack, et al. in 2002, EWD implementations have emerged in a

variety of substrate materials including, printed circuit board (PCB), silicon, glass,

and even paper [60]. Substrate choice is intimately coupled with EWD device ap-

plication. While PCB-based platforms offer fast, cheap, and reliable alternatives to

silicon and glass-based devices, PCB platforms are limited to larger feature sizes,

which typically translate to 10’s to 100’s of nL droplet regime. In contrast, silicon

and glass-based EWD substrates, which typically require semiconductor processing

techniques for fabrication, support much smaller EWD feature sizes. In fact, Lin, et

al. demonstrated EWD fluidic operations at the 10’s of pL on a silicon based EWD

device.

Electrode Array Geometry

Conventionally, EWD actuation electrodes are fabricated in arrays of individually

addressable devices. Individual EWD actuators have been reported in a variety

of shapes, but designs may be simplified into interdigitated and non-interdigitated

layouts. To date, non-interdigitated designs are most common and consist of arrays of

square electrodes separated by a thin, inter-electrode gap, g. Interdigitated electrodes

facilitate droplet transport by increasing the exposure of the droplet contact line to

neighboring electrodes. This design becomes more and more advantageous as the

droplet size is reduced and the inter-electrode gap becomes larger, relative to the

electrode length, L. As general rule of thumb, the ratio g/L < 0.1 ensures reliable
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transport between neighboring EWD electrodes.

Electrowetting Dielectrics

Yet another critical layer in the EWD device architecture is the dielectric. The di-

electric layer is typically a thin film (100 nm – 1 µm) of insulating material that

covers the EWD electrodes. During fabrication, the dielectric layer is typically pat-

terned so that electrical connections can be made to the underlying metal EWD

electrodes. Since the dielectric layer is responsible for storing the electrical energy

that modulates the surface energy above the EWD electrode, its quality and pre-

cision of thickness are essential to device performance. The permittivity, ε0εr and

thickness, t, of the dielectric layer influence a key parameter of the EWD actuator,

the threshold voltage, VT . The threshold voltage is the applied potential at which

the electrowetting force balances the drag force on a droplet [185]. Song, et al. report

an analytical formulation of the threshold voltage as

VT =

√
2tγLV

εrε0 [tanα (sin θ (VT) + sin θY)]
(3.1)

where θ (VT ) is the contact angle of the droplet at the threshold voltage, θY is Young’s

angle of the system at zero voltage, t is the thickness of the dielectric with permit-

tivity, εε0, γLV is the interfacial tension between the droplet and the surrounding

medium, and α is the contact angle hysteresis. Contact angle hysteresis results from

random pinning forces on the surfaces in contact with the droplet and acts as an ob-

stacle to droplet motion. Contact angle hysteresis depends highly on the combination

of the substrate surface, droplet liquid, and filler fluid [185,188].

As Eq. 3.1 suggests, quality and precision in the dielectric layer is key to targeting

a range of voltages for droplet actuation and thus, overall system design. A key

point feature of Eq. 3.1 is the
√

t
εrε0

dependence on VT. High-κ dielectrics, those
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with elevated εr and reduced thickness, have been explored for use in reducing the

threshold voltage [59, 63, 185, 187]. While these investigations demonstrate ways in

which the threshold voltage may be reduced, they also underline the importance of

film quality, especially as t decreases. Thin inorganic dielectric films such as, SiO2,

Ta2O5, and Al2O3, when sputtered, evaporated, or even chemically deposited tend

to form with point defects known as pinholes. These small discontinuities in the

dielectric layer contribute to poor insulating ability and are often related to device

failure [187,189]. Pinholes are typically permeable to aqueous liquids and may result

in electric shorting, localized heating, and ultimately dielectric breakdown. In recent

years, atomic layer deposition (ALD) has emerged as a useful technique for the

deposition of very thin (∼100 nm), pinhole-free inorganic EW dielectrics.

In contrast to inorganic dielectrics, organic dielectrics such as parylene-C, parylene-

HT, polyimide, and SU-8 do not suffer as badly from the pinhole problem and, in

many cases, produce more reliable and longer lived EWD devices. Accordingly, or-

ganic dielectrics are much more common in EWD platforms. Organic dielectrics are

not without problems, however. Dielectric charging is an issue that occurs in both

material families. During EWD actuation, it is routine for 10’s of volts to be applied

over the dielectric thickness (∼1 µm). This is equivalent to electric field strengths

in the neighborhood of 100 kV/cm. Over time, fields this strong force charges into

defect sites within the dielectric. As defect sites fill, the capacitance of the dielectric

film drops as the film becomes less responsive to applied electric fields. Reduction in

the capacitance of the EW dielectric reduces the electrowetting force and the abil-

ity of an applied potential to modulate the contact angle of the liquid interface per

Eq. 1.1. This ultimately causes the threshold voltage, VT , to increase. Although

increasing the applied voltage may enable electrowetting over a charged dielectric for

a few operation cycles, compensation for elevated threshold voltage eventually leads

to dielectric breakdown. Thus, long EWD device lifetimes hinge on dielectric quality
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and the avoidance of excessive electrowetting voltages.

3.1.2 Gasket

The gasket layer is a structural barrier between the top and bottom plates that de-

fines the layout and height of the EWD fluid channel. Since the droplet height is set

by the thickness of the gasket layer, d, the gasket significantly influences electrowet-

ting dynamics. Song, et al. showed that the voltage required for droplet splitting

and liquid dispensing, two fundamental fluidic operations for EWD operation, scales

with
√

(t/εr) (d/L) [185]. Their analysis points out that droplet splitting requires the

viscous forces induced by electrowetting must overcome interfacial surface tension,

which acts over the droplet/filler medium interface, a surface with an area propor-

tional to d. It follows that reducing the gasket thickness lowers the force needed for

droplet splitting. In addition to this conclusion, Song, et al. suggest that the ratio

of gasket height to EWD actuator length should be kept below one, d/L < 1.

Materials used for gasket layers in EWD systems come in a variety of forms. Pho-

topatternable resins, adhesive-backed laminants, and injection-molded thermoplas-

tics are commonly used as gasket layers in EWD systems. Photopatternable resins,

such as SU-8, come in a range of viscosities and can be spun on, patterned, and

cured to produce gasket films with sub-micron accuracy. Adhesive-backed laminants

offer a cheaper and less accurate approach, but require precision tooling, typically

achieved with a UV laser. Meanwhile, injection molded parts, which combine the

top plate and gasket components, offer a wide range of design flexibility, but can be

very expensive and are more commonly found in mature EWD platforms.

3.1.3 Top Plate

In general, the EWD top plate serves three purposes. First, it provides a counter

electrode to the electrodes in the EWD array patterned on the bottom plate. Sec-

71



ondly, the top plate forms the top of the fluid channel with a mechanical seal against

the gasket layer. Last, the top plate allows for fluidic I/O, typically via small holes

large enough to accommodate a pipette tip. These functions imply several material

and geometric constraints discussed below.

Substrate Materials

Substrate materials for top plates must be compatible with thin film deposition

methods, machinable or moldable, and sturdy enough to resist manipulation during

assembly. Additionally, the top side of an EWD system is typically the side from

which on-chip activity is observed. Accordingly, it is advantageous for top plate

substrates to be optically transparent. For these reasons, thermoplastic polymers

such as polymethyl methacrylate (PMMA), polycarbonate (PC), and cyclic olefin

copolymer (COC) are commonly used as substrates for EWD top plates. Machin-

ability is a key advantage that thermoplastic polymers have over other materials such

as borosilicate glass (BSG) or quartz. While BSG and quartz are ideal substrates

for optical devices that may be integrated with EWD systems, their brittle nature

prevents them from being easily formed into EWD-compatible geometries. In partic-

ular, through-holes and recessed pockets are two geometric features useful for fluidic

I/O, but are difficult to form in BSG, quartz, and other brittle substrates.

Ground Plane

The ground plane, or EWD counter electrode, is typically a thin conductive film

deposited on the top plate substrate. The purpose of the ground plane is to provide

a reference electrode for the EW voltage applied to the electrodes in the EWD de-

vice array on the bottom plate. For this reason, high electrical conductivity is an

important parameter for the ground plane material to possess. Additionally, optical

transparency of the ground plane is advantageous for monitoring on-chip activity.
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For these reasons, two materials are quite popular within the electrowetting com-

munity. Indium tin oxide is a transparent, conductive oxide that is easily deposited

with common physical vapor deposition (PVD) techniques such as electron beam

evaporation, or RF sputtering. As an alternative, poly-3,4-ethylenedioxythiophene

(PEDOT) is a conductive and optical transparent, UV-curable polymer solution that

is applied to EWD top plates. Typically found in liquid formulation, PEDOT may

be spun or sprayed onto EWD top plates

3.1.4 Hydrophobic Surface Coat

The hydrophobic surface coating is a thin (<100 nm) fluoropolymer film applied

to the top, bottom, and gasket surfaces. The purpose of the hydrophobic surface

coat is to reduce the surface energy of each component of the EWD system. Ideally,

the hydrophobic layer should possess a high zero-voltage contact angle, θY in the

150–180◦ range, low contact angle hysteresis, α < 2◦, high optical transparency, and

reasonably high dielectric strength, ∼ 1 MV/cm [185]. Teflon AF™ and CYTOP™

are the most commonly reported surface coatings in the EWD literature. These for-

mulations are typically spun or sprayed on each EWD component prior to assembly.

After application, the surface coating is heated to its glass transition temperature

∼ 180◦ to ensure film quality and inertness.

3.1.5 Filler Fluid

The last component of the EWD subsystem discussed in this section is the filler fluid.

The filler fluid is the immiscible media that surrounds the droplet’s aqueous phase

and together, with the droplet, forms the droplet interface. Gas (air) as well as liquid

filler fluids are reported in the literature [59, 60, 63, 185, 189]. Liquid filler fluids are

typically organic oils such as dodecane or silicone oil and offer two key advantages

over air filler fluid. First, oil filler fluids exhibit lower interfacial tensions, γLV with
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water than air. Thus, EWD systems that use oil filler media have lower threshold

voltages, per Eq. 3.1. This reduces the burden of high actuation voltages on the EW

dielectric and improves device lifetime. Secondly, oil filler fluids prevent evaporation

of aqueous microdrops, which plagues small droplets especially. Volumetric loss in

aqueous droplets is disastrous for the analysis of small drops as analyte concentrations

constantly change during droplet evaporation. Thus, oil filler fluids allow aggressive

scaling of droplet volume by preventing volumetric loss in the aqueous phase and

stabilizing droplet contents.

3.2 Electroporation/EWD Integration

With a full description of the basic components of an EWD digital microfluidics

system in mind, we turn to the design rationale for integrating electroporation (EP)

hardware with an EWD device array. The codesign of the EP/EWD device is central

to the contributions of this thesis and was guided by three basic requirements.

1. As outlined in Research Objective I of Section 1.5, the EP device must be

capable of supporting a ∼2 kV/mm electric field through the droplet without

inducing damage to neighboring subcomponents.

2. EP field strength should be tunable with the electroporation bias, VEP, and

should be as uniform as possible so that cells in different locations of the droplet

experience approximately the same strength pulse.

3. The EP/EWD device must be capable of droplet actuation and have a minimal

impact on fluid transport.

With regard to these performance requirements, the EP/EWD device was envisioned

as a serpentine wire patterned on the EWD bottom plate with a common counter
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electrode on the top plate. Details of each EP component are discussed in the

following subsections.

3.2.1 Bottom Plate

Several salient features of the EP/EWD bottom plate are highlighted in Figure 3.1.

Focusing first on the EWD subsystem, a top-down view (i.e. the xy-plane) of the

device is shown in Figure 3.1 (A). The proposed EP/EWD device geometry is that

of a serpentine wire oriented such that its long edges run parallel to the ŷ-direction

of droplet actuation. Three square EWD electrodes of length, L, appear beneath

the serpentine wire and EW dielectric. The meandering EP electrode makes six

passes over the center EWD electrode, four of which eclipse EWD electrode. The

width of the EP wire is noted as, w, and in Figure 3.1 is modeled with a width,

w = L/8. Later, this the EP wire width will be parameterized to address its effect

on electric field distribution and fluidic transport. Figure 3.1 (B) shows an isometric

projection of the EP/EWD device layout. The EP electrode (cathode) is labeled

alongside the common EP/EWD ground electrode (anode). Since each device layer

is drawn to scale the EW dielectric, which has thickness t, is too thin to be seen, but

is partially opaque in color and thus, shades the underlying EWD electrodes. Thus,

the EP/EWD design relies upon the EP serpentine wire to be patterned on top of

the EW dielectric. Figure 3.1 (C) shows the side view (yz -plane) of the EP/EWD

device. In this view, the EW dielectric can be seen separating the EP and EWD

electrodes. The channel height, set by the gasket, is labeled d.

3.2.2 Top Plate

As shown in Figure 3.1, the top plate is a common counter electrode for both the

EP and EWD circuits. For clarity, the top plate is depicted as a slice in the xy-plane

where z = d = L/3. In the actual implementation of the device, the top plate has
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some thickness. This thickness, however, is inconsequential to the electric field profile

within the device and accordingly is omitted to make the EP/EWD geometry more

obvious. The important feature to note is that the planar electrode on the top plate

provides the electrical ground for both EP and EWD electrodes.

3.2.3 Electric Field Profile Analysis

As discussed in Section 2.3.4, gene electrotransfer requires cells to be exposed to

an electric field in the presence of exogenous DNA. Bench-top gene electrotranfer is

typically done in a specialized cuvette fabricated with metal side walls. This parallel-

plate geometry ensures that cells are exposed to a uniform electric field during the

delivery of EP pulses. Although ideal for bench-top experimentation, the parallel

plate geometry does not integrate well with existing EWD architectures. Accordingly,

a numerical model was constructed to explore alternative device geometries amenable

Figure 3.1: EWD/EP Codesign. (A) Top view (xy-plane) of the integrated
EP/EWD device. EWD electrode length and serpentine EP wire width are labeled
L and w, respectively. (B) Isometric projection of the EP/EWD device showing the
serpentine wire as the EP cathode (+) and the planar EWD counter electrode as the
common EP anode (-) and EWD ground. (C) Side view (yz -plane) of the integrated
EP/EWD device. The channel height, set by the gasket, is labeled d.
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to the EWD LoC environment.

To this end, an electrostatic FEM model of the EP/EWD device geometry shown

shown in Figure 3.1 was implemented using Comsol Multiphysics®. Laplace’s

Equation (3.2) and appropriate boundary conditions, equations (3.5–3.8), were used

to compute the electric field profile, ||E|| for a given EP bias, VEP.

Governing Equations

∇ · J = 0 (3.2)

J = σE (3.3)

E = −∇Φ (3.4)

Boundary Conditions

n̂ · J = 0 at insulating boundaries (3.5)

Φ = 0 V at the top plate (3.6)

Φ = VEP on the EP electrode (3.7)

Φ = VEW V on the activated EWD electrode (3.8)

Finally, a tetrahedral mesh ranging in element spacing from 0.7 µm – 70 µm was

applied to the device geometry. A convergence study revealed that this mesh density

provided acceptable solution accuracy while minimizing computation time. Over

725,000 grid points were included within the 3.5L × 3.5L × L/3 sized domain. To

analyze the EP device geometry, electric field profiles were computed for a range

of wire widths ranging from 0 to L/4. Relevant material parameters appear in

Table C.1. Each simulation required 90 s of computation time and was completed

on a desktop computer equipped with the 3.2 GHz Intel quad-core Xenon processors

and 16 GB of RAM.
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Model Results

As shown in Figure 3.2, the energized serpentine EP electrode generates an electric

field that is primarily oriented in the ẑ-direction and localized in the fluid volume

surrounding the EP electrode. Figures 3.2 (A) and (B) show the computed elec-

tric field distribution in xz - and xy-planes in the vicinity of the EP/EWD device.

Figures 3.2 (C) depicts a detailed view of the electric field distribution for the cen-

ter xz -plane is shown with arrows indicating field direction. The simulation results

shown here predict that the majority of a droplet centered on the EWD electrode

will be exposed to an electric field strength of 2 kV/mm when the EP electrode is

biased to 300 V from ground. For reference, typical electroporation experiments with

E. coli involve 1.8 kV/mm EP pulses with a 6 ms decay rate [25].) As a result of

the EP wire geometry, Figure 3.2 shows field fringing throughout the fluid channel.

This implicates the EP wire as a source of electric field non-uniformity and suggests

the existence of a trade-off: electric field uniformity versus interference with droplet

transport. This tradeoff is analyzed further in the subsequent section.

As the model results suggest, an important parameter in the codesign of the

EP/EWD device is the EP wire width, w. When patterned over the EW dielec-

tric, the EP wire shields the EW field from the droplet contact line. Since droplet

transport is mediated by the EW force, which acts on the droplet contact line, the

presence of the EP wire interferes with droplet transport. The fractional area of

coverage, AEP/AEW, is a measure of the amount of dielectric shielding intrinsic to

the EP wire geometry and must be optimized for successful device implementation.

On one hand, If AEP/AEW << 1, the EP wires are very thin and the droplet experi-

ences a highly non-uniform EP field. However, if AEP/AEW = 1 the EP field will be

uniform, but the EWD electrode will be entirely shielded and droplet transport will

not be possible over the EWD electrode.
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Investigation of the influence of EP wire width and EP bias on the average elec-

tric field in a droplet was conducted using the electrostatic EP/EWD device model

described above. Electric field profiles were computed for a range of values of each

parameter, w and VEP. Serpentine wire width was lumped into a scalable parameter

that reflects the fractional area of coverage, AEP/AEW. Since four of the six EP wires

shield the EWD electrode, the fractional area of coverage is related to the serpentine

wire width by

AEP/AEW =
4Lw

L2
=

4w

L
. (3.9)

Figure 3.3 (A) shows the results of this two parameter sweep as surface contours

of the average electric field in a region approximately equal to a ∼ 1× droplet

volume, V– D = π
(
L
2

)2
d, centered on the EP/EWD device. The following geometric

parameters were used in the simulation: L=700 µm, d = L/3 = 233 µm. Meanwhile,

AEP/AEW was swept from 0 to 1, and VEP was swept from 0 to 600 V. The result

Figure 3.2: EP Field Analysis. (A) Magnitude of the electric field for three xz -
planes spanning the EP/EWD device. (B) Magnitude of the electric field for the the
xy-plane intersecting the center of the fluid channel at z = d/2. (C) Detailed view of
the electric field distribution for the center xz -plane in the EP/EWD device; black
arrows indicate electric field direction and relative magnitude.
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Figure 3.3: EP Field Distribution. (A) Electric field contours for a parameter
sweep of fractional area of coverage, AEP/AEW, and EP voltage, VEP. (B) Probability
density functions of the applied EP field for AEP/AEW = 0.5 in a 1× droplet volume.
(C) Mean (points and line) and standard deviation (shaded region) of the applied
EP field for AEP/AEW = 0.5 in a 1× droplet volume.

shows that as AEP/AEW is reduced from 1 to 0, the EP bias must increase to maintain

a constant electric field inside the droplet volume.

For each simulation, cumulative histograms of the electric field distribution were

computed for the electric field inside of the droplet volume. Cumulative histograms

were treated as estimates of the cumulative distribution function, and probability

density functions (PDF) were computed as the derivatives of F with respect to the

80



magnitude of the electric field, E. The PDFs were normalized to ensure that their

integral values were unity, in the following way.

f (E) =
dF (E)

dE
(3.10)∫ ∞

0

f (E) dE = 1 (3.11)

where F (E) and f (E) denote the cumulative and probability density functions,

respectively. Figure 3.3 (B) shows the probability density functions of the electric

field distribution inside a 1× droplet for AEP/AEW = 0.5 and a range of EP biases.

The PDFs were found to be peaks, centered around the average EP field strength,

that shift and broaden as EP bias increases. The mean and variance of the electric

field distributions were computed in the standard way for positive definite functions:

µ =

∫ ∞
0

Ef (E) dE (3.12)

σ2 =

∫ ∞
0

(E − µ)2 f (E) dE =

∫ ∞
0

E2f (E) dE − µ2 (3.13)

To show how the field distribution changes with EP bias, the mean (points and line)

and standard deviation (shaded region) of the electric field are plotted in Figure 3.3

for AEP/AEW = 0.5. The plot shows that as the EP bias increases, the mean electric

field increases linearly, but so does the spread in the electric field distribution. An

ideal EP device exposes cells with an infinitely narrow field distribution, which would

appear in Figure 3.3 (B) as a series Dirac delta functions that shift right under higher

EP biases. Thus, the finite width of the serpentine wire in the EP/EWD device

imparts non-uniformity to the applied EP field. This suggests that cells in different

physical locations in a droplet will experience dissimilar field strengths. This result is

a significant, but necessary limitation of the EP/EWD device since AEP/AEW must

be less than 1 to prevent complete shielding from the EWD electrode.
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3.2.4 Fluid Transport Analysis

To address the impact of EP/EWD integration on droplet transport, an FEM model

of EWD fluid dynamics was developed using the Laminar Two-Phase Flow, Level Set

interface in Comsol Multiphysics®. The purpose of this analysis is to investigate

and quantify the effects that the geometry of the EP serpentine wire has on EW

dynamics. Of particular interest are the threshold voltage, electrowetting force, fluid

velocity, and droplet transport time in the integrated EP/EWD device compared to

baseline EWD performance.

The level set interface uses the incompressible formulation of the Navier-Stokes

Equations (3.14–3.15) along with the level set function from Eq. 3.16 to track the

interface of two immiscible fluids [190].

Governing Equations

ρ
∂u

∂t
+ ρ (u · ∇)u = ∇ ·

[
pI + µ

(
∇u +∇uT

)]
+ fst (3.14)

∇ · u = 0 (3.15)

∂φ

∂t
+ u · ∇φ = γLV∇ ·

[
ε∇φ− φ (1− φ)

∇φ
‖∇φ‖

]
(3.16)

ρ = ρ2 + (ρ1 − ρ2)φ (3.17)

µ = µ2 + (µ1 − µ2)φ (3.18)

φ =

{
1 : for fluid 1
0 : for fluid 2

(3.19)

where u is the fluid velocity, I is the identity matrix, and γLV is the interfacial

surface tension between the two fluids. In this formulation, the level set variable, φ,

is a scalar field value that is equal to 1 for locations in the domain that correspond

to fluid 1 and 0 for the other. The level set variable facilitates the mapping of scalar

and vector quantities associated with the fluid interface, such as the density (ρ)
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and viscosity (µ) per Eq. 3.17–3.18. In this context the surface normal of the fluid

interface is defined as n̂i = ∇φ
‖∇φ‖ , where ∇φ is non-zero over the interface thickness, ε,

and zero elsewhere. This coupled system allows for applied external forces, pressures,

and velocities to influence the spatio-temporal dynamics of the fluid interface, and

therefore form the governing equations of the fluid transport analysis considered for

the EP/EWD device.

The surface tension force, which is modulated by the EW force, is included in

the Navier-Stokes Equation as a body force, fst, that acts on the fluid interface

[190]. As Walker and Shapiro outline, the electrowetting force for a parallel plate

EWD device may be estimated by the change in z-curvature, κz, of the droplet

interface during actuation as indicated by Eq. 3.22. This simplification collapses

the z dimension of the problem and allows the simulation to occur in R2 rather

than R3. This quasi-2D approach offers tremendous savings in computational cost

and allows numerical solutions to be obtained on ordinary desktop workstations

within reasonable timeframes. Taking advantage of this estimate, the EW-modulated

surface tension force becomes

Forcing Equation

fst = −κHys

[
γLV

d

(
κxy +

L

d
κz

)]
n̂i (3.20)

κxy = −∇ · n̂i (3.21)

κz = −1

d
(cos θY + cos θEW) (3.22)

where κxy is the droplet curvature in the xy plane, which is by definition, the negative

divergence of the fluid interface; θY is the zero-voltage contact angle; and, θEW is

the wetting angle of the droplet under actuation. A second contribution of Walker

and Shapiro enables accounting for contact angle hysteresis. In their model of EWD
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dynamics, the term, κHys scales the surface tension force by a value less than 1,

and is estimated as a function of the zero-voltage wetting angle, θY, the angle of

hysteresis, α, and the voltage-dependent electrowetting contact angle, θEW, in the

following form.

κHys =
2 cos (θY − α)− cos (θY + α)− cos (θEW + α)

cos θY − cos θEW

(3.23)

0 ≤ κHys ≤ 1 (3.24)

Droplet motion was driven by varying the electrowetting angle, as measured in the

ẑ-dimension, in unshielded regions of the EWD electrode in the xy-plane. For each

simulation, θEW was defined as a scalar field variable that corresponded to the loca-

tion of unshielded segments of the EWD electrode. To simulate the EWD electrode

being turned on, a step function was used to quickly ramp θEW from the zero-voltage

value, θY to the EW voltage-dependent value, θEW. This stimulus reduces the z-

curvature, κz, per Eq. 3.22, and results in a net force on the interface that causes

the droplet to move toward the energized electrode. Figure 3.4 shows the scalar

field data used to mimic EWD electrodes that would be shielded by an overlying

EP serpentine wire. Figure 3.4 (A) depicts the baseline case where the EP wire is

absent and AEP/AEW = 0. Thus, the scalar field appears as an L× L square where

the contact angle will shift to θEW, if the droplet interface intersects with this region.

Contrastingly, Figure 3.4 (B) and (C) show cases where the serpentine wire width is

non-zero, where AEP/AEW = 0.5 and AEP/AEW = 0.75, respectively. Since the net

force on the droplet is proportional to the volume integral of the surface tension force,

which is modulated at the contact line by θEW, which is enveloped by AEP/AEW, it

follows that as the fractional area of coverage, AEP/AEW, increases, the magnitude

of the net body force should decrease to zero.
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Figure 3.4: EP/EWD Electrode Shielding. (A) Baseline EWD case where
AEP/AEW = 0 and the EP serpentine wire is absent. (B) AEP/AEW = 0.5; and
(C) AEP/AEW = 0.75. In each plot, the contours show where θEW was augmented to
simulate segments of the EWD electrode that are unshielded by the EP serpentine
wire.

Boundary Conditions

The proposed EP/EWD device simulation includes two types of boundaries that

include two stationary walls, where the EWD gasket is presumed to be, as well as two

open boundaries, which are treated as fluid inlets/outlets in that fluid is free to move

across the boundary in either direction. The stationary walls were parallel to the

direction of droplet motion while the open boundaries were positioned perpendicular

to the direction of droplet motion. The boundary conditions for the fluid transport

analysis are as follows:

u = 0 on channel walls (3.25)

p = p0;
[
µ
(
∇u + (∇u)T

)]
· n̂ = 0 at fluid inlets/outlets (3.26)

Initial Conditions

Initial conditions were chosen such that the fluid velocity is zero everywhere at t = 0,

and the pressure inside the droplet reflects the Young-Laplace condition of a droplet
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of radius, Rd, in an immiscible fluid since the Eötvös (Bond) number, ∆ρgL2

γLV
' 0.035.

u (x, y; t = 0) = 0 (3.27)

p = p0 +
2γLV

Rd

φ (3.28)

Lastly, a Delaunay triangular mesh ranging in element spacing from 6 µm – 52

µm was applied to the planar geometry. A convergence study revealed that this mesh

density provided acceptable solution accuracy while minimizing computation time.

Over 25,000 grid points were included within the 4L× 4L sized domain. To analyze

the fluidic impact of the EP/EWD device geometry, the fluid phase, pressure, and

velocity fields were computed for a range of wire widths ranging from 0 to L/4. Pa-

rameters used in the fluidic model appear in Table C.1. Simulations required several

hours (2–6 hrs) of computation time and were completed on a desktop computer

equipped with the 3.2 GHz Intel quad-core Xenon processors and 16 GB of RAM.

Model Results

Figure 3.5 shows the (A) fluid phase, φ, (B) velocity magnitude, ‖u‖, and (C) con-

tours of the fluid pressure, p with an overlay of velocity streamlines computed for

baseline EWD actuation, where AEP/AEW = 0, i.e. in the absence of the EP serpen-

tine wire. The simulation time is noted in terms of the baseline transport time, τ0,

in the lower right hand corner of column (A). Taken together, the plots reveal the

dynamics of unobstructed EWD actuation. The phase field, in column (A), shows

the droplet in red and the silicone oil filler fluid in blue. Once the EWD electrode

is energized, the interface deforms under the unbalanced stress of the modulated

surface tension force. This results in a pressure differential that moves the droplet

to the right, toward the activated EWD electrode.

Column (B) of Figure 3.5 depicts droplet transport in a more detailed view of

the EWD transport dynamic. At t = 0, the only fluid velocity observable is due
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Figure 3.5: Baseline EWD Fluid Transport Analysis Results for AEP/AEW = 0.
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to small pressure gradients in the curvature of the droplet interface. However, once

the neighboring EWD electrode is energized, the reduction in z-curvature due to

the change contact angle change, induces fluid motion throughout the microfluidic

channel. The advancing edge of the droplet creeps over the EWD electrode as it’s

trailing edge accelerates to nearly 80 mm/s. Per the no-slip boundary conditions

applied to the top and bottom of the computational domain, the fluid velocity decays

away from the droplet, eventually reaching zero at the channel walls, where y = ±2L.

Column (C) of Figure 3.5 shows yet another view of the droplet transport process.

As the EWD electrode is turned on, pressure contours immediately form around the

advancing droplet edge. The pressure gradient, ∇p, as indicated by the density of

contour lines generates motion in the fluid that is visualized by streamlines that follow

the direction of the pressure gradient and therefore, perpendicular to the contours of

pressure. Thus, the overlay of pressure contours and streamlines resembles a grid that

deforms around the advancing droplet. The streamlines also indicate two circulation

currents that appear as concentric arcs, which are seen on the top and bottom sides

of the droplet during transport when t = 0.33τ0 and t = 0.67τ0. Lastly, the thickness

of the fluid interface, ε, is clearly shown in Column (C).

To gain insight on the fluidic impact of the EP serpentine wire design, the droplet

transport analysis was repeated for a range of values of AEP/AEW = 0. First, a

qualitative comparison of two cases is now considered and later, the effects of the

presence of the EP wire are quantified in a summary. Figure 3.6 shows the results

from the droplet transport analysis conducted with an EP wire width of w = 3L
16

or

AEP/AEW = 0.75. This case corresponds to the shielding case depicted in Figure 3.4

(C) The plots in Figures 3.5 and 3.6 were drawn with the same color and size scales

so that a direct comparisons are possible.

As before, the fluid phase, velocity, and pressure are visualized in surface and

contour/streamline mappings, respectively. Simulation time is indicated in terms
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Figure 3.6: EP/EWD Fluid Transport Analysis Results for AEP/AEW = 0.75.
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of the baseline EWD transport time, τ0, in the lower right corner of Column (A)

of Figure 3.6. Several differences compared to Figure 3.5 are apparent. First, less

deformation of the fluid interface is observed in the phase field and pressure contour

plots compared to the baseline case. This is a direct result of the electrowetting force

being reduced by the shielding of the EP serpentine wire. Secondly, cross comparison

of Column (B) of Figures 3.5 and 3.6 reveals differences in the computed velocity field.

This is indicated by the absence of a dark red region in the plots of velocity magnitude

in Column (B) of Figure 3.6. Rather than an advancing front with with a smooth

velocity profile as observed for the baseline case, five small fluid jets are apparent in

the velocity profiles for t = 0.67τ0 and t = 1.33τ0 for the case where AEP/AEW = 0.75.

The locations of these jets correlate with the locations where the EWD electrode is

unshielded by the EP wire. Additionally, the pressure contours shown in Column (C)

appear more sparse than the baseline case, indicating a pressure gradient of lesser

magnitude. Moreover, the characteristic time scale for droplet transport was found

to double for the case where AEP/AEW = 0.75 compared to baseline. These results

suggest that the EP wire impedes droplet motion by arresting any change in local

contact angle.

A series of similar simulations was conducted for a range of values of AEP/AEW

to quantify the fluidic effects depicted in Figures 3.5 and 3.6. For each simulation,

the threshold voltage was determined by incrementing the applied voltage, per the

Lippmann Equation 1.1, and noting the minimal voltage required to result in droplet

motion. Additionally, the magnitude of the electrowetting force was computed for

each simulation. The magnitude of the electrowetting force may be calculated by

integrating the component of the surface tension body force from Eq. 3.20 responsible

for augmenting the curvature of the droplet interface in the ẑ direction, as follows.
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‖FEW‖ =

∫
V–
fEW · n̂id V– (3.29)

= −
∫
V–
κHys

γLVL

d2
κzn̂i · n̂id V– (3.30)

'
∫
V–
κHys

γLVL

d3
(cos θY + cos θEW) d V– (3.31)

Since θEW is only defined at the contact line, the integral may be assumed to be

zero everywhere except the volume that contains the interface. This calculation was

completed for each time step, in each simulation to track the force applied by the

EWD electrode. Lastly, Reynolds number, from Eq. 1.1 was computed for each time

step to more closely measure fluid velocity and droplet transport time. Reynolds

number is defined as the ratio of inertial to viscous forces, as follows:

Re =
ρ‖u‖L
µ

(3.32)

For each quantity computed, values relative to the baseline EWD transport process

are reported. This choice places emphasis on the comparative analysis and captures

relative device performance, which allows for easier assimilation of the impact of the

EP wire on EWD fluid dynamics.

Figure 3.7 shows the trends in threshold voltage, electrowetting force, and Reynolds

number observed for the simulation series. The baseline threshold voltage, VT,0 was

found to be 24 V. As expected, the EWD threshold voltage was found to increase

nonlinearly as AEP/AEW was increased from 0 to 1. Figure 3.7 (A) shows the points

(black squares) computed for threshold voltage, relative to the baseline, VT/VT,0. A

value of VT/VT,0 for AEP/AEW = 1 was not determined as a singularity in the trend

was likely reached. Further analysis revealed the points to be well approximated

by the analytical function (1− AEP/AEW)−1/2. The dielectric strength of SU-8, a
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Figure 3.7: Summary of the Fluid Transport Analysis. (A) Threshold voltage,
relative to the baseline, VT/VT,0 versus fractional area of coverage, AEP/AEW (black

squares) plotted with a trendline, (1− AEP/AEW)−1/2 (red line). (B) Electrowetting
force relative to the baseline case versus AEP/AEW (black squares) plotted with
the trendline numerically computed in Eq. 3.33; (Inset) Relative EW force tracked
through time for three different simulations, where AEP/AEW was set to 0 (hatch),
0.5 (dark blue), and 0.75 (light blue). (C) Reynolds number tracked through time
for three different simulations, where AEP/AEW was set to 0 (hatch), 0.5 (dark blue),
and 0.75 (light blue).

potential EWD dielectric film, is ∼ 4.4 MV/cm2 [191]. For reference, the breakdown

voltage for a 2 µm SU-8 film is plotted relative to the baseline threshold voltage in

Figure 3.7 (A) as the hatched region. In terms of fractional area of coverage, this

comparison provides a concept of the electrical tolerance that the EP serpentine wire
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design offers to EP/EWD integration efforts. Even at 50% coverage, the threshold

voltage is only increased by a factor of 1.4 to 1/10 of the breakdown voltage of a 2

µm SU-8 EWD film, a result that is favorable for device realization.

The EW force relative to the unshielded baseline, F/F0 was computed for each

simulation per the volume integral shown in Eq. 3.31. Figure 3.7 (B) shows the

values computed for F/F0 as black squares. The inset shows the relative EW force

tracked through time for three different simulations, where AEP/AEW was set to 0

(hatch), 0.5 (dark blue), and 0.75 (light blue). Separately, the relative EWD force

was estimated numerically by integrating the logical expression (θ (x, y) < θY), which

equals 1 in regions of the contact line where the EWD electrode is unshielded and 0

otherwise.

F/F0 '
‖
∮

CL
(θ (x, y) < θY) n̂idl‖

‖
∮

CL
(θ0 (x, y) < θY) n̂idl‖

(3.33)

where, θ (x, y) is the scalar field mapping of the electrowetting angle for arbitrary

values of AEP/AEW, and θ0 (x, y) is the baseline scenario as depicted in Figure 3.4.

This approach was found to closely approximate the values of F/F0 computed in the

dynamic simulation and is plotted as the red line in Figure 3.7(B).

Lastly, Figure 3.7 (C) shows Reynolds numbers computed for three cases, where

AEP/AEW = 0 (hatch), 0.5 (dark blue), and 0.75 (light blue). In these cases, Reynolds

number is used as a proxy for velocity magnitude. Figure 3.7 (C) shows that as

AEP/AEW increases, droplet actuation is slowed significantly. This retarding effect

has a direct impact on the droplet transport time, which is clearly demonstrated in

Figure 3.7 (C). In the baseline case, Re jumps quickly to its peak value of 30 as the

droplet accelerates toward the unshielded electrode. As the majority of the droplet

moves onto the electrode, Re begins a slow decay to its quiescent value by t = τ0.

For cases where AEP/AEW > 0, values of Re are reduced in peak value, but stretched

over time indicating a slow moving droplet taking longer to move onto the energized
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EWD electrode. The case of complete coverage, where AEP/AEW = 1, Re remained

at its quiescent value and the transport time was assumed to be ∞.

The EP/EWD device model describes the impact of the EP serpentine wire on

EW dynamics. The geometry of the EP/EWD device was parameterized by the ratio

of EP device area to the area of the EWD device, AEP/AEW, and used in compar-

isons of the actuation performance of the integrated EP/EWD device for different

parameter values. Important EWD actuation parameters including threshold volt-

age, EW force, droplet velocity, and transport time were computed for several values

of the geometric parameter, AEP/AEW. Threshold voltage and transport time were

found to increase to ∞ as AEP/AEW was increased from 0 to 1. Meanwhile, the EW

force and the Reynolds number were found to decrease to zero, or the Re quiescent

value, as coverage of the EP wire was increased to 100%. These results suggest that

conservative designs should limit AEP/AEW to < 0.5.

3.3 Ultrasound/EWD Integration

In this section, the focus is on design considerations for the integration of an ul-

trasound (US) transducer with the EWD platform described in Section 3.1. The

integration of US capability into the EWD platform is driven by the goal of improv-

ing EP performance through the addition of sonoporative or acoustic microstreaming

activity in exposed droplets and was guided by three basic requirements.

1. As outlined in Research Objective I of Section 1.5, the US device must be ca-

pable of applying acoustic fields with peak negative pressures in the kPa – MPa

range across the droplet without inducing damage to neighboring subcompo-

nents.

2. Acoustic coupling in the device should be as efficient as possible so that mini-

mum driving voltages are required for ultrasound signal generation.
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3. The EP/EWD device must be capable of droplet actuation and have a minimal

impact on fluid transport.

With regard to these performance requirements, the US/EWD device was envisioned

as a piezoelectric ceramic element mounted through the EWD top plate on a mylar

planarizing film. Details of the integration are discussed in the following subsections.

3.3.1 Top Plate

The enabling feature of the US/EWD integration proposed here is the transducer

mounting concept, which minimizes the physical distance between the piezoelectric

element and the EWD fluid layer. The prototype depicted in Figure 3.8 shows the

placement of the US transducer relative to the EWD electrode array. The transducer

is mounted on one side of a 50 µm thick mylar film that is used to planarize a PC

top plate through which a hole has been machined. The diameter of the through

hole in the top plate is slightly larger than the diameter US transducer element so

that the transducer can slide past the through hole side walls and interface directly

with the mylar membrane. Further details of the top plate geometry are addressed

in Chapter 4, and the acoustic field profile within the fluid channel is addressed in

the following subsection.

3.3.2 Acoustic Field Profile Analysis

To assess the feasibility of EWD integration with an US transducer, a thermoacoustic

model of acoustic wave propagation within an EWD device was developed in Comsol

Multiphysics®. The US/EWD device model consisted of a linear array of L ×

L EWD electrodes covered by a t = 2 µm thick of SU-8 dielectric, and an L/3 µm

fluid layer set by a mylar gasket. The US/EWD coupling is formed by a 3L diameter

transducer face mounted on the opposing side of a mylar planarizing film fixed to a

rigid PC top plate, as shown in Figure 3.8.
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Figure 3.8: EWD/US Codesign. (A) Top view (xy-plane) of the integrated
US/EWD device. (B) Isometric projection of the US/EWD device showing the
transducer face (circular boundary) interfaced with the 50 µm mylar planarizing
film. (C) Side view (yz -plane) of the integrated US/EWD device.

Governing Equations

The time harmonic heat transfer, continuity and dynamic Navier-Stokes equations

(3.34), along with the appropriate boundary conditions equations (3.37–3.40), de-

scribe the behavior of the temperature, T , pressure, p, and fluid velocity, u that

result from a perturbation in acoustic pressure of the form p (r, t) = p (r) e−iωt.

iωρ0CpT = −∇ · (−κ∇T ) + iωp (3.34)

iωρ0

(
p

p0

− T

T0

)
+ ρ0∇ · u = 0 (3.35)

iωρ0u = ∇ ·
[
−pI + µ

(
∇u + (∇u)T

)
−
(

2

3
µ− µB

)
(∇ · u) I

]
(3.36)

where ω = 2πf is the angular frequency of the incident pressure wave, ρ0, Cp, and

κ are the density, specific heat, and thermal diffusivity; µ and µB are the dynamic

and bulk viscosity; and I = pu is wave intensity. Values of all relevant material
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parameters are listed in Table C.1.

Boundary Conditions

T = T0, on all walls (3.37)

T = Tt, on the transducer face (3.38)

u = 0 on all walls (3.39)

p = p0 at the US transducer face (3.40)[
−pI + µ

(
∇u + (∇u)T

)
−
(

2

3
µ− µB

)
(∇ · u) I

]
= −Zi (n · u)n (3.41)

Pertinent boundary conditions for the proposed device coupling include the following:

isothermal open boundaries (Eq. 3.37); time-harmonic thermal fluctuations at the

transducer face (Eq. 3.38); the no-slip velocity condition at all walls (Eq. 3.39); a

time-harmonic perturbation in pressure at the transducer face (Eq. 3.40); and normal

impedance conditions for all open boundaries (Eq. 3.41).

A tetrahedral mesh ranging in element spacing from 30–70 µm was applied to the

previously described geometry. This afforded the simulation roughly 240,000 grid

points. A convergence study revealed that this mesh density provided acceptable

solution accuracy with acceptable computation time. To assess the validity of the

top plate coupling strategy, the applied harmonic pressure was set to 1 kPa and the

frequency was parameterized. Total acoustic pressure, p, and sound pressure level,

Lp, were computed in the fluid layer for frequencies ranging from 10 kHz to 5 MHz.

Each simulation required 60 s of computation time and was completed on a desktop

computer equipped with the 3.2 GHz Intel quad-core Xenon processors and 16 GB

of RAM.
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Model Results

Figure 3.9 shows slices of the pressure field profiles computed for four frequencies:

250 kHz, 500 kHz, 1 MHz, and 2 MHz. In each case, the amplitude of the pressure

at the transducer face was set to 1 kPa. Pressure field plots that correspond in

frequency appear horizontally adjacent to one another. Figure 3.9 (A) shows xz and

yz slices of the pressure field and (B) shows the xy slice computed at the center of the

fluid channel for a 250 kHz excitation. Likewise, (C) and (D) show xz and yz slices of

the pressure field for 500 kHz, respectively; (E) and (F) for 1 MHz; and, (G) and (H)

for 2 MHz. Qualitatively, the plots show the increasing complexity of the pressure

field distribution for higher frequencies, but field localization for lower frequencies.

This is a direct result of the wavelength, λ = c/f , decreasing at higher frequencies,

where c is the speed of sound in the fluid and f is frequency. Field localization is

an important design parameter since US exposure in the US/EWD device should

be limited to droplets directly under the transducer. Thus, lower frequencies may

prevent unintended exposure of droplets not in the vicinity of the US/EWD device.

Due to its parallel plate geometry, the US/EWD device has the potential to

support resonant acoustic modes within the fluid layer. The frequency response

of the device is intrinsically linked to the channel height, d, so it is anticipated

that certain frequencies give rise to standing wave conditions where the root mean

squared (RMS) pressure is amplified or suppressed relative to the RMS pressure at

the transducer face. Thus, understanding the relationship between channel height

and relative pressure in the droplet is essential for predicting device behavior in

geometrically scaled platforms.

To assess the frequency response for the US/EWD device, the acoustic model

was solved for a range of frequencies and channel heights, keeping the mylar film

thickness 50 µm, constant. Pressure distributions were computed for each frequency
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Figure 3.9: Acoustic Pressure Distribution in the US/EWD Device. Acoustic
pressure field for (A) xz and yz slices; and (B) the xy slice computed at the center
of the fluid channel computed for 250 kHz. Similarly, (C) and (D) show resulting
fields for 500 kHz; (E) and (F) for 1 MHz; and (G) and (H) for 2 MHz. Pressure
field localization is enhanced at lower frequencies.

99



and compared to the RMS pressure at the transducer face, prms,0. This enabled

investigation of the frequency response of the US/EWD device in terms of the sound

pressure level, Lp, and ratio. Sound pressure level was computed in the standard

way, as shown in Eq. 3.42 while the sound pressure ratio was simply computed as

prms/prms,0.

Lp = 10 log10

(
p2

rms

p2
rms,0

)
(3.42)

Results from the frequency sweep appear in Figure 3.10 (A) and (B). Average sound

pressure level and ratio were computed for a region equal to a ∼ 1× droplet volume,

V– D = π
(
L
2

)2
d, centered on the US/EWD device. Figure 3.10 (A) shows the sound

pressure level for frequencies ranging from 10 kHz to 5 MHz while (B) shows the

corresponding plot of the pressure ratio for a channel height of 300 µm.

The three dominant peaks located at 843 kHz, 2.51 MHz, and 4.25 MHz are imme-

diately apparent in Figure 3.10 (A) and (B). These spikes in the frequency response

correspond to resonances in the integrated US/EWD device where constructive in-

terference of the US wave gives rise to acoustic gain, where Lp > 0. Meanwhile, the

troughs in the frequency response correspond to anti-resonant modes where destruc-

tive interference in the fluid channel and absorption in the planarizing film result in

poor acoustic coupling.

Figure 3.10 (C) shows the frequency response of the US/EWD device for a range

of channel heights as a contour plot of the pressure ratio. The contour plot suggests

that as the fluid channel is scaled to smaller and smaller dimension, the fundamental

resonant mode shifts to higher frequencies, as expected. Resonant modes in the

device were found to occur at conditions that satisfy deff = nλ
2

, where deff is the

effective channel height. Contours of prms/prms,0 also predict that the fundamental

mode broadens as the channel height is reduced. This effect is likely due to greater

absorption in the mylar planarizing film relative to the fluid layer for reduced channel
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Figure 3.10: Computed Frequency Response of the US/EWD Device. Sound pres-
sure level, Lp, (A) and average pressure ratio, prms/prms,0, (B) calculated in a single
droplet for a range of frequencies and a channel height of 300 µm. (C) Contours of
the average pressure ratio in a single droplet for frequencies ranging from 10 kHZ to
5 MHz and channel heights ranging from 100 µm to 1000 µm. For each calculation,
the thickness of the mylar planarizing film was held constant at 50 µm.

heights. Further, the device model suggests that for all channel heights, frequencies

less than the fundamental mode couple into the droplet well (prms/prms,0 ∼ 1), while

inter-mode frequencies are plagued with regions of low coupling efficiency, where

(prms/prms,0 < 1). In terms of frequency and channel height, these results provide a

framework for the US/EWD device design, operation, and optimization.
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3.4 Design Summary

The focus of this chapter is the design rationale for the three subsystems proposed

in this work, including the EWD fluid actuator and function-compatible EP and

US device geometries. With the goal of EP and US integration into the EWD

format, device models were developed from first principles to explore the design

space of each added functionality. Most importantly, the analysis illuminates the

geometric parameters that are important for EP and US integration and device

scaling. In particular, the fractional area of coverage, AEP/AEWD and the effective

channel height, deff, were identified as design critical aspects of the EP/EWD and

US/EWD devices, respectively.

Fractional area of coverage was found to have a significant impact on fluid ac-

tuation and EP field distribution. The EP/EWD device model predicts that as

AEP/AEWD approaches unity, the EWD threshold voltage and droplet transport time

increase to infinity as the fluid velocity and EW force fall to zero. Meanwhile the

serpentine wire geometry of the EP electrode was found to support electric fields of

strength and uniformity (2±0.2 kV/mm) commensurate with electroporation devices

published in the literature [34–36]. The electrostatic and fluid transport models pre-

dict reasonable integrated device performance with AEP/AEWD set to a value around

0.5, or a wire width, w, of approximately L/8.

In contrast, the proposed US/EWD device geometry is predicted to have no

impact on fluid actuation. The primary subcomponent in the US/EWD device, the

piezoelectric US transducer, is embedded into the top plate and planarized with an

adhesive mylar film. Rather than placing the piezoelectric element in direct contact

with the fluid layer, the device relies upon acoustic transparency of the mylar film

for a high efficiency coupling between the transducer surface and the underlying

fluid layer. This approach, however, requires an informed selection of US frequency.
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The US/EWD model indicates that the channel height, at certain values, enables

resonant and antiresonant modes of the applied pressure field.

In addition to the parameters associated with EP and US integration, many others

are essential for successful system implementation. In view of the analyses presented

in Sections 3.2 and 3.3, it is now possible to select specific device geometries and

materials for fabrication. Table 3.1 summarizes the EP/EWD and US/EWD inte-

gration, treating the integrated device as a system comprising multiple components

and subcomponents each of which correspond to different materials and geometries.

As outlined above, critical parameters for successful device implementation and scal-

ing are listed.

Table 3.1: Design Summary of EWD, EP, and US Integration

Subsystem Component Subcomponent Material Critical Parameter Description

EWD

Bottom Plate
Substrate Glass σ Conductivity,
Electrode Array ITO‡ σ, L, g/L Conductivity, Electrode Length
Dielectric SU-8 εr, t Permittivity, Thickness

Gasket N/A Mylar d/L Channel Height

Top Plate
Substrate PC∗/Mylar µa, 1/β, Transparency, Hardness
Ground Electrode ITO σ, µa Conductivity, Transparency

Hydrophobic Layer N/A CYTOP θY Zero-Voltage Contact Angle

Filler Fluid N/A Silicone Oil γLV Surface Tension

EP
Bottom Plate Cathode Ti/Au AEP/AEWD, σ Fraction of Coverage, Conductivity

Top Plate Anode ITO σ Conductivity

US Top Plate
Transducer PZT? deff, fR Channel Height, Transducer Frequency
Transducer Pocket PC/Mylar ∆r Radial Tolerance
Transducer Backing PC ∆l, 1/β Length Tolerance, Hardness

‡ ITO: Indium Tin Oxide
∗ PC: Polycarbonate
? PZT: Lead Zirconate Titanate, Pb[ZrxTi1−xO3]

In view of the design choices summarized in Table 3.1, the focus of this work shifts

from design rationale to device realization in the following chapter. However, the

rationale provided in this chapter extends beyond those needed for fabrication. The

electric and acoustic device models developed in this chapter inform the experimental

details needed for thorough device testing. Thus, the design rationale outlined in this

chapter will guide the device fabrication as well as the experimental efforts discussed

in subsequent chapters.

103



4

Device Fabrication

Equipped with the design principles for integrating EP and US devices into the EWD

platform, this rationale is applied to device realization. This chapter focuses on the

fabrication methods developed for integrating EP and US functionality into the EWD

platform. Additionally, the construction of a first generation EP/EWD prototype is

described. The methods presented here include microfabrication techniques that are

commonly utilized in the semiconductor industry as well as basic machining practices.

The scope of this chapter is intentionally limited to device fabrication, however it is

acknowledged that additional infrastructure is needed to support device testing. The

following chapter describes the test equipment and experimental apparatus developed

for testing the devices constructed under the methodology reported in the following

sections.

4.1 First Generation EP/EWD Prototype

Initial efforts focused on demonstrating EP in the EWD LoC environment involved

the modification of an existing commercial EWD platform originally developed by

Advanced Liquid Logic, Inc. (ALL). The first generation prototype was developed in
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parallel with the design rationale for the integrated EP/EWD device. Working with

an existing and proven EWD platform enabled rapid testing of the EWD/EP concept.

This approach shortened the time required for realizing a working demonstration of

EP in the EWD environment while maintaining the experimental relevance of the

biological protocol for EP of bacterial cells in a reduced fluid volume.

Model LC-B04 EWD cartridges (ALL, Inc.) used in this study were designed

for general sample preparation and bioassay development. The cartridges measure

84×129 mm and comprises 1,096 1×1 mm electrodes, which operate on 1× droplets

of 350 nL in volume, controlled by 115 independently addressable external contacts.

A 35 µm thick polyimide film maked up the EW dielectric, which imparted a thresh-

old voltage of ∼100 Vrms. The electrode bussing scheme involved approximately 10

EWD electrodes for each addressable contact. The platform, which was fabricated

on a multilayer PCB, also includes 38 fluid reservoirs and an injection molded ther-

moplastic top plate with inlets for fluidic I/O. The molded top plate also acted as a

gasket layer, defining the fluid channel height at 300 µm. A bank of exposed cop-

per electrodes enable electrical contact to be made with an array of spring loaded

pins located on an external EWD control unit. The EWD control unit embodied a

cartridge deck that accommodates the EWD cartridge, a central control board, and

three peripheral control boards. The peripheral control boards were dedicated to en-

vironment control of the EWD cartridge, managing temperature measurement and

control, magnetic actuation, as well as general purpose I/O (GPIO) functionality.

4.1.1 Top Plate Insertion

The first generation EP/EWD prototype consisted of post-shaped aluminum elec-

trodes inserted into custom slots machined in the ALL EWD top plate. Figure 4.1

(A) shows a 3D sketch of the Al posts used in the first generation EP/EWD pro-

totype. The EP prototype geometry included a 1 ×1 × 3.5 mm straight post that

105



makes a 90◦ bend and opened into a flat 4 × 1 × 5 mm tab region designed for

making electrical contact to external electroporation circuitry with alligator clips,

as depicted in Figure 4.1 (C). Oblong recesses (0.5 mm deep) were included in the

tab regions to provide gripping points for the alligator clips. The post region of the

Al EP electrodes was designed to be inserted completely through the 300 µm fluid

channel and the 2 mm thick top plate fixed to the ALL EWD cartridge on either

side of a single EWD electrode. Thus, the EP electrode pair enables the application

Figure 4.1: 1st-Generation EP/EWD Prototype. (A) Aluminum EP electrodes
designed and machined in-house for insertion into the ALL EWD cartridge. (B)
Placement of the EP electrodes relative to the layout of the ALL PCB. Circular
alignment holes appear in each corner of the 84 × 129 mm PCB. (C) A finished 1st

generation EP/EWD prototype with electrical contact made to the EP electrodes
with alligator clips.
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of an electric field oriented laterally through the droplet, rather than vertically as

intended with the integrated EP/EWD device geometry previously discussed.

The Al electrodes were fabricated by mounting a 1 mm thick sheet of extruded

Al stock (McMaster-Carr) to a sacrificial plate mounted on the CNC end mill stage

(Roland Modela: MDX-20) with 3M double-sided tape (McMaster-Carr). A pattern

corresponding to the outline of the Al posts was designed using AutoCAD 2013 3D

drafting software (AutoDesk, Inc.) and was used to produce stereolithography (STL)

files, needed for milling the outline of the posts in the Al sheet stock. A 1/32” (∼800

µm) diameter (1/8” shank), square-end, four-flute carbide end mill (McMaster-Carr)

was used to mill the Al stock.

Insertion slots were formed in the ALL EWD cartridge top plate in the following

way. Fully assembled EWD cartridges (ALL, Inc.) were mounted and aligned to a

sacrificial plate mounted to the CNC end mill stage with alignment posts pre-cut

into the ALL PCB. Prior to mounting the ALL cartridge on the end mill stage, holes

corresponding to the alignment holes on the ALL PCB were milled into the sacrificial

plate. An alignment jig was made by inserting 1 mm cylindrical Al posts into the

holes in the sacrificial plate. Cartridges were then mounted to the sacrificial plate

by aligning the holes in the PCB to the alignment posts inserted into the sacrificial

plate. Thus, the alignment jig enabled the ALL cartridge to be consistently aligned

to the absolute origin of the CNC end mill.

Since the length of the EWD electrodes on the cartridge is 1 mm, holes were

milled to ensure that their edges were separated by 1.25 mm. Figure 4.1 (B) shows

the placement of the EP electrodes relative to the ALL EWD platform. After align-

ment, eight pairs of 1.2×1.2 mm rectangular through-holes were then milled in each

cartridge top plate with a 1/64” (∼400 µm) diameter (1/8” shank), square-end, four-

flute carbide end mill (McMaster-Carr). The dust and chips produced during the

milling process were removed by vacuum and the EWD cartridges were rinsed with
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isopropyl alcohol (IPA) and dried with an air gun. After cleaning, the cartridges

were inspected for any dust or chips that would impede droplet transport. After in-

spection, the Al EP posts were inserted into the ALL top plate and fixed in place by

applying Norland optical adhesive 68 (NOA-68) around the edges of the posts. The

NOA-68 was then cured with a Cure Spot 50 UV lamp (ADAC Systems, Dymax,

Inc.) for 10 mins. Finished devices were inspected under a stereoscopic microscope.

4.2 Integrated EP/EWD Device

In contrast to the crude design method of the 1st generation EP/EWD device de-

scribed above, design principles from Chapter 3 were used to layout an integrated

EP/EWD device. With the serpentine EP wire design in mind, standard micro-

fabrication techniques were used to batch-produce scalable EP/EWD devices. This

section outlines the methods used for producing the EP/EWD device described in

Chapter 3. Additionally, fabrication results of a PCB-based EP/EWD system from

a collaborative construction with ALL are reported.

4.2.1 Bottom Plate

Figure 4.2 summarizes the microfabrication process flow developed for batch produc-

tion of the bottom plate of the integrated EP/EWD devices. Batches of 8 EP/EWD

devices were fabricated on 4” (100 mm) BSG wafers (University Wafer, Inc.), which

were initially cleaned with Piranha solution for 10 mins, rinsed with DI, acetone,

and IPA and then baked at 180 ◦C for 15 mins to remove water from the substrate.

Clean substrates were transferred onto the sample holder of the Kurt J. Lesker PVD

75 RF dielectric sputter system (Kurt J. Lesker Co.) and placed into the vacuum

chamber of the sputter tool. The vacuum chamber was pumped down to a pressure

of 10−7 Torr and, 200 nm of ITO was deposited onto the glass substrates. During the

deposition, the turbo pump was set to 50% maximum speed; Ar gas pressure was set
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Figure 4.2: Microfabrication Process for EP/EWD Bottom Plate. Roughly six
steps were involved in the fabrication of the integrated EP/EWD devices including:
1) Sputter ITO onto clean glass wafers; 2) Pattern EWD electrodes with RIE; 3)
Spin on and pattern 2 µm thick SU-8 EW dielectric and sputtering SiO2 adhesion
layer; 4) EvaporateTi:Au (5 nm:200 nm) and pattern EP electrodes via liftoff; 5)
Dice wafer into 27 × 30 mm chips; 6) Laser cut and apply Duralar Gasket material
and spin on CYTOP hydrophobic surface coating.
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to 15 mTorr; and an RF power of 120 W was applied to the ITO target. Deposition

time was approximately 1.5 hrs.

After ITO deposition, a positive photoresist (Shipley Microposit S1813) was spun

onto the wafer at 3,000 rpm for 30 s, producing a 1.7 µm thick film. The pre-

exposure bake (PEB) was done at 115 ◦C for 1 min on a level hotplate. A brightfield

mask (International Phototool Company, LLC) of the EWD electrode pattern was

mounted in the MA6 Frontside/Backside Mask Aligner (Süss MicroTec) and the

wafer was aligned to the mask. Samples were exposed with a dose of 125 mJ/cm2

and developed in Microposit MF-319 developer for 1 min with agitation. Residues of

the photoresin were removed with heavy (100 W) surface ashing in an oxygen plasma

asher (Emitech K-1050X) for 90 s.

The EWD electrode pattern was transferred to the ITO film by reactive ion

etching (RIE) in the Minilock II reactive ion etcher (Trion Technology). ITO films

were etched with hydrogen bromide (HBr) gas. Etch parameters include a total

process pressure of 50 mTorr; a volumetric flow rate set to 50 sccm; and an RF

power of 100 W for 120 s. After RIE, samples were cleaned with acetone and IPA

and then surface ashed at 100 W in an oxygen plasma for 90 s.

Following EWD electrode pattern transfer, the samples were baked at 180 ◦C

for 15 mins to remove any water on the wafer surface. The EW dielectric film was

applied over the EWD electrodes by spinning SU-8 2002 (MicroChem, Inc.) at 3000

rpm for 30 s, producing a 2 µm film. A two-stage PEB was conducted at 65 ◦C for

1 min followed by 95 ◦C for 2 mins. A brightfield mask (International Phototool

Company, LLC) of windows over the EWD I/O electrical contact pads was mounted

in the the MA6 Frontside/Backside Mask Aligner (Süss MicroTec) and the wafer was

aligned to the mask. Samples were exposed with a dose of 150 mJ/cm2. The samples

were then baked at 65 ◦C for 1 min followed by 95 ◦C for 2 mins and developed in

SU developer (MicroChem, Inc.) for 1 min after cooling to room temperature. After
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development, the SU-8 film was then hard baked at 180 ◦C for 30 mins.

After patterning the EW dielectric film, samples were surface ashes at at 100 W

in an oxygen plasma for 90 s to remove any surface residues. Strips of low tack tape

(Ultron Systems, Inc.) were applied as shadow masks over the EWD I/O contact

pads and the wafer was loaded onto the sample holder an RF dielectric sputter

system (Kurt J. Lesker PVD 75) and placed into the vacuum chamber of the sputter

tool. The vacuum chamber was pumped down to a pressure of 10−6 Torr and a 20

nm thick adhesion layer of SiO2 was deposited onto the EW dielectric. During the

deposition, the turbo pump was set to 50% maximum speed; Ar gas pressure was set

to 15 mTorr; and an RF power of 250 W was applied to the SiO2 target. Deposition

time was approximately 2 hrs.

After sputtering the SiO2 adhesion layer, NFR 016 D2 negative photoresist (JSR

Micro, Inc.) was spun onto the sample at 3000 rpm for 30 s, producing a 3.9 µm thick

film. The PEB was done at 90 ◦C for 3 min on a level hotplate. A brightfield mask

(International Phototool Company, LLC) of the EP serpentine electrode pattern

was mounted in the MA6 Frontside/Backside Mask Aligner (Süss MicroTec) and the

wafer was aligned to the mask. Samples were exposed with a dose of 230 mJ/cm2.

After the exposure, the samples were baked again at 90 ◦C for 3 min on a level hot

plate. The samples were then allowed to cool to room temperature and developed

in Microposit MF-319 developer for 1 min with agitation. Strips of low tack tape

(Ultron Systems, Inc.) were applied as shadow masks over the EWD I/O contact

pads and the wafer was loaded onto the sample holder of the Solution® Electron-

Beam metal evaporator (CHA Industries, Inc.). The vacuum chamber was pumped

down to a pressure of 10−6 Torr and, 10 nm of Ti followed by 200 nm of Au were

deposited onto the substrate. After Ti:Au deposition, the samples were removed

from the vacuum chamber and a lift-off process was completed by submerging the

sample in a 190 mm recrystallization dish (VWR International, LLC) filled with
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acetone. The recrystallization dish was covered with aluminum foil and allowed to

sit at room temperature for 3 hrs. Samples were then agitated with a disposable

pipette, cleaned with acetone and IPA, and finally dried with compressed N2.

Following the pattern transfer of the EP device layer, a protective coat of positive

photoresist (Shipley Microposit S1813) was spun onto the wafer at 3,000 rpm for 30

s and baked at 115 ◦C for 1 min. Samples were then transferred to ring tensioned

low tack tape and mounted in the DAD3220 automatic dicing saw (Disco, Inc.). A

total of 9 cuts were made, 5 in the x-direction and 5 in y, yielding 8 chips from each

100 mm wafer processed.

EWD gaskets were fabricated out of 0.005” (127 µm) Duralar polyester with

adhesive backing (Grafix Plastics, Inc.). The gasket layout was designed with 2D

AutoCAD drafting software (AutoDesk, Inc.) and cut out using the VLS 6.60 CO2

laser system (Universal Laser Systems). The parameters used to cut the polyester

film with minimal melting, burning, or deformation, included 25% laser power, 25%

translation speed, and a focal position of 0.007” (178 µm). After the gaskets were

laser cut, they were cleaned with an IPA-dampened swab and dried with compressed

N2. Gaskets were then manually aligned and applied to the diced chips under a

stereoscopic microscope.

After the gaskets were applied, the EWD I/O and EP (+) contacts on each chip

were masked with strips of low tack tape (Ultron Systems, Inc.). An amorphous

fluoropolymer hydrophobic layer, 20% wt. CYTOP (Bellex International Corp.),

was spun onto the chips at 2500 rpm for 30 s, producing a 70 nm thick film. Finally,

the low tack tape was then removed and the CYTOP film was heat-cured by baking

at 180 ◦C for 30 mins, completing the microfabrication of the EP/EWD bottom

plate.
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4.2.2 Top Plate

Figure 4.3 (A) summarizes the microfabrication process flow developed for production

of the top plate of the integrated EP/EWD devices. The EP/EWD top plates were

machined out of 1/8” thick PC sheet stock (McMaster-Carr). A 6×6” slab of PC was

mounted onto a sacrificial plate affixed to the CNC end mill stage (Roland Modela:

MDX-20) with 3M double-sided tape (McMaster-Carr). A pattern corresponding

to the outline and pipette inlets was designed using AutoCAD 2013 3D drafting

software (AutoDesk, Inc.) and used to produce stereolithography (STL) files, needed

for milling the sheet stock. First, a 1/8” (3.175 mm) diameter (1/8” shank), square-

end, four-flute carbide end mill (McMaster-Carr) was used to mill the oil reservoirs

and top plate outline in the PC stock. Then, a 1/32” (800 µm) diameter (1/8”

shank), square-end, four-flute carbide end mill (McMaster-Carr) was used to mill

the pipette inlet through holes within the oil reservoirs.

After the top plate geometry was machined, the top plates were immersed in a

1% Alconox cleaning solution (Alconox, Inc.) and sonicated at 100 W for 5 mins.

The top plates were then immersed in DI water and sonicated again for 5 mins before

being rinsed with IPA and dried with compressed N2.

Clean substrates were transferred onto the sample holder of the Kurt J. Lesker

PVD 75 RF dielectric sputter system (Kurt J. Lesker Co.) and placed into the

vacuum chamber of the sputter tool. The vacuum chamber was pumped down to a

pressure of 10−7 Torr and, 50 nm of ITO was deposited onto the glass substrates.

During the deposition, the turbo pump was set to 50% maximum speed; Ar gas

pressure was set to 15 mTorr; and an RF power of 120 W was applied to the ITO

target. Deposition time was approximately 45 mins.

After ITO deposition, low tack tape (Ultron Systems, Inc.) was applied to the

lateral edges of the top plate and an amorphous fluoropolymer hydrophobic layer,
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Figure 4.3: Microfabrication Process for EP/EWD Top Plate. (A) Process flow
for top plate fabrication: 1) Machine top plate geometry in PC with table top CNC
end mill; 2) Clean top plates in 1% Alconox cleaning solution and sputter 50 nm of
ITO onto the bottom side of the sample; 3) spin on CYTOP hydrophobic surface
coating and bake at 60 ◦C for 12 hrs. (B) A finished and fully assembled EP/EWD
device.
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20% wt. CYTOP (Bellex International Corp.), was spun onto the chips at 2500 rpm

for 30 s, producing a ∼70 nm thick film. The low tack tape served as a shadow

mask for regions where electrical contact to the ground plane will be made during

device testing. The low tack tape was removed and the top plates were baked at 60

◦C for 12 hrs. With the top and bottom plates complete, they may be aligned and

assembled into the final EP/EWD device, as shown in Figure 4.3 (B).

4.2.3 Commercial Platform for MAGE

In addition to the glass/ITO/Au microfabricated EP/EWD device previously dis-

cussed, an larger scale EP/EWD platform was constructed in collaboration with

ALL. Multilayer PCB fabrication technology was used in the realization of a plat-

form designed for implementing the MAGE protocol. Figure 4.4 shows the EP/EWD

cartridge developed for demonstrating MAGE in the EWD LoC environment. The

Figure 4.4: EP/EWD Platform for MAGE development. EP/EWD Cartridge
Model 1851 (ALL, Inc.) was collaboratively designed with ALL to include the ser-
pentine EP wire (callout) and a general layout for protocol development.
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EP/EWD cartridge (Model 1851, ALL, Inc.) features 1,375 1 × 1 mm electrodes,

which operate on 1× droplets of 350 nL in volume, controlled by 115 independently

addressable external contacts. The cartridge was organized into 8 lanes that were

connected by a common loop. A 35 µm thick polyimide film makes up the EW

dielectric, which imparted a threshold voltage of ∼100 Vrms. The electrode bussing

scheme involves approximately 12 EWD electrodes for each addressable contact. The

platform, which was fabricated on a multilayer PCB, also includes 30 fluid reservoirs

and an injection molded thermoplastic top plate with inlets for fluidic I/O. The in-

jection molded top plate also acted as a gasket layer, defining the fluid channel height

at 300 µm. A total of 16 EP sites, two per lane, were included on the cartridge. The

EP device layer included traces that extended out to the edge of the cartridge for

making electrical contact to external pulsing circuitry.

4.3 Integrated US/EWD Device

In Chapter 3, it was stated that US/EWD integration is designed as a modification

to the EWD top plate. The enabling components of the US/EWD device are the

piezoelectric US transducer and a planarizing film which combine on the PC top plate

substrate to form an acoustic coupling that has minimal impact on fluid actuation.

Additionally, separation of the EP and US device layers into components that are

integrated on opposing plates of the device facilitates the combination of the two

functionalities, i.e. electrosonoporation, which is addressed in subsequent chapters.

Accordingly, the fabrication procedure for the US/EWD bottom plate resembles that

reported in Section 4.2.1. Hence, the following section focuses on the integration of

a US transducer into the EWD top plate.
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4.3.1 Top Plate Integration

Figure 4.5 summarizes the microfabrication process flow developed for production

of the top plate of the integrated US/EWD devices. The EP/EWD top plates were

machined out of 1/8” thick PC sheet stock (McMaster-Carr). A 6×6” slab of PC was

mounted onto a sacrificial plate affixed to the CNC end mill stage (Roland Modela:

MDX-20) with 3M double-sided tape (McMaster-Carr). A pattern corresponding

to the top plate outline, transducer pocket, and pipette inlets was designed using

AutoCAD 2013 3D drafting software (AutoDesk, Inc.) and was used to produce

stereolithography (STL) files, needed for milling the sheet stock. First, a 1/8” (3.175

mm) diameter (1/8” shank), square-end, four-flute carbide end mill (McMaster-Carr)

was used to mill the oil reservoirs, transducer pocket, and top plate outline in the

PC stock. Then, a 1/32” (800 µm) diameter (1/8” shank), square-end, four-flute

carbide end mill (McMaster-Carr) was used to mill the pipette inlet through holes

within the oil reservoirs.

After the top plate geometry was machined, the top plates were immersed in a

1% Alconox cleaning solution (Alconox, Inc.) and sonicated at 100 W for 5 mins.

The top plates were then immersed in DI water and sonicated again for 5 mins before

being rinsed with IPA and dried with compressed N2.

The planarization film was fabricated out of 50 µm thick Mylar polyester with

adhesive backing (Grafix Plastics, Inc.). The film layout was designed with 2D Au-

toCAD drafting software (AutoDesk, Inc.) and was cut out using the VLS 6.60 CO2

laser system (Universal Laser Systems). The parameters used to cut the polyester

film with minimal melting, burning, or deformation, included 25% laser power, 50%

translation speed, and a focal position of 0.007” (178 µm). After the films were laser

cut, they were cleaned with an IPA-dampened swab and dried with compressed N2.

Gaskets were then manually aligned and applied to the diced chips under a stereo-
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Figure 4.5: Microfabrication Process for US/EWD Top Plate. 1) Machine top
plate geometry in PC with table top CNC end mill; 2) Clean top plates in 1%
Alconox cleaning solution and roll 50 µm thick laser cut Mylar planarizing film onto
the bottom side of the top plate; 3) Sputter 50 nm of ITO onto the bottom side of
the sample, spin on CYTOP hydrophobic surface coating, and bake at 60 ◦C for 12
hrs; 4) Insert piezoelectric US transducer into transducer pocket milled in the top
plate and planarized by the Mylar film; 5) Mount the PC transducer backing and fix
with cyanoacrylate glue.
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scopic microscope. The planarizing films were then manually aligned and applied

to the bottom side of the clean top plates with a 4” soft rubber brayer (Speedball,

Inc.).

Substrates were transferred onto the sample holder of the Kurt J. Lesker PVD 75

RF dielectric sputter system (Kurt J. Lesker Co.) and were placed into the vacuum

chamber of the sputter tool. The vacuum chamber was pumped down to a pressure

of 10−7 Torr and, 50 nm of ITO was deposited onto the glass substrates. During the

deposition, the turbo pump was set to 50% maximum speed; Ar gas pressure was set

to 15 mTorr; and an RF power of 120 W was applied to the ITO target. Deposition

time was approximately 45 mins.

After ITO deposition, low tack tape (Ultron Systems, Inc.) was applied to the

lateral edges of the top plate and an amorphous fluoropolymer hydrophobic layer,

20% wt. CYTOP (Bellex International Corp.), was spun onto the chips at 2500 rpm

for 30 s, producing a ∼70 nm thick film. The low tack tape served as a shadow mask

for regions where electrical contact to the ground plane would be made during device

testing. The low tack tape was removed and the top plates were baked at 60 ◦C for

12 hrs.

Once the hydrophobic layer was dried, a piston-shaped lead zirconate titanate,

Pb[ZrxTi1−xO3], (PZT) US transducer measuring 5 mm in diameter by 7 mm in

height (APC International, Ltd.) was inserted into the transducer pocket formed

by the top plate and adhesive-backed mylar planarizing film. A transducer backing

machined out of PC to accommodate PZT form as well as the electrical leads was

then mounted over the PZT by threading the electrical leads through holes milled

in the backing. The transducer backing was then glued to the top sides of the US

transducer face and the top plate with Loctite cyanoacrylate glue (Hankel Corp.)

and allowed to dry in a vacuum desiccator for 24 hrs.
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4.4 Fabrication Summary

This chapter demonstrates the steps necessary the construction of EP/EWD and

US/EWD devices. Device integration was shown for two EWD platforms, one

commercial and one custom. First, an EP/EWD prototype was constructed by

retrofitting ALL’s commercial EWD platform with tabbed Al posts positioned on

either side of an EWD device array. This prototype was used in initial EP/EWD

proofs-of-concept, which informed the design and fabrication of the integrated EP/EWD

platform collaboratively designed with ALL discussed in Section 4.2.3.

Microfabrication techniques for a scalable EP/EWD and US/EWD devices were

also elucidated. Standard practices from the semiconductor industry are reported

for the fabrication of transparent EP/EWD devices built on glass substrates. Ad-

ditionally, simple machining steps were outlined for the construction of basic EWD

top plates as well as the US/EWD PZT-embedded acoustic devices. Process detail

is included for each fabrication step.

With the construction of the integrated EP/EWD and US/EWD devices in plain

view, the discussion can move toward testing infrastructure. For each platform there

are electrical, mechanical, optical, and acoustic issues that must be addressed to

ensure that the devices described in this chapter are tested under appropriate condi-

tions. The experimental apparatus used to test experimental devices are just as im-

portant as the device designs themselves. Accordingly, the following chapter is dedi-

cated to describing the experimental setups used to test the EP/EWD and US/EWD

devices built with the methods described in this chapter.
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5

Experimental Instrumentation

The EWD platform development documented in this thesis relies heavily on the use

of peripheral systems for generating appropriate test conditions and recording exper-

imental outcomes. Mechanical staging, control electronics, and optical monitoring

are all essential components of the toolset needed for EWD experimentation. Ac-

cordingly, this chapter focuses on the experimental instrumentation used for testing

the EP/EWD and US/EWD devices introduced in Chapters 3 and 4. The following

sections outline custom and commercial systems used for EWD fluid actuation, EP

pulse generation, acoustic interfacing, and optical monitoring of the devices devel-

oped in this work. Special attention is given to the electronic circuits for EP pulse

delivery as well as the experimental layout for the peripheral instruments used to test

each subsystem. Experimental detail is provided in support of the results presented

in the following chapter.

5.1 Electrowetting-on-Dielectric Control

As discussed in Section 3.1, fluid actuation in the EWD environment requires an

electric potential of sufficient magnitude to locally energize a dielectric film adjacent
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to the fluid interface. Moreover, droplet actuation on an EWD array requires precise

control and timing of these applied voltages to ensure that only certain electrodes are

energized at certain times. This challenge is essentially one of signal generation and

routing and is conventionally overcome with the use of high voltage relay arrays and

modest analog and digital circuit design principles. Essentially, EWD fluid actuation

requires an analog voltage to be switched on and off at the cite of EWD contact pads.

This means that the geometric layout of the EWD chip or cartridge must match the

form factor of the electrical interface used to route the actuation signal. Hence, EWD

chip/controller co-design is critical to the realization of a working EWD platform.

The following sections discuss how electrical signals are generated and controlled

during EWD experiments. An overview of a commercial EWD controller developed

by ALL, Inc. is presented in the next section, and a description of a custom-built

EWD controller follows.

5.1.1 A Commercial EWD Controller

Advanced Liquid Logic, which was acquired by Illumina, Inc. in July of 2013, cur-

rently makes the only commercially available EWD platform. Their platform com-

prises a cartridge and a control unit as are shown in Figure 5.1 (A). The EWD

cartridge is composed of an array of EWD electrodes fabricated using multilayer

PCB manufacturing technology. The geometry and layout of the EWD electrodes

gives form and function to the various fluid reservoirs and paths upon which droplet

actuation may occur. An injection molded top plate defines the geometry of the fluid

channel as well as fluidic inlets. Details of the EWD cartridge shown in Figure 5.1

(A) are discussed in Section 4.2.3.

The EWD control unit (Model R110, ALL, Inc.), shown in Figure 5.1, is made

up of several subsystems including: the control board, the peripheral board, the car-

tridge deck, and a touch screen. The control board includes a central processing unit,
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on-board memory, and the support logic necessary for running a custom operating

system and managing device peripherals including the peripheral board and a touch

screen for user input. In addition to the touch screen, the EWD control unit may

also be controlled with a graphical user interface (GUI) run on a PC computer via

USB ports located on the rear panel of the instrument. ALL, Inc. uses an in-house

GUI known as Assay Development Environment (ADE) to manage droplet routing

and assay design. With a set of fluidic operations defined in the ADE, the control

board governs the signal routing and timing required for droplet control. Using the

ADE, the EW voltage, which is generated on a secondary peripheral board, may be

programmed to be in the range of 0–300 VAC and 1 – 1000 Hz. Additionally, given a

set of operations, the ADE schedules EWD electrode sequences using in-house route

optimization routines. The compiled EWD actuation sequence is carried out by the

control board. Thus, the control board acts as an intermediary between the user and

the EWD controller subsystems.

The cartridge deck is the subsystem that forms the interface between the control

board and the EWD cartridge. Electrical signals scheduled by the control board and

generated by the secondary peripheral board are routed to the cartridge deck where

an array of spring loaded pins make contact to copper pads on the EWD PCB.

In addition, the cartridge deck of the R110 unit includes a thermoelectric (TEC)

cooler, 3 resistive heating elements with associated thermocouples, an array of 1 mm

diameter permanent magnets on a linear actuator, and a mechanism for mechanically

clamping the EWD cartridge in place. Control logic and signal conditioning from

sensory input for each of the components within the cartridge deck is initiated by the

control board and managed by supporting circuitry on the peripheral board. The

supporting circuitry on the peripheral board includes analog-to-digital converters

(ADC) for temperature measurement, an H-bridge for motor control of the magnet

array and the TEC. Further, the peripheral board includes several general purpose
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I/O (GPIO) pins for control of external devices, such as an EP pulser. Hence,

the cartridge deck and peripheral board respectively manage the physical and logic

interfaces of the EWD cartridge by providing measurement and control capabilities

to the on-board thermal, electrical, and magnetic components of the EWD controller.

5.1.2 A Custom EWD Controller

As Figure 5.1 (A) suggests, the R110 EWD control unit is a sophisticated instrument

whose development has taken place over the last decade or more. However, the R110

requires the use of proprietary EWD cartridges, which imposes a major drawback if

Figure 5.1: EWD Controllers. (A) A commercial EWD controller produced by
ALL, Inc.; major components including: the EWD cartridge, the logic control board,
the cartridge deck, the peripheral board, and the touch screen are indicated. The
secondary peripheral board is not shown. (B) Custom EWD apparatus designed
and built at Duke includes an EWD chip and stage for chip mounting, an EWD
relay board with microcontroller, a function generator and voltage amplifier, and a
telephoto lens.
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tasked with the challenge of developing novel EWD hardware. EWD platform devel-

opment requires customization of the EWD device layer, as discussed in Chapters 3

and 4. Accordingly, a custom EWD controller is required if custom EWD chips are

of interest.

A basic EWD controller was designed and assembled in-house to support the

testing of the EWD devices described in Chapter 3 and 4. The custom EWD con-

troller, shown in Figure 5.1 (B) comprises a EWD chip stage, a relay board with

appropriate output logic and a microcontroller for accepting user input, as well as a

function generator and 10× voltage amplifier for EWD signal generation. The EWD

chip stage, which was machined at Duke, utilizes a mounted Pomona (Model 6109)

SOIC spring loaded test clip for making electrical contact between the EWD chip

and the relay board via ribbon connector. Microscope stage clips that are anchored

into the EWD chip stage by thumb screws fasten the top plate to the bottom EWD

plate, providing mechanical stability to the test apparatus.

The EWD relay board and microcontroller, together, function as the heart of the

signal routing hardware required for successful EWD operation. The relay board

consists of a bank of four 8-bit shift registers with output latches (MM74HC595,

Fairchild Semiconductor International, Inc.) that drive 32 photoMOS solid state

relays (AQW610S, Panasonic Corp.), each of which gate the analog signal generated

by the waveform generator (Model 33250A, Agilent) and amplified by a 10× voltage

amplifier (Model F10A, FLC Electronics AB, Sweden). The microcontroller (At-

mega328, Arduino) accepts 4 byte program words generated by a simple GUI via an

on-board USB port and controls four 1-bit signals on the first shift register. These

control signals include a serial data input, a clock input, a latch input, and a clear

input. A schematic of the relay is shown in Appendix D.

During operation, the microcontroller serially shifts data corresponding to the de-

sired EWD electrode pattern into the shift register alongside a clock signal generated
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by the microcontroller. After the full 4-byte word is serially shifted into the four 8-bit

shift registers, the microcontroller asserts the latch pin on the shift registers, which

sets the outputs of the shift register, in parallel, to the values corresponding to the

desired EWD electrode pattern. In turn, the photoMOS relays, which are wired in

the normally open position, close and connect the EWD chip to the amplified analog

EWD voltage. Thus, the EWD control board acts as a serial in, parallel out (SIPO)

interface between the digital control signals and the analog signal (10 –100 VAC, 1

kHz) needed for EWD actuation. The SIPO interface is critical for droplet dispens-

ing and splitting operations, which rely upon precisely timed voltages to generate

symmetrical application of electrowetting forces on a single droplet.

Without a doubt, the R110 EWD control unit is much more sophisticated than

the basic EWD driver discussed above. The R110 EWD control unit incorporates

temperature control, magnetic actuation, and on-board logic for droplet route man-

agement. However, the custom EWD controller uses the same principle for EWD

signal routing in a much simpler package. This simplicity imparts the flexibility

needed for rapid EWD platform prototyping. The work presented in this thesis is

fortunate to focus on both custom and commercial EWD devices. Accordingly, both

EWD controllers were used to obtain experimental results discussed in the following

chapter.

5.2 Electroporation Pulsing Instrumentation

In addition to EWD control, EP pulse generation is an essential component to the in-

strumentation needed for demonstrating the EP/EWD device outlined in this work.

Experimental investigation of the EP/EWD devices used two EP approaches. The

first considered is a commercially available electroporation instrument and the sec-

ond is a custom high-voltage CMOS pulsing circuit. Details of each instrument are

outlined in the following subsections.

126



5.2.1 A Commercial Electroporator

The commercial EP pulsing instrument used in this work was the MicroPulser™

electroporator (Bio-Rad Laboratories, Inc.). Figure 5.2 (A) shows an image of the

instrument as well as the disposable EP cuvette used for transforming cells with

exogenous DNA. The MicroPulser™ electroporator enables the electroporation of cells

through the application of a decaying exponential pulse in the range of 200–3,000

±10 V. Additionally, the electroporator allows the time constant of the pulse, τ , to

be selected in the range of 1.0–4.0 ±0.1 ms, or set to 5.0 ms by default. Benchtop

transformations are carried out by pipetting cells and DNA into the EP cuvette and

pulsing the cells with a programmed voltage. Optimal transformations of E. coli

typically require pulses of ∼2 kV/mm. The EP cuvette houses a reaction volume of

∼100 µL within a rectangular vessel that is flanked by aluminum electrodes on two

sides and a clear thermoplastic on all others. The two aluminum sides of the cuvette

make contact to the electroporator terminals within a shrouded cuvette chamber.

Figure 5.2: A Commercial Elelctroporator. (A) The MicroPulser™ electroporator
(Bio-Rad Laboratories, Inc.) and EP cuvette (foreground). (B) The exponential
decaying voltage pulse produced by the MicroPulser™ electroporator. The pulse
magnitude is normalized to the voltage set on the instrument panel and the time is
normalized to the pulse time constant, τ . The equivalent circuit of the electroporator
is shown in the inset. A dotted line is shown to indicate the normalized time constant.
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The equivalent circuit of the MicroPulser™ electroporator is shown in the inset

to Figure 5.2 (B) alongside a typical pulse signal produced by the instrument. The

exponential decaying pulse is produced by charging capacitor, Cl through resistor, Rl,

and then closing a switch, which discharges Cl through the reaction volume connected

between the positive and negative electroporation circuit terminals labeled EP (+)

and EP (-), respectively. The voltage that evolves over the EP terminals decays at

a characteristic rate equal to the RC-time constant of the pulsing circuit, τ = RlCl.

5.2.2 A Custom Electroporator

The MicroPulser™ electroporator is useful for single pulse electrotransformations of

many different cell types. However, the requisite charging time of the circuit prevents

the instrument from being able to supply relatively fast electrical pulses. Since

multiple EP pulses are reported to significantly impact cell survival rates, a custom

electroporator was developed and used alongside the commercial electroporator to

aid in on-chip transformation protocol optimization [138,141,153].

Figure 5.3 (A) shows the the custom electroporator used in this work. The simple

circuit makes use of a CMOS design to gate a high voltage provided by an external

power supply. An arbitrary waveform generator supplies the logic signal, p (t) that

gates the high voltage to the circuits output, labeled as EP . The circuit schematic

for the CMOS electroporator is shown in the inset to Figure 5.3 (B) alongside a

trapezoidal pulse of width τ/2 produced for the similarly timed logic signal, p (t).

The device includes n- and p-MOSFETS, both in enhancement mode, a pull up

resistor of 500 kΩ, and BNC jacks for connecting to the high voltage power supply,

waveform generator, and the EP/EWD device. During operation, before a pulse is

administered, p (t) is set to 0 V, which creates an open circuit condition over the

n-MOSFET. In this case, the voltage drop over the pull up resistor is 0 V, which sets

the gate of the p-MOSFET high and therefore, its drain, labeled EP (+), to 0 V. As
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Figure 5.3: A Commercial Electroporator. (A) The CMOS electroporator used
for on-chip EP experiments that used multiple pulses. Part numbers for the n- and
p-MOSFETs are indicated in parentheses. (B) The trapezoidal pulse response of the
CMOS electroporator when activated with a trapezoidal pulse of width τ/2 by the
logic signal, p (t). (Inset) The circuit schematic for the CMOS electroporator.

p (t) increases beyond the threshold voltage of the n-MOSFET, a conductive path

through the resistor, Rl, and the n-MOSFET appears. At this time, the voltage drop

over Rl is equal to the supply voltage, HV, which sets the gate of the p-MOSFET

low. This creates a conductive path between the p-MOSFET drain and the supply

voltage, as the electroporation pulse is delivered over the terminals, EP (+) and EP

(-).

EP Pulse Energy Density

As is shown in Figures 5.2 (B) and 5.3 (B), the commercial and custom electropo-

rators produce very different waveforms – one a decaying exponential and the other

a trapezoid. However, the energy delivered in each pulse is time-dependent and

therefore, can be made comparable to one another by adjusting their respective time

constants. This detail is important for making comparisons between experiments

that use the different pulse shapes. The energy density of a pulse applied to a resis-

tive volume of conductivity, σ may be written as the time integral of the electrical
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power, P dissipated by the volume. Substituting Ohm’s law, gives the following

relation for the energy density of an arbitrarily shaped pulse.

ξEP =

∫ ∞
0

P (t) dt = σ

∫ ∞
0

V (t)2 dt (5.1)

In the case of the decaying exponential, where the pulse voltage is V (t) = V0e
−t/τ ,

the pulse energy density is:

ξEP = σ

∫ ∞
0

V (t)2 dt (5.2)

= σ

∫ ∞
0

V 2
0 e
− 2t
τ dt (5.3)

= σV 2
0

(
−τ

2
e−

2t
τ

)∣∣∣∣t=∞
t=0

(5.4)

= σV 2
0

τ

2
. (5.5)

Hence, the energy density and by extension, the total energy, of an exponentially

decaying EP pulse is proportional to τ/2 since ξEP depends quadratically on V (t).

This is an important distinction to make considering that a decaying exponential

pulse carries an appreciable EP bias for ∼ 5τ , as suggested by Figure 5.2 (B).

The τ/2 time-dependence of ξEP in the case of a decaying exponential EP pulse,

then, informs the time constant for needed for comparable experimentation with

trapezoidal pulses. A trapezoidal pulse of magnitude, V0, imparts an energy density

of ξEP = σV 2
0

∫∞
0
dt = σV 2

0 ton, where ton is the time the EP pulse is activated. Thus,

a trapezoidal pulse of energy density equal to that of an exponentially decaying pulse

with a time constant of, τ , must have a pulse width equal to τ/2. Accordingly, for ex-

periments where exponentially decaying pulses and trapezoidal pulses are compared,

the time constant and trapezoidal pulse width were set so that the pulses delivered

equivalent energy density.
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5.2.3 Assembly of the Commercial EP/EWD Platform

In light of the detail provided on the commercially available EWD controller and

electroporator, we now focus on assembling the complete EP/EWD platform used in

the LoC transformation of E. coli. In developing an robust experimental apparatus,

two critical measures were taken to ensure safe operation of the electroporator with

the EWD controller. These steps include (1) the installation of an isolation switch on

the R110 to protect the EWD controller from transient discharges that may occur

during electroporation; and, (2) modification of the commercial electroporator to

synchronize EP pulse delivery with circuit breaking needed for protection of the

EWD controller.

Modifications to the Commercial EWD and EP Instruments

Recall from Section 3.1 that the EP/EWD device utilizes a serpentine wire patterned

on the EWD bottom plate as the positive EP terminal and the top plate EWD ground

plane as the negative EP terminal. This configuration makes use of a common ground

between the EWD circuit and the EP circuit. However, EP biases of interest are

roughly ten times greater in magnitude than those needed for droplet actuation.

This mismatch introduces a potential electrostatic discharge (ESD) hazard for the

control electronics in the R110 EWD controller. The following section outlines the

precautionary measures taken for protecting the EWD control electronics.

A software-triggered high voltage isolation switch was implemented on the pe-

ripheral board of the R110 to protect against any harmful current transients poten-

tially generated during EP pulse delivery. Figure 5.4 shows the EP/EWD isolation

switch relative to the peripheral board and the complete R110 EWD controller. As

discussed in Section 5.1.1, the peripheral board of the R110 includes several ADE-

addressable GPIO pins and ample space for electronics prototyping. A high voltage

make-and-break vacuum dielectric relay (Kilovac 41C234), driven by a logic gated
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Figure 5.4: Modifications Made to the Commercial EWD Controller. (A) ALL’s
R110 EWD controller indicating the position of the peripheral board and relevant
connections made with patch cables. (B) The peripheral board of the R110 showing
the isolation switch and indicator electronics. (C) Circuit schematic of the EP/EWD
isolation switch implemented to protect the EWD control electronics during EP pulse
delivery.

n-MOSFET in enhancement mode, was used to switch physical ground connections

in the EWD and EP circuits. During operation, the ADE software was programmed

to assert a GPIO pin, G, which turns on the n-MOSFET shown in Figure 5.4 (C). As

the n-MOSFET turns on, current sourced by the on-board 12 V supply energizes the

Kilovac relay, which causes the switch to move from its normally closed position (NC)

to its normally open connection (NO). The EWD top plate node was connected to

the C position of the Kilovac relay while the EWD and EP grounds were tied to the

NC and NO positions on the Kilovac relay, respectively. Thus, when G is asserted,

the EWD ground is disconnected from the EWD control circuit and the EP ground,

which is connected to the external EP electroporator ground, becomes connected

to the EWD top plate. Breaking the EWD circuit this way isolates ESD-sensitive

electronics needed for EWD actuation from any potentially harmful discharge that

may occur during the high voltage EP pulse and ensures that the top plate is held at
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0 V, which is required for both EP and EWD operation. in addition to the isolation

switch, a light emitting diode (LED) was used to indicate EP pulse delivery to the

user.

In addition to the EP/EWD isolation switch, the MicroPulser™ electroporator

was modified to accept an electronic activation signal, rather than its original push-

button, as a switch input. Figure 5.5 shows the full commercial EP/EWD experi-

mental apparatus including the MicroPulser™ electroporator with a modified switch

input. This modification was made so that the software signal used to isolate the

Figure 5.5: Complete Commercial EP/EWD Platform. Patch cables were used to
make connect between the positive and negative terminals of the electroporator to
the EP/EWD cartridge and the isolation switch installed on the R110 peripheral-
board, respectively. A BNC patch cable carries the EP pulse signal from a software
controlled GPIO pin on the R110 peripheral board to the modified switch input on
the electroporator. This configuration enables EP pulsing to be synchronized with
EWD circuit protection.
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EWD control electronics could be also used to trigger the EP pulse, as both actions

must be synchronized to function as desired. This was accomplished by bypassing

the mechanical switch on the front panel of the instrument with a PhotoMOS relay

(AQW610S, Panasonic Corp.) and a 330 Ω current limiting resistor. The NO connec-

tions on the PhotoMOS relay were wired in parallel with the pushbutton switch on

the instrument panel and the digital input and ground were connected to a BNC jack

installed on the front panel. In this configuration, asserting GPIO pin on the R110

peripheral board breaks the EWD circuit and connects the electroporator ground

to the EWD top plate while initiating the MicroPulser™ electroporator to pulse the

EP/EWD device.

With these precautions addressed, the complete EP/EWD platform comes into

view. Moreover, the development of this instrumentation significantly reduces the

barriers associated with LoC genome engineering experiments by reducing the prob-

lem to essentially on of microbial transformation protocol optimization. Detail re-

garding bacterial transformation is reported in the following chapter alongside results

measured with the commercial EP/EWD platform.

5.2.4 Assembly and Operation of the Custom EP/EWD Platform

As discussed in Section 5.1.2, rapid EWD hardware prototyping requires a flexible

test infrastructure so that chip designs may be quickly vetted before moving forward

with device implementation in a larger system. A simple EP/EWD test bench was

developed to support initial device prototyping efforts. A schematic of the experi-

mental apparatus used for testing custom EP/EWD devices is shown in Figure 5.6.

The system layout is basically an extension of the custom EWD controller shown

in Figure 5.1 (B), and utilizes three subsystems to complete an EWD-enabled elec-

trotransformation experiment. This subsystems include: (1) EP pulse control, (2)

EWD signal control, and (3) the EP/EWD chip interface. The EP pulse control
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Figure 5.6: Schematic of Complete Custom EP/EWD Platform. Three subsystems
were used to coordinate simple EWD-enabled electroporation experiments including:
EP pulse control, EWD signal control, and the EP/EWD chip interface.
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subsystem comprises a waveform generator (Model 33250A, Agilent) labeled as (a)

in Figure 5.6, a high voltage power supply (Model 556, Ortec, Inc.), labeled as (b),

and the custom EP electroporator, labeled as (c). The EWD signal control subsys-

tem consists of the custom EWD relay board (f) with appropriate output logic and a

microcontroller (e) for accepting user input, as well as a waveform generator and 10×

voltage amplifier (d) for EWD signal generation. Lastly, the EP/EWD chip interface

includes a ribbon connector and SOIC test clip (g) for making electrical contact to

the EWD controller; alligator-terminated wires for connecting the analog ground to

the EWD top plate; and a BNC-to-alligator cable for connecting the electroporator

to the positive EP terminal and top plate (ground).

During EP/EWD testing, a simple GUI running on a PC sends a 4 byte program

word that contains the EWD electrode pattern via USB to a microcontroller (At-

mega328, Arduino). The microcontroller shifts the EWD electrode pattern, alongside

timing and latch signals, onto the relay array on the EWD relay board, which gates

the EWD actuation voltage supplied by the function generator and voltage amplifier.

As the microcontroller latches the EWD electrode pattern, the EWD voltage carried

to the EWD chip by a ribbon connector and IC test clip. This enables all microflu-

idic functionality to the EP/EWD chip. Once a droplet is actuated to the EP/EWD

device under test, an EP pulse is triggered manually with a pushbutton on the front

panel of the waveform generator. After the pulse, droplets were actuated off of the

EP/EWD device and into a reservoir where they were collected for analysis. Details

regarding downstream sample preparation methods and analysis are presented in the

following chapter alongside respective results regarding the transformation of E. coli

with various synthetic DNA constructs.
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5.3 Acoustic Interfacing

With a full description of the EP/EWD test apparatus in view, a strategy for inves-

tigating the use of microstreaming-assisted EP in the digital microfluidics format is

formed as an extension of previously discussed infrastructure. As our focus changes

to microstreaming (MS) assisted EP in an EWD platform, it is worth reviewing

our hypothesis with regard to adding acoustic functionality to the EP/EWD device

architecture. Recall from Section 3.2.3, that the geometry of the serpentine wire de-

sign inherently imparts nonuniformity to the EP field. Nonuniformity present in the

EP field generates a spatial dependence of EP exposure to cells in a pulsed droplet,

which may degrade experimental reproducibility and overall performance. Moreover,

in the case of EP experiments involving multiple pulses, EP field nonuniformity in a

static droplet may lead to overexposure of some cells and underexposure of others.

Thus, cells exposed to a nonuniform EP field within a droplet that lacks a sufficient

internal flow field are less likely to experience an ideal EP pulse condition. It is hy-

pothesized that a microstreaming flow, induced through the application of US to the

droplet, will counteract the spatial nonuniformity of the EP/EWD device by moving

cells through regions of high and low field intensity within the pulsed droplet. Very

simply, the goal of MS-assisted EP is to mix the cells during EP pulse delivery.

To test the hypothesis of MS-assisted EP/EWD functionality, the previously

described EP/EWD experimental apparatus was augmented with the addition of

two subsystems. These additional subsystems include a master pulse control, for

synchronizing the US and EP pulse delivery subsystems, and an US pulse control

system for US signal generation, amplification and impedance matching. Figure 5.7

shows a schematic of the instrument layout used for testing EP/US/EWD devices.

The subsystems used for evaluating the MS-assist functionality include: (1) a master

pulse control, (2) EP pulse control, (3) US pulse control, (4) EWD signal control,
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(5) EP/US/EWD chip interface. Reference Section 3.3. The roles of the EP pulse

control, EWD signal control, and EP/US/EWD chip interface are nearly identical

to those discussed in Section 5.2.4. Accordingly, the following sections focus on

the control systems used for coupling the acoustic excitation with EP/EWD device

operation.

5.3.1 Signal Generation and Amplification

As shown in Figure 5.7, the waveform used to excite the PZT transducer mounted

on the US/EWD top plate required two waveform generators (Model 33250A, Agi-

lent), an RF amplifier (Model 2100L, Electronics & Innovation, Ltd.), an impedance

matching transformer (Model JT-2-2-13, Electronics & Innovation, Ltd.), and a 250

kHz, PZT disk US transducer (APC International, Ltd.). To prevent overheating

of the PZT element, US excitation was applied to the transducer in N -many bursts

of 500 cycles of a 250 kHz sine wave. To achieve this, a waveform generator was

programmed to output a N -many cycles of 5 V square pulse with a pulse repetition

frequency (PRF) of 50 Hz and used to trigger a second waveform generator, which

was programmed to output 500 cycles of the 250 kHz sine wave of variable amplitude

(0–200 mVp-p), centered at 0 V. The 250 kHZ signal was then amplified with a 55

dB RF amplifier.

5.3.2 Impedance Matching

When mounted to the EWD top plate, the 250 kHz, PZT disk US transducer used in

the MS-assisted EP/EWD demonstration was found to have an electrical impedance

around 3500 Ω. However, the RF amplifier is designed to drive a 50 Ω impedance

load. This impedance mismatch results in a reflection coefficient, Γ, of ∼1 when at-

tempting to drive the PZT element with the RF amplifier alone. Thus, an impedance

matching transformer (f) was used to match the impedance of the PZT transducer
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Figure 5.7: Schematic of Complete Custom US/EWD Platform. Five subsys-
tems were used to coordinate simple EP/EWD-enabled microstreaming experiments
including: Master pulse control, EP pulse control, US pulse control, EWD signal
control, and the EP/EWD chip interface.
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to that of the RF amplifer and more efficiently drive the PZT transducer. BNC-

terminated patch cables were used to connect the output terminal of RF amplifier

to the input terminal of the matching transformer. Similarly, a BNC-to-Alligator

patch cable was used to connect the output terminal of the matching transformer to

electrical leads soldered on the top and bottom PZT surfaces. Strain relief from the

patch cables on the fragile, soldered leads of the PZT was accomplished by looping

the PZT leads and fixing them to the PC transducer shroud with Kapton polyimide

tape (McMaster-Carr). Together with the signal generation and amplification strat-

egy, the impedance matching approach considered here completes the considerations

needed for acoustic interfacing.

5.3.3 Operation of the Custom EP/US/EWD Platform

Operation of the EP/US/EWD proceeds in similar fashion to that of the EP/EWD

device. Droplets containing cells or 1.8 µm fluorescent microspheres were dispensed

from an EWD reservoir and actuated to the site of the EP/US/EWD device. With

the droplet positioned on the device, the EP and US pulses are triggered manually

with a pushbutton located on the front panel of the pulse generator (Model DG535,

Stanford Research Systems, Inc.) shown as instrument (a) in the Master Pulse Con-

trol block of Figure 5.7. A BNC T-adapter was used to connect the pulse generator

to the external trigger inputs on the real instrument panels of the EP pulse control

and US pulse control waveform generators. Hence, the pulse generator was used

to synchronize the delivery of the EP and US pulses. After the EP and US pulse

sequence, droplets were actuated off of the EP/US/EWD device and into a reservoir

where they were collected for analysis. Details regarding specific pulse sequences,

downstream sample preparation, and analytical methods are discussed in the follow-

ing chapter alongside respective results regarding the induced flow field and survival

rates of exposed E. coli cells.
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5.4 Optical Monitoring Techniques

An important component of the EWD prototyping process involves visualization of

the devices under test. Direct observation of EWD fluidic operation is typically the

best means of demonstrating or troubleshooting a new device architecture. Opti-

cal microscopy allows for quantitative measurement of many important parameters

associated with EWD fluid actuation. Threshold voltage, transport time, device

breakdown, and fluid flow patterns are all quantifiable observations made possible

by optical microscopy of EWD devices. The following sections outline specific details

regarding optical staging of the EP/EWD and EP/US/EWD experiments described

in Chapter 6. Two optical approaches are described below. A basic, inverted micro-

scopic apparatus used for observing on-chip transformation tests is discussed first.

Secondly, integration of the EP/US/EWD testbed into an inverted fluorescence mi-

croscope is outlined in support of the experiments focused on quantitatively observing

the fluid mechanics of droplet actuation and MS activity.

5.4.1 Simple Optical Microscopy for EWD

Most EWD platforms employ an optically transparent top plate, which facilitates

observation of devices under test. However, as outlined in Section 3.3, the proposed

US/EWD device makes use of an opaque PZT transducer mounted in the EWD

top plate. Hence, the US transducer eclipses the EP/US/EWD device when imaged

from the top plate side of the platform. To compensate for this, an inverted opti-

cal microscopy configuration was developed for observing the EWD devices. One

caveat of this configuration requires the bottom plate and EWD device layer to be

optically transparent, which is the reason that the EP/EWD devices were fabricated

using glass, ITO, and SU-8. Figure 5.8 shows the basic inverted configuration used

for optically monitoring the EP/US/EWD devices through the EWD bottom plate.
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Figure 5.8: Basic Optical Microscopy for EWD Observation. (A) Electrical connec-
tions, optical components, and the mechanical stage used in the test of an EP/EWD
device. (B) Schematic of the staging for inverted observation of the EP/EWD test
apparatus. An optical breadboard is used to elevate a custom EWD chip stage above
a telephoto lens.

The key element required for inverted observation of the EWD platform is the cus-

tom EWD chip stage, which was machined out of PC, to accommodate the EWD

test clip and stage clips that mechanically hold the top and bottom plates of the

EWD system together. In addition to the EWD chip stage, Figure 5.8 (A) shows the

experimental arrangement of all relevant electrical connections and optical compo-

nents needed for testing the EP/EWD device. The electrical connections, shown in

Figure 5.8 (A) include the EWD ribbon connector, which interfaces with the SOIC

test clip; the common ground connection that is used as a counter electrode for both

EWD and EP signals; and the EP (+) connection, which carries the EP pulse from

the electroporator circuit to the EP/EWD chip. The optical components highlighted

in Figure 5.8 (A) include the EWD chip stage, a telephoto lens (Optem Zoom 125,

Qioptik), which was attached to a 1024×1024 px charge coupled device (CCD) cam-

era (Model avA1000-120kc, Basler), and an optical patch cable for illumination with

a fiber optic white light source (Imagelite Lite Mite Series, Stocker and Yale).
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Figure 5.8 (B) shows a schematic of the inverted optical configuration used for

observing EP/EWD experiments. The schematic, which is intended to clarify the

optical configuration shown in Figure 5.8 (A), shows the optical breadboard (right)

mounted in a vertical position and the various L-shaped brackets used to elevate the

EWD chip stage. Additionally, the figure shows the xy-translation stage and ring

stand that were used to suspend and manipulate the telephoto lens and illumination

source. The xy-translation stage was used to align the lens, camera, and optical

patch cable to sites of interest on the EP/EWD chips. Observation of 1× droplets

was typically accomplished at a magnification of 5×. This optical assembly was used

for monitoring the progression of on-chip transformation experiments.

5.4.2 Inverted Fluorescence Microscopy for EWD

An approach similar to that described in Section 5.4.1 was used to observe EP/EWD

experiments in an inverted fluorescence microscope. Yellow-green 1.8 µm fluorescent

beads (Fluoresbrite YG Microspheres, Polysciences, Inc.) were used as tracer parti-

cles in the inverted fluorescence configuration in an effort to quantify the flow fields

induced through droplet actuation and the application of acoustic energy to a droplet

held on an EWD actuator.

To accurately observe particle fluorescence, a custom EP/US/EWD chip stage

was machined to accommodate the inverted fluorescence microscope (Axio Observer,

Zeiss) located in Duke’s Light Microscopy Core Facility (LMCF). A drawing of the

custom EP/US/EWD chip stage is shown in Figure 5.9 (A). Key features of the chip

stage design include: the stage form factor, which matches that of the insert slot for

the motorized stage of the microscope; a pocket for mounting the spring loaded SOIC

test clip and stage clips used for mechanically holding the top and bottom plates of

the EWD system together; and, an observation window beneath the mounting cite

of the EWD chip. The observation window enables the microscope objective to very
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Figure 5.9: Inverted Fluorescence Microscopy for EWD Observation. (A) 3D
rendering of the custom EP/US/EWD chip stage used to mount the EWD devices
in the Zeiss Axio Observer inverted fluorescence microscope. (B) Schematic of the
chip stage and the optical components used for imaging the YG fluorescent beads.

closely approach the backside of the EWD bottom plate, without having to image

through the chip stage.

Figure 5.9 (B) shows a schematic representation of the chip stage and the optical

components used for imaging the YG fluorescent beads. In addition to the custom

EWD chip stage, in-droplet particle imaging was accomplished with the use of sev-

eral peripheral systems attached to the Ziess Axio Observer Inverted fluorescence

microscope. The peripheral systems used for imaging particle fluorescence include:

a metal halide fluorescence arc lamp (X-Cite 120 XL, EXFO); a green fluorescent

protein (GFP) filter cube that comprised a 470/40 nm band pass excitation filter, a

495 nm dichroic mirror, and a 525/50 nm emission filter; and a 1334×1024 px CCD

camera (ORCA-ER, Hamamatsu).

Figure 5.10 shows the assembly of the EP/US/EWD experimental apparatus

into the inverted fluorescence microscope as well as the control electronics used for

EWD actuation and US signal generation. A close-up image of the EP/US/EWD
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Figure 5.10: EP/US/EWD Platform in an Inverted Fluorescence Micro-
scope. EWD and US control electronics are shown in the background while the
EP/US/EWD chip is shown mounted to the custom chip stage under illumination
in the Zeiss Axio Observer inverted fluorescence microscope.

chip is shown mounted to the custom chip stage under illumination in the Zeiss

Axio Observer inverted fluorescence microscope to highlight the mechanical mounting

approach accomplished with the SOIC test clip and the stage clips used to hold the

bottom and top plates, respectively.

5.5 Summary

This chapter describes the details of each piece of experimental apparatus used to

test the EP/EWD and EP/US/EWD devices described in previous chapters. First,

details regarding ALL’s commercial EWD controller were outlined. ALL’s R110

EWD control unit is capable of many LoC functions including, temperature sens-

ing and control, magnetic separation, and electrical signal routing needed for EWD

operation. In contrast to ALL’s commercial EWD platform, the custom EWD con-

troller developed at Duke is much simpler, as it only provides EWD signal routing.
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However, the custom EWD controller allows a more flexible design approach needed

for for rapid EWD hardware prototyping.

Secondly, two electroporator circuit designs were described. These systems in-

cluded Bio Rad’s commercially available MicroPulser™ electroporator as well as a

custom CMOS-based electroporator. The MicroPulser™ electroporator was used to

supply decaying exponential pulses, while the custom EP circuit was used for apply-

ing multiple trapezoidal EP pulses in rapid succession. Subsequently, the circuit-level

modifications made to ALL’s R110 EWD control unit and the MicroPulser™ electro-

porator were outlined with regard to the need for EWD circuit protection and EP

pulse synchronization during EP experiments on the commercial EP/EWD platform.

Electrical interface plays a critical role in the staging of each experimental appara-

tus. Accordingly, special detail was given to the strategies used for interfacing the

commercial EWD and EP instruments and the custom EP/EWD and EP/US/EWD

arrangements alike. With regard to the custom EP/EWD and EP/US/EWD exper-

imental efforts, schematic representations of complete test assemblies were supplied

in Section 5.2.4.

The third section of this chapter focused on the specifics of acoustic interfacing.

Details regarding ultrasonic signal generation, amplification, and impedance match-

ing were discussed in the context of routing a pulsed RF signal to the PZT transducer

mounted on the EWD top plate. A simple pulsing strategy was adopted to prevent

device overheating; this involved the application of N -many bursts of 500 cycles of

a 250 kHz sine wave to the PZT element supplied at a pulse repetition frequency of

50 Hz. This pulsing strategy enabled variable length US exposures while preventing

any depolarizing thermal damage due to dielectric losses in the PZT element.

Lastly, mechanical and optical staging of the EP/EWD and EP/US/EWD devices

were addressed. Experimental arrangements for inverted optical and fluorescence

microscopy hinged on the use of a custom EWD chip stage that was required for
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mounting devices over a telephoto lens or inside of a commercial inverted fluorescence

microscope. In addition, the geometry of relevant electrical and optical connections

were shown in images and schematics of actual experimental assemblies.

Overall, this chapter forms the basis for discussing the transformation experi-

ments that are central to demonstrating EWD-based LoC genome engineering. With

descriptions of the experimental instrumentation in view, our focus can shift to the

protocol detail and experimental results gained from trials run on the equipment de-

scribed in this chapter. Thus, Chapter 6 references the pieces of apparatus described

in this chapter to explain outcomes for several key experiments.
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6

Experimental Details and Results

Chapters 2–5 illustrate the theory, design, fabrication methods, and experimental

instrumentation needed for developing the EWD-enabled GE platform. Forming the

crux of this thesis, chapter 6 discusses the application of these scientific principles

and the experimental results observed during the fluidic, biological, and acoustic

testing of the devices previously proposed. The chapter is divided into four sections

that report on the experimental detail and outcomes of tests that range from basic

fluidic transport over single EP/EWD devices to those that assess the performance

of a fully automated cycle of LoC MAGE. The progression of the following sections

parallels the arc of the research objectives established in Section 1.5.

In Section 6.1, image analysis of droplet actuation and electrical testing results

are reported for the serpentine EP/EWD device and compared to predictions offered

by the fluidic transport model developed in Chapter 3. Section 6.2 extends the

experimental reach of the EP/EWD device in tests that characterize the dependence

of the electric field strength of the EP pulse on cell survival, molecular transport,

and transformation for the EP/EWD devices. Non-ideal behaviors and typical device

failure modes are included in this section as well. Subsequently, Section 6.3 describes
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the performance of fully automated GE experiments conducted on the commercial

EWD platform co-designed with ALL. Performance variations due to electroporation

pulsing and sample preparation protocols are quantified and reported. Section 6.4

presents MS activity observed in EWD-actuated drops as well as the biological impact

of MS-assisted EP in the EWD platform. The chapter closes with a brief summary

of key results observed.

6.1 Droplet Transport in the EP/EWD Device

This section outlines the experimental approach used for measuring three parameters

associated with droplet transport in the EP/EWD device: threshold voltage (VT),

transport time (τ), and actuation velocity (U). These transport parameters were

measured for cases where the EP wire was present and absent. Cases in which the

EP was absent were used to assess baseline EWD performance, since this condition

reflects typical, unobstructed EWD operation. Thus, the baseline EWD transport

parameters are controls in an experiment, which has the objective of characterizing

droplet transport in the proposed EP/EWD device geometry.

Further, the following experiment tests a two-part hypothesis regarding fluid

transport in the proposed EP/EWD device. It is hypothesized that (1) the presence

of the EP wire significantly impedes droplet transport, but (2) this impediment can

be overcome by increasing the EWD voltage by an amount that will not result in

dielectric breakdown. The fluid transport model developed in Section 3.2.4 predicts

that a 25% increase in threshold voltage will be required to restore droplet actuation

over the EP wire, and that compared to the baseline case the EP/EWD device will

exhibit a 20% increase in transport time, and a 15% decrease in actuation velocity.
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6.1.1 EP/EWD Chip Staging

Batches of EP/EWD devices were designed and fabricated using methods discussed

in Sections 3.2 and 4.2, respectively. The devices included an EWD electrode pitch

of 700 µm and an EP wire width of 60 µm, which imparted a fractional area of

coverage, AEP/AEW, of 0.34 per Eq. 3.9. Individual EWD chips were loaded into the

EP/EWD test apparatus described in Section 5.4.1. A CCD camera and telephoto

lens mounted beneath the EWD stage allowed real-time microscopic imagery of the

device during each test. Chips under test were secured in place by the test and stage

clips shown in Figure 5.8. After the chips were mounted, electrical connections to

the bottom and top plate were made by attaching the ribbon connector to the test

clip and the EWD ground (alligator clip) to the lateral side of the bottom plate.

An alligator clip was used to connect the EP (+) terminal to the MicroPulser™

electroporator as shown in Figure 5.6.

6.1.2 Fluid Input

Once the EP/EWD chips were set in place and the electrical connections established,

approximately 25 µL of 2 cSt silicone oil (ALL, Inc.) was added to the EWD devices

with a P200 micropipette via the pipette inlets near the fluid reservoirs. The EW

voltage was set to a 1 kHz, 40 Vp-p sine wave and the EWD control GUI was used to

energize all four EWD electrodes in the reservoir on one side of the EP/EWD device.

With the EWD reservoir electrodes activated, 2 µL of a suspension of EcNR2 E. coli

with an OD600 of 3.34± 0.15 (2.67± 1.2× 109 cells/mL) and 0.05% Tween 20 (CAS

9005-64-5, Sigma-Aldrich Co.) in nuclease free water were pipetted into the EWD

reservoir with a P10 micropipette.
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6.1.3 Droplet Generation and Actuation

With the silicone oil and EcNR2 cells loaded into the device, 2× droplets of cells,

approximately 200 nL in volume, were dispensed onto the EWD electrode array in

the following way. Two reservoir electrodes closest to the channel and four channel

electrodes were activated causing the cell-containing fluid to wet into the channel

and form a finger-shaped interface. Once the fluid interface stabilized, the two center

channel electrodes were deactivated causing the center of the finger-shaped interface

to narrow and eventually collapse. This actuation sequence resulted in a bolus of

fluid held on the two activated reservoir electrodes and a 2× droplet of fluid held in

place on the two activated channel electrodes.

After the droplets were dispensed, the actuation voltage was decreased to a sub-

threshold value, typically 25 Vp-p. An electrode adjacent to the position of the

droplet was then actuated and the holding electrode was deactivated. The actuation

voltage was increased in increments of 1 V and the previous step repeated until

droplet transport was observed. The minimum voltage required to cause droplet

transport was recorded as the threshold voltage. To establish the baseline EWD

operation, this procedure was conducted on channel electrodes where the EP wire

was absent. After measuring the baseline threshold voltage, droplets were actuated

to the EP/EWD electrode, and the previous procedure was repeated to determine

the threshold voltage of the EP/EWD device.

Once the EP/EWD threshold voltage was measured, droplets were actuated

with the new threshold voltage on channel electrodes while image sequences of the

droplet motion were captured at 30 fps. Subsequently, droplets were actuated on

the EP/EWD electrode and similar image sequences were recorded. Images of the

droplet transport were analyzed to determine the transport time and average actua-

tion velocity for both the baseline and EP/EWD cases. Transport time was defined
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as the time required to translate the droplet centroid by 1 electrode pitch, 700 µm.

Actuation velocity was calculated as the quotient of the electrode pitch and the

transport time. Transport parameters were measured on 16 different chips generated

in two independent fabrication runs.

6.1.4 Results

Baseline EWD Transport

A sequence of the images captured for the baseline EWD actuation case is shown

in Figure 6.1 column A alongside predictions of the shape of the fluid interface

(B) and the fluid velocity field (C). The image sequence in Figure 6.1 (A) shows

deformation of the fluid interface and droplet translocation that are indicative of

typical EWD dynamics and within reasonable agreement of respective theoretical

results. The 2× droplet, which was held on two electrodes, is initially at rest. As the

neighboring electrodes are activated, the wetting angle of the adjacent contact line

is reduced and a pressure differential develops across the droplet causing the droplet

to accelerate toward the energized EWD electrode. The fluid interface deforms in

response to stresses generated by the modulated surface tension force. The baseline

EWD threshold voltage was found to be 35 ± 4 V (µ ± σ). Additionally, results

from the image analysis indicate baseline transport time and actuation velocity to

be 0.280± 0.030 s and 2.5± 0.3 mm/s, respectively.

EP/EWD Transport

A sequence of the images captured for the actuation of a droplet over the EP/EWD

electrode is shown in column A of Figure 6.2. Predictions of the shape of the fluid

interface (B) and the fluid velocity field (C) are in reasonable agreement with exper-

imental results. The image sequence depicts a deformation of the fluid interface that

is indicative of nonuniform electrowetting. Rather than the entire advancing contact
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Figure 6.1: Experimental and Theoretical Results for Baseline EWD Transport
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Figure 6.2: Experimental and Theoretical Results for EP/EWD Transport
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line wetting uniformly, a small portion of the contact line is modulated during the

initiation of droplet motion. The small portion of the affected contact line results in

fluid stress that compress the sides of the droplet causing it to assume a pear-shaped

bolus. Moreover, the reduced area of the actuated electrode results in a reduction

of the total electrowetting force compared to the baseline case, which is observed as

slower droplet transport. The threshold voltage of the EP/EWD device was found

to be 45± 6 V, and the transport time and actuation velocity were measured to be

0.510±0.100 s and 1.4±0.3 mm/s, respectively. Results from droplet transport over

the EP/EWD electrode are summarized in Table 6.1. No dielectric breakdown or

noticeable charging of the EP/EWD device was observed in response to the increased

EW voltage operation required for droplet transport over the EP/EWD device.

EP/EWD Transport Summary

The proposed EP/EWD device was found to support droplet actuation under EW

biases that were increased from the baseline EWD threshold voltage. Additionally,

droplet transport time and actuation velocity were significantly augmented compared

to the baseline case. Compared to the baseline case, threshold voltage was found

to increase by 29% for the EP/EWD case, which is consistent with the fluid model

predictions. Transport time and actuation velocity were found to increase by 82%

and decrease by 44%, respectively.

Table 6.1: EP/EWD Transport Summary

Device
Threshold Voltage Transport Time Average Velocity

VT (V) τ (s) U (mm/s)

EWD 35± 4 0.280± 0.030 2.5± 0.3
EP/EWD 45± 6 0.510± 0.100 1.4± 0.3

Percent Change, ∆ 29% 82% -44%

∆ = (x0−x)
x0
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Differences in predicted and measured responses for the transport time and actua-

tion velocity are likely a result of estimating several key fluidic parameters including

the viscosity, µ, zero voltage wetting angle, θY, surface tension, σ, and hysteresis

angle, α of the cell suspension in an oil medium. In addition, the transport model

assumes a defect free surface and zero topography of the EP wire. Actual devices are

likely plagued with surface defects, such as scratches or dust, and topography from

device features that may cause contact line pinning or non-ideal wetting behaviors.

Lastly, the model incorporates approximate boundary conditions that, in reality,

may be more complicated mathematical formulations than those implemented in the

simulation. Regardless of these shortcomings, the device model successfully predicts

the operational basis for the EP/EWD device.

6.2 EWD-Enabled Electroporation

This section outlines the experimental approach used for characterizing LoC gene

electrotransfer in the EP/EWD device. The threefold objective of the experiments

described in this section are as follows. First, a basic on-chip EP protocol must be

demonstrated for the EP/EWD device. Secondly, the performance of the EP/EWD

device needs to be characterized with respect to cell survival, molecular transport,

and transformation efficiency for a range of EP pulse strengths and pulse numbers.

Third, non-ideal behaviors and failure modes of the on-chip protocol must be inves-

tigated. This three-part objective drives the development of a proof-of-concept of

the EWD-enabled LoC GE platform that is central to the success of this research

effort and initiates the process of LoC EP protocol optimization.

A wealth of experimental data regarding the benchtop electroporation of E. coli

suspensions suggests the optimal electric field strength for transforming cells with

exogenous DNA to be 1.8 kV/mm [25, 26]. However, these studies were all con-

ducted in traditional, hydrostatic EP devices composed of a parallel plate geometry,
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which ensures electric field uniformity. Due to its serpentine geometry, the EP/EWD

device proposed here is plagued by electric field non-uniformity. Thus, it is hypoth-

esized that peak transformation rates for single EP pulses must require electric field

strengths greater than the reported 1.8 kV/mm value in order to compensate for

the regions of reduced field intensity in the EP/EWD device. Further, it is expected

that multiple EP pulses will result in more extensive electroporation for a given pulse

strength compared to a single pulse of the same intensity. Accordingly, it is also hy-

pothesized that a multiple EP pulse protocol will exhibit an optimum electric field

strength significantly lower than that of a single pulse protocol.

6.2.1 Cell Suspension Preparation

Cultures of the EcNR2 E. coli strain were obtained from the Church Lab (Harvard

University). Upon arrival the liquid cultures were streaked onto an LB agar plates

containing 12.5 µg/mL chloramphenicol. The EcNR2 strains used in this study

were previously engineered to exhibit a resistance to chloramphenicol. This offers

protection against contamination during sample preparation and storage.

The evening before a transformation experiment, an overnight culture of EcNR2

was prepared by pipetting 3 mL of LB broth into a 15 mL plastic cell culture tube.

Using sterile technique, a single colony was selected from the source plate with a

nichrome inoculating loop and added to the LB broth in the culture tube. The

culture was then placed in a roller drum in a 30◦C incubation cabinet and grown

overnight.

The following morning, 100 µL of the overnight culture was diluted into 3 mL of

fresh LB broth in a 15 mL plastic cell culture tube. The culture was then returned

to the roller drum and grown at 30 ◦C for 2.5 hr, producing a cell culture of OD600

of 0.668 ± 0.033 (5.34 ± 0.26 × 108 cells/mL) as measured by spectrophotometry

(GENESYS™ 20, Thermo Scientific™). After the 2.5 initial growth, the culture tubes
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were immediately placed on ice.

6.2.2 Media Exchange

An elevated salt concentration in cell cultures poses a problem for electroporation.

High conductivity solutions result in high current densities during electroporation,

which can lead to excessive cell death and low transformation efficiencies [192].

Hence, electroporation typically requires cells to be pelleted and resuspended in

a solution of low ionic strength.

After the 2.5 hr growth, 1 mL of the cell culture was pipetted into 1.5 mL cen-

trifuge tubes that were pre-cooled on ice. The cells pelleted by centrifugation at 3,000

rpm for 90s. The resulting supernatant was decanted and the cells were resuspended

in 1 mL of ice cold 0.01% Tween 20 in nuclease free DI water. A second wash was

performed by repeating the previous step. The culture was then pelleted again by

centrifugation at 3,000 rpm and resuspended in 200 µL of ice cold 0.05% Tween 20

in nuclease free DI water, resulting in a 5× concentration of the cell suspension to an

OD600 of 3.34±0.15 (2.67±1.2×109 cells/mL). To this suspension, 5 µL of 93.9±2.1

ng/µL pGERC plasmid DNA were added resulting in a final DNA concentration of

2.29± 0.05 ng/µL. The culture/DNA mixture was mixed via agitation for 10 s and

placed on ice for 15 min while the EP/EWD chip was staged.

The electrical conductivity, σ, of similarly prepared samples was determined by

pipetting 100 µL of the cell/DNA suspension into a standard 1 × 1 × 0.1 cm3 EP

cuvette (Bio-Rad Laboratories, Inc.) and measuring the electrical resistance with

a digital multimeter. The simple relation, 1
σ

= ρ = RA
l
, was used to calculate the

conductivity of the cell/DNA suspension, where ρ is electrical resistivity, R is elec-

trical resistance, A is cross-sectional area of the EP cuvette, and l is the depth of the

cuvette. Using this method, the electrical conductivity of the cell/DNA suspension

was measured to be 4.6± 1.1× 10−2 µS/cm.
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6.2.3 Synthetic Gene Construct

For the purpose of demonstrating gene electrotransfer in the EP/EWD device, a

well characterized and stable gene construct was desired. Sequence verified pGERC

plasmid was obtained from a collaborator in the Church Lab (Harvard University).

The pGERC plasmid is a 4.9 kbp circular gene construct that includes several key

elements that make it useful for EP experimentation. First, the plasmid carries the

gene that encodes resistance to kanamycin, an antibiotic that inhibits protein synthe-

sis in non-resistant bacteria [193, 194]. Secondly, genes for two fluorescent proteins

were also designed in the construct. These fluorescent proteins include sfGFP and

mCherry, which emit green and red wavelengths, respectively. A schematic of the

Figure 6.3: Synthetic DNA Construct: pGERC Plasmid. The pGERC plasmid is
a 4.9 kbp construct that includes three experimentally convenient components that
encode kanamycin resistance (grey), as well as fluorescent proteins sfGFP (green)
and mCherry (red).
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pGERC plasmid used for the demonstration of the EP/EWD device is shown in

Figure 6.3.

Upon receipt of the pGERC plasmid, the stock solution was partitioned into 15

µL aliquots in 1.5 mL nuclease free centrifuge tubes. The tubes were then placed

in a tube rack, which was stored in a -80 ◦C freezer until the time of experiment.

Approximately 10 min before use, the one of the tubes containing the plasmid were

retrieved from the freezer and thawed on ice. Once completely thawed, the solution

was gently mixed by pipetting with a P10 micropipette to ensure homogeneity. The

DNA concentration of the pGERC plasmid aliquot was then determined spectropho-

tometrically (NanoDrop™, Thermo Scientific™).

6.2.4 EP/EWD Chip Staging

Batches of EP/EWD devices were designed and fabricated using methods discussed

in Sections 3.2 and 4.2, respectively. The devices included an EWD electrode pitch

of 700 µm and an EP wire width of 60 µm, which imparted a fractional area of

coverage, AEP/AEW, of 0.34 per Eq. 3.9. Individual EWD chips were loaded into the

EP/EWD test apparatus described in Section 5.4.1. A CCD camera and telephoto

lens mounted beneath the EWD stage allowed real-time microscopic imagery of the

device during each test. Chips under test were secured in place by the test and stage

clips shown in Figure 5.8. After the chips were mounted, electrical connections to

the bottom and top plate were made by attaching the ribbon connector to the test

clip and the EWD ground (alligator clip) to the lateral side of the bottom plate.

An alligator clip was used to connect the EP (+) terminal to the MicroPulser™

electroporator as shown in Figure 5.6.
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6.2.5 Fluid Input

Once the EP/EWD chips were set in place and the electrical connections established,

approximately 25 µL of 2 cSt silicone oil (ALL, Inc.) were added to the EWD devices

with a P200 micropipette via the pipette inlets near the fluid reservoirs. The EW

voltage was set to a 1 kHz, 50 Vp-p sine wave and the EWD control GUI was used to

energize all four EWD electrodes in the reservoir on one side of the EP/EWD device.

With the EWD reservoir electrodes activated, 2 µL of the EcNR2 culture/DNA

mixture were pipetted into one EWD reservoir with a P10 micropipette, and 2 µL

of recovery media, which consisted of LB broth containing 0.05% Tween 20, was

pipetted into another reservoir on the opposite side of the EP/EWD chip.

6.2.6 An EWD-Enabled EP Protocol

A simple EWD protocol was developed for the demonstration of on-chip EP in the

EWD environment. The protocol is summarized in Figure 6.4. With the EWD

reservoirs loaded with the EcNR2 culture/DNA mixture on one side of the EP/EWD

chip and the recovery media in the opposing reservoir, the EWD control GUI was

used to dispense 2× (200 nL ) droplets of cells/DNA and recovery media. The droplet

containing recovery media was transported to an EWD electrode adjacent to the site

of the EP/EWD device.

Once the recovery droplet was in place, the droplet containing cells/DNA was

transported to the EP/EWD device, as shown in column A of Figure 6.4. With

the cell/DNA droplet positioned over the EP/EWD electrode, EP pulses varying in

strength and number were administered to the droplet. The voltage applied between

the EP (+) terminal and the EP/EWD ground was measured with a high voltage

1:100 probe and an oscilloscope (Model 54624A, Agilent). Immediately following the

EP pulse, the recovery droplet was actuated to the EP/EWD device to rescue the

porated cells and to facilitate droplet removal from the device. As shown in Column
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Figure 6.4: The EWD-Enabled EP Protocol. Droplets of cells/plasmid DNA are
dispensed, actuated, and pulsed before being collected for off-chip processing.
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B of Figure 6.4 the recovery droplet was merged with the pulsed cell/DNA droplet

immediately after the delivery of the EP pulse.

Once the cell/DNA and recovery media droplets were mixed, the resulting 4×

droplet was actuated to the recovery reservoir for collection as shown in Column C of

Figure 6.4. A P10 micropipette was used to collect the entire contents of the recovery

reservoir and some additional silicone oil, which totaled 5 µL. The collected fluid,

2.4 µL of which was aqueous, was added to 1 mL of LB broth in 15 mL plastic cell

culture tubes pre-warmed to 30◦C. The time of collection was noted and the tubes

were incubated with agitation at 30◦C for 3 hr.

This protocol was repeated for 1 and 10 trapezoidal EP pulses of strengths with

average values ranging from 0 to 3 kV/mm, (0 to 600 V) and pulse widths of 3.0

ms. When obvious, anomalous behaviors associated with the pulse delivery and

post-pulse appearance of the EP/EWD chip were noted. The EP/EWD chips were

reused for multiple experiments, but were flushed with silicone oil between pulses.

To test for cross-contamination between EP/EWD experiments, 2× droplets of LB

broth were actuated through freshly flushed devices and cultured. Zero growth was

observed after 2.5 hours of recovery and plating on LB agar containing 12.5 µg/mL

chloramphenicol, indicating the reusability of the EP/EWD devices.

6.2.7 Off-Chip Sample Processing

After the 3 hr recovery growth, the samples were serially diluted by factors of 10 in

preparation for plating. For each dilution, 20 µL of recovered cell culture were added

to 180 µL of LB of LB broth in 1.5 mL centrifuge tubes. Dilutions were carried out

four-fold, which produced samples diluted by factors of 10−1, 10−2, 10−3, and 10−4

for each sample recovered.

The samples were then plated on 100 mm LB agar plates in the following way. For

each sample collected, an experimental control was established by plating 50 µL of the
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10−3 and 10−4 dilutions on LB agar plates containing 12.5 µg/mL chloramphenicol

(Cat. No. L1013, Teknova, Inc.). Each dilution was cultured separately, on one half

of the agar plate. In contrast, the experimental group was established by plating 50

µL of the original sample and the 10−1 dilution on LB agar plates containing 12.5

µg/mL chloramphenicol and 50 µg/mL kanamycin (Cat. No. L1257, Teknova, Inc.).

Similarly, each dilution was cultured separately, on one half of the agar plate.

The LB agar plates were then incubated upside down at 30◦C for 18 hr. After

the incubation, all plates were imaged and the resulting colonies were counted using

the image processing suite, ImageJ (National Institutes of Health, USA). For each

sample recovered, survivors (S) were counted as the number of colonies that grew

on the LB-chloramphenicol control plates and, transformants (T ) were counted as

the number of colonies that grew on the LB plates that contained chloramphenicol

and kanamycin. The colony counts for each plate were adjusted for their respective

dilutions. The survival fraction, Sf of each sample in the control group was defined

as the ratio of survivors to the number of survivors that were not pulsed, S0. Hence,

each group contained a control sample that was actuated in the EP/EWD device,

but not exposed to a EP pulse. As shown in Eq. 6.1, the transformation fraction, Tf ,

of each sample in the experimental group was defined as the ratio of transformants to

the number of survivors that were counted for corresponding samples in the control

group.

Sf =
S

S0

, Tf =
T

S
(6.1)

Nonlinear regression was performed on the resulting data to illustrate the general

trends observed for the 1 and 10-pulse EWD-enabled EP protocols. The statistical

model offered by Canatella and Prausnitz was adopted for investigating the fraction

of cells that survive the EP pulse (survival fraction), receive the plasmid (transport

fraction), and result in a transformed colony (transformation fraction) [137]. Trends
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in survival, molecular transport, and transformation were investigated as functions of

electric field strength and energy density. A brief outline of the EP model developed

by Canatella and Prausnitz and is presented in Appendix B.3 alongside the relations

used to compute survival, transport and transformation fractions and efficiencies.

6.2.8 Results

EWD-Enabled EP Protocol

An on-chip, EWD-based EP protocol was successfully demonstrated. A total of 6

EP/EWD chips were used in 44 individual gene electrotransfer experiments. The

simple EWD sequence involved dispensing a 2× droplet, actuating it to the on-chip

EP device where a pulse of variable field strength was applied. Pulsed droplets were

then recovered by merging 2× droplets of LB broth and actuating the 4× daughter

droplet to a reservoir for collection and off-chip processing. The EP/EWD chips

were found to be reusable and robust in that they were resistant to contamination

from previous experiments and capable of supplying hundreds of high strengths EP

pulses with minimal signs of dielectric breakdown or fluidic failure. However, some

anomalous behavior was observed. In particular, hydrolysis during pulse delivery,

post-pulse contact line pinning, and eventual dielectric breakdown were noted.

Cell Survival

Cell survival was found to decrease exponentially with the electric field strength and

energy density of the EP pulses. As predicted, 10-pulse EP/EWD protocols exhibited

significantly higher lethality than single-pulse EP/EWD protocols. Figure 6.5 (A)

shows a semi-log plot of survival fraction measured for the electroporation of EcNR2

cells in the EP/EWD device for 1 and 10 EP pulses ranging in electric field strength

from 0 to 2.6 kV/mm. Nonlinear curve fits are shown to illustrate the general trends

observed for 1 (solid line) and 10 (dotted line) EP pulses.
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Interestingly, a linear relationship between the base 10 logarithm of the survival

fraction and the product of pulse energy density and the square root of the number

of pulses (στE2
√
n) was observed for the bulk electroporation of EcNR2 cells in

the EP/EWD device, as shown in Figure 6.5 (B). Linear regression of these data

was used to determine the slope and intercept of this relationship to be −0.032 ±

0.001 and 0.15 ± 0.06. By definition, the log10 of the survival fraction should not

exceed zero. Hence, the non-zero intercept suggests the presence of a pulse-dependent

energy barrier to irreversible electroporation. This value, which may also be device-

dependent, was estimated by setting the linear relationship to zero and solving for

στE2
√
n. Using this method, the EP/EWD energy barrier was determined to be

4.7± 0.3 mJ/cm3.

Molecular Transport

The fraction of cells that received a copy of the plasmid was approximated by the

quotient of the transformed colony count and the survival cell count, as is suggested

in the statistical model proposed by Canatella and Prausnitz. Similarly, the average

transport was computed as the quotient of the transformation fraction and the sur-

vival cell count. Under this assumption, molecular transport for the EWD-enabled

EP protocol was found to increase monotonically with the EP electric field and en-

ergy density. Moreover, peak transport fraction and average molecular transport for

single pulsed EP/EWD experiments were observed to be greater than that of the 10-

pulse experiments by factors of 1,000 and 100, respectively. In general, the average

molecular transport for a single EP pulse was found to approach ∼ 25 copies/cfu

around a pulse strength of 2.25 kV/mm and an energy density of 70 mJ/cm3. The

transport fraction and average molecular transport observed in the on-chip EP of

EcNR2 with the pGERC plasmid are shown in Figure 6.5 (C) and (D), respectively.
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Figure 6.5: Electroporation Results on the Custom EP/EWD Platform. Trends
are plotted as functions of the EP field strength, E, or the product of the EP pulse
energy density and the square root of the pulse number (σE2τ

√
n) for EP/EWD

experiments that utilized 1 or 10 EP pulses.
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Transformation

The transformation of EcNR2 cells in the EP/EWD device was found to exhibit local

optima that revealed a strong dependence on electric field strength and pulse number.

As shown in Figure 6.5 (E), the transformation fraction observed for single pulsed

EP/EWD experiments was found to increase 10-fold over the interval, 1.6 kV/mm to

2.25 kV/mm, before sharply decreasing over the interval, 2.25 kV/mm to 2.6 kV/mm.

Contrastingly, the transformation fraction observed for EP/EWD experiments that

utilized 10 pulses was found to approximately double over the interval, 0.4 kV/mm

to 0.9 kV/mm, before decreasing over the interval 0.9 kV/mm to 1.25 kV/mm. Thus,

peak transformation for the 1 and 10-pulse EP/EWD experiments was found to occur

at electric field strengths of 2.25 and 0.9 kV/mm, respectively. Figure 6.5 (F) reveals

a similar trend, which shows peak transformation efficiency for the 1 and 10-pulse

EP/EWD experiments occurring at 65 and 35 mJ/cm3, respectively. The single pulse

peak transformation field strength of 2.25 kV/mm represents a 25% increase in the

reported optimum field strength of 1.8 kV/mm [25].

As hypothesized, the peak transformation field strength was found to increase

compared to reported benchtop EP and decrease with the number of applied EP

pulses. However, the dramatic reduction in transformation fraction and efficiency

was not expected. Peak transformation fraction for 1 and 10 pulses was measured to

be 0.0127 and 3.8 × 10−4, respectively. These values correspond to transformation

efficiencies of 8.6× 108 cfu/µg of DNA and 7.0×106 cfu/µg of DNA.

Non-Ideal Behavior and Device Failure

Several instances of unintended behavior and EP/EWD device failure were observed

throughout the experimental series described above. The failure mechanisms ob-

served for the EP/EWD device included hydrolysis of the aqueous droplet during

the EP pulse, post-pulse contact line pinning, EW dielectric charging and break-
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down, and top plate breakdown. Droplet hydrolysis was by far the most commonly

observed fault followed by post-pulse contact line pinning and top plate breakdown.

As shown in Figure 6.6 (A) and (B), the application of a single 2.25 kV/mm EP

pulse was capable of producing a population of bubbles inside of the pulsed droplet.

Image analysis was conducted to measure the bubble radii produced during single

2.25 kV/mm EP pulses on 4 different EP/EWD devices. A histogram of these results

appear in Figure 6.6 (C). This effect was found to occur more frequently at higher

electric field strengths, but was not associated with the loss of EWD functionality.

The effect of hydrolysis on cell survival, molecular transport, and transformation in

the EP/EWD device reported here remains unclear.

In addition to hydrolysis, EP pulses were found to occasionally cause contact

line pinning near edges of the EP wire. Following the delivery of an EP pulse of

sufficient strength, in several instances cell/DNA droplets were slow to actuate away

from the EP/EWD device or were pinned to the a point on the EP wire. In cases

where post-pulse contact line pinning was observed, merging the recovery droplet

with the pulsed droplet aided in droplet removal. Even after such an occurence,

the EP/EWD devices were typically able to be reused. The cause of post-pulse

contact line pinning is speculated to be due to several possibilities including dielectric

breakdown or deformation of the hydrophobic layer (CYTOP™) and changes in the

physico-chemical properties of the aqueous droplet.

Changes in the EW dielectric were also noted. In some cases, after many EP

pulses and droplet actuation cycles the threshold voltage of the EP/EWD device

was found to increase. Threshold voltage drift is associated with the accumulation

of trapped charge in the dielectric, and is commonly observed in EWD systems that

support long-term operation [88]. In rare cases, complete EW dielectric breakdown

was observed in the EP/EWD device. Figure 6.6 (D) shows a case where the EW

dielectric was driven to failure with 100’s of 2.25 kV/mm pulses.
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Figure 6.6: Failure Modes of the EP/EWD Device. Bubble formation shown in
photomicrographs of an aqueous droplet before (A) and after (B) the application
of a 2.25 kV/mm EP pulse indicate the occurrence of hydrolysis during EP pulse
delivery. (C) A histogram of radii of bubbles formed during hydrolysis reveal an
average bubble radius of 20±9 µm (µ ± σ). (D) Breakdown of the SU-8 dielectric
layer on the EWD bottom plate observed after 100’s of 2.25 kV/mm EP pulses.
Photomicrographs indicate measureable damage incurred to the EP/EWD top plate
after 10 (E) and 100 (F) 2.25 kV/mm EP pulses.

In addition to failure modes associated with the bottom plate of the EP/EWD

device, EP pulses were found to cause microstructural changes in regions of the

top plate in contact with the droplet during the delivery of a series of EP pulses.

Figure 6.6 (E) and (F) show photomicrographs of the top plate in the EP/EWD

device region at magnifications of 1×, 5×, and 20× after the application of 10 and 100

EP pulses each with a strength of 2.25 kV/mm. Whether the observed microstructral

changes were due to material deposition, augmentation, or removal remains unclear.

Despite this occurrence, the EP/EWD top plates that showed similar signs of wear
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were capable of supporting droplet actuation.

EWD-Enabled EP Summary

This section reported key details regarding the EWD-enabled EP protocol and the

results of 44 independent on-chip gene electrotransfer experiments. A simple proto-

col that made use of off-chip media exchange, on-chip electroporation, and off-chip

plating was used to demonstrate the functionality of the EP/EWD device. Along-

side the fluidic operations of the on-chip protocol, statistics regarding cell survival,

molecular transport, and transformation of EcNR2 cells indicate that the EP/EWD

device functions as intended.

In particular, cell survival was found to scale with the product of pulse energy

density and the square root of pulse number. Meanwhile, peak transformation frac-

tions and efficiencies of 0.0127 and 8.6× 108 cfu/µg, respectively, were observed for

the single pulse protocol at an EP field strength of 2.25 kV/mm. Additionally, de-

vice failure was observed after many EP pulses, but rarely interfered with protocol

completion.

6.3 LoC Automated Genome Engineering

This section outlines the experimental approach used for demonstrating the EP/EWD

device in a fully automated LoC assay on a commercial EWD platform. The primary

objective of the experiments reported in this section involves the characterization of

complete cycles of LoC MAGE in terms of cell survival and transformation efficiency.

The impact of EP pulse protocols and on-cartridge operation was investigated and

compared to the performance of an analogous benchtop process. Ultimately, these

experiments aim to test the practicality of porting MAGE to the EWD LoC envi-

ronment.

It is hypothesized that, with some optimization, the performance of LoC MAGE
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can be made to match that of the benchtop process. As part of this optimization, a

total of six cases were considered, three of which pertain to the effect of the EP pulse

protocol and three that pertain to implementing additional steps of MAGE on the

EWD cartridge. The cases regarding the EP pulse protocol included the application

of on-chip EP pulses that use either (1) a single 2.25 kV/mm (850 V) pulse, (2) a

double 2.25 kV/mm pulse, or (3) a double 2.25 kV/mm pulse in which the pulse

polarity was reversed between the pulses. On-chip media exchange was implemented

for each of the cases in which the EP pulse protocol was varied.

The three experimental cases that focus on implementing additional steps of

MAGE on the EWD cartridge include: (1) the benchtop gene electrotransfer of

EcNR2 E. coli cells with synthetic oligo DNA; (2) benchtop cell growth and me-

dia exchange, but on-cartridge electroporation and recovery; and, (3) all functions

completed on the EWD cartridge. Thus, comparison of these cases will reveal weak

points in the LoC MAGE process and indicate key improvements that need to be

addressed in future work.

6.3.1 LoC Automated Genome Engineering Workflow

Recall from Section 1.2 that MAGE involves the generation of a metabolically di-

verse microbial population through the cyclic insertion of many oligos into an initial

microbial chassis. In standard, benchtop practice, this requires growing cells to mid-

log phase (OD˙600) cells, exchanging growth media for a low-conductivity solution,

adding oligos of interest, electroporation, recovery, and selection - a total of six steps

executed through laborious pipetting, centrifugation, washing, and cuvette-based

electroporation.

In contrast, LoC MAGE leverages a programmable fluid handling platform to

engineer microbial stains in a more streamlined workflow. Figure 6.7 shows the

workflow used in the LoC AGE experiments described in this section. The pro-
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Figure 6.7: LoC MAGE Workflow. Cells are loaded onto an EWD platform that
was co-designed with ALL. Once on the cartridge, the cells are grown, cooled, heat
shocked, and growth is media exchanged for a solution of oligo DNA. Droplets of cells
are then transported to the EP/EWD device where they are electroporated before
being transported to recovery reservoirs where they are cultured with agitation for
3 hrs.

cess begins with a reservoir of EcNR2 cells that are cooled to 4◦C. Magnetic beads

functionalized with mannose binding lectin (MBL) are added to the cell culture and

mixed on-chip. After a 10 min incubation period a 2× droplet of beads/cells was

dispensed and transported to on-cartridge heaters, which were used to heat shock

the EcNR2 cells. After the heat shock, the droplets were transported back to the

location of the magents. The magnets were then actuated to the underside of the

EWD cartridge causing the bead-cell complexes to pellet. EWD actuation was then

used to pull supernant liquid away from the bead pellet, removing the growth media.

The cells were then resuspended in a 2 µM solution of oligo and transported to the

EP/EWD device, where they were pulsed with a field of 2.25 kV/mm. The pulsed

droplets were then merged with a recovery droplet and transported to a recovery
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reservoir where they were cultured with agitation for 3 hrs, completing the LoC

MAGE operations.

The entire LoC MAGE protocol was driven by software co-developed with ALL.

ALL’s proprietary Assay Development Environment (ADE) enables users to build

protocols that drive fluidic operations on the EWD cartridge. A diagram of the

software developed for the LoC MAGE protocol is shown in Figure 6.8. The LoC

MAGE software protocol parallels that of the workflow described in Figure 6.7, but

offers greater detail of the sequence of steps executed on the cartridge. In particular,

the media exchange and pulse subroutines shown at the lowest levels of description:

fluidic and peripherals operation. Specific details of each step are described in detail

in subsequent sections.

6.3.2 Synthetic Gene Construct

For the purpose of demonstrating LoC MAGE the bla restore oligo was used to

transform EcNR2 cells. The EcNR2 strain is engineered with a premature stop

mutation that interrupts a gene that encodes antibiotic resistance to carbenicillin.

When incorporated in the EcNR2 genome, the bla restore oligo restores the ability

of the cells to enzymatically degrade carbenicillin. Figure 6.9 shows the 90 bp bla

restore oligo used in the LoC MAGE experiments.

Sequence verified bla restore oligo was received from the Church Lab (Harvard

University) and immediately partitioned into 10 ?L aliquots in 1.5 mL nuclease free

centrifuge tubes. The tubes were then placed in a tube rack, which was stored in a

-80 ?C freezer until the time of experiment. Approximately 1 hr before use, the one

of the tubes containing the plasmid were retrieved from the freezer and thawed on

ice. The freshly thawed oligo, originally 50 µM, was then diluted to 2 µM for use in

the LoC MAGE protocol.
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Figure 6.8: Software Developed for LoC MAGE. The Main Program makes use of
many subroutines that execute fluidic operations and control instrument peripherals
such as, coolers, heaters, magnets, and the electroporator.
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Figure 6.9: Synthetic DNA Construct: bla Restore Oligo

6.3.3 Cell Suspension Preparation

Cultures of the EcNR2 E. coli strain were obtained from the Church Lab (Harvard

University). Upon arrival the liquid cultures were streaked onto an LB agar plates

containing 12.5 µg/mL chloramphenicol. The EcNR2 strains used in this study

were previously engineered to exhibit a resistance to chloramphenicol. This offers

protection against contamination during sample preparation and storage.

The evening before a transformation experiment, an overnight culture of EcNR2

was prepared by pipetting 3 mL of LB broth into a 15 mL plastic cell culture tube.

Using sterile technique, a single colony was selected from the source plate with a

nichrome inoculating loop and added to the LB broth in the culture tube. The

culture was then placed in a roller drum in a 30◦C incubation cabinet and grown

overnight. The following morning, 100 µL of the overnight culture was diluted into

3 mL of fresh LB broth in a 15 mL plastic cell culture tube and placed on ice while

the EWD cartridge was prepared for the LoC MAGE experiment.

6.3.4 EP/EWD Cartridge Staging

The commercial EWD cartridges discussed in Section 4.2.3 were used for each of

the LoC MAGE trials discussed below. New cartridges were used for each exper-

iment. The EWD cartridge was placed in to the cartridge deck as described in

Section 5.1.1 and interfaced with the Bio-Rad MicroPulser™ electroporator as dis-
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cussed in Section 5.2.3. A CCD camera and telephotolens were mounted above the

EWD cartridge on a ring stand to capture the media exchange and pulse operations.

6.3.5 Fluid Input and Processing

As the ADE software stepped through the LoC MAGE protocol, on-screen prompts

were generated to cue the addition of various reagents. Before beginning the protocol,

an entire 5 mL vial of 2 cSt silicone oil was added to the cartridge. The oil was given

time to settle into the cartridge and the ADE protocol was initiated. First, 50 µL of

the freshly diluted suspension of EcNR2 cells with 0.05% Tween 20 were added to

four growth reservoirs, as each experiment was run in replicates of four. After the

bacteria was loaded onto the chip the reservoirs were heated to 30◦C and actuated

back and forth for 2.5 hr, while the Bacteria Growth subroutine was executed.

Once the Bacteria Growth subroutine ended, the Bead Binding subroutine prompted

the user to add 5µL of 5 mg/mL MBL beads (Church Lab, Harvard University) to

the 50 µL of EcNR2 cultures in the growth reservoirs. After the addition of the MBL

beads, the cells/beads mixtures were incubated with agitation for 10 min. Subse-

quently, the software prompts the addition of the last three reagents including, 50

µL of LB broth with 0.05% Tween 20 and 5 mM CaCl2 to be added to an auxiliary

reservoir dedicated dispensing droplets of recovery media; 50 µL of 2 µM bla restore

oligo with 5mM and 0.05% Tween 20 mannose to be added to an auxiliary reservoir

dedicated dispensing droplets of oligo; and 50 µL of LB growth media with 0.05%

Tween 20 to four recovery reservoirs.

Four droplets of cells/beads were then dispensed from four different reservoirs

and transported to independent on-cartridge heater locations were the cells were

heat shocked at 42◦C for 15 min. Droplets were agitated by transport during the

heat shock step to prevent precipitation of the cells/bead complexes. Droplets were

then transported to independent on-cartridge cooler locations where they were cooled
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at 4◦C for 15 min.

After the cells/beads were cooled, droplets were transported to the magnetic

locations. Permanent magnets were then actuated to the bottom of the cartridge

causing the the beads/cells to form a pellet. The supernatant was actuated away

from the bead pellet causing the beads/cells to snap out of the fluid. Droplets of

oligo/mannose were then added to the cells/bead pellet, and the magnets were low-

ered. The cells/beads were resuspended in the oligo/mannose droplet via actuation

during their transport to four independent EP/EWD device locations. Simultane-

ously, droplets of recovery media were dispensed and transported to locations near

each of the EP/EWD locations. Figure 6.10 shows a sequence of images taken during

the LoC media exchange step.

Electroporation pulses of 2.25 kV/mm (850 V) were triggered by the ADE soft-

ware as described in Section 5.2.3. The EP pulse routine was varied in three different

LoC MAGE experiments. Either a single pulse, a double pulse, or a double pulse

with reversed polarity (RP) was applied to the four droplets simultaneously. The po-

larity of the pulse was changed by manually switching the leads on the MicroPulser™

electroporator. Figure 6.11 shows an image sequence taken during the delivery of

the EP pulse. Immediately after the EP pulse was applied recovery droplets were

merged with the pulsed droplets on the EP/EWD device. The resulting 4× droplet

was mixed on the EP/EWD device before being actuated to the recovery reservoirs.

Once in the recovery reservoirs, the pulsed cells were cultured at 30◦C for 3 hr.

6.3.6 Off-Chip Sample Processing

After the 3 hr recovery growth, samples were collected by pipetting 100 µL of the

recovery and initial growth reservoirs out of the EWD cartridge and into 1.5 mL cen-

trifuge tubes. The samples were immediately diluted by factors of 10 in preparation

for plating. For each dilution, 20 µL of recovered cell culture were added to 180 µL
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Figure 6.10: LoC Media Exchange. Prior to electroporation, EcNR2 cells bound
to MBL beads were pelleted by actuating permanent magnets beneath the cartridge
and then resuspended in 2 µM oligo. 179



Figure 6.11: LoC Electroporation. A 2× (700 nL) droplet of EcNR2 cells and bla
restore oligo is electroporated with a 2.25 kV/mm pulse before being recovered and
transported to a collection reservoir. 180



of LB of LB broth in 1.5 mL centrifuge tubes. Dilutions were carried out four-fold,

which produced samples diluted by factors of 10−1, 10−2, 10−3, and 10−4 for each

sample recovered.

The samples were then plated on 100 mm LB agar plates in the following way.

For each sample collected, an experimental control was established by plating 50 µL

of the 10−3 and 10−4 dilutions on LB agar plates containing 12.5 µg/mL chloram-

phenicol (Cat. No. L1013, Teknova, Inc.). Each dilution was cultured separately, on

one half of the agar plate. In contrast, the experimental group was established by

plating 50 µL of the original sample and the 10−1 dilution on LB agar plates con-

taining 12.5 µg/mL chloramphenicol and 100µg/mL carbenicillin (Cat. No. L1283,

Teknova, Inc.). Similarly, each dilution was cultured separately, on one half of the

agar plate. Samples collected from the initial growth reservoirs were used to deter-

mine the number of cells present prior to on-cartridge processing.

The LB agar plates were then incubated upside down at 30◦C for 18 hr. After

the incubation, all plates were imaged and the resulting colonies were counted using

the image processing suite, ImageJ (National Institutes of Health, USA). For each

sample recovered, survivors (S) were counted as the number of colonies that grew

on the LB-chloramphenicol control plates and, transformants (T ) were counted as

the number of colonies that grew on the LB plates that contained chloramphenicol

and carbenicillin. The colony counts for each plate were adjusted for their respective

dilutions. The survival fraction of each sample in the control group was defined

as the ratio of survivors, S, to the number of survivors that were counted for the

unprocessed (initial growth) samples, S0. Hence, each group contained a control

sample that was actuated in the EP/EWD device, but not exposed to the EP pulse

or media exchange subroutines. The transformation fraction of each sample in the

experimental group was defined as the ratio of transformants, T , to the number of

survivors, S, that were counted for corresponding samples in the control group.
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6.3.7 Supportive Experimentation

In addition to the MAGE experiments, on-cartridge cell growth was examined inde-

pendently. Suspensions of cells prepared were prepared as described in Section 6.3.3.

EWD cartridges were staged as described in Section 6.3.4. Silicone oil and suspen-

sions of cells were added to the EWD cartridge as described in Section 6.3.5. Cells

were grown on-cartridge with the same procedure described for the initial growth

step in the LoC MAGE. After a 3 hr growth step, samples were collected from the

EWD cartridge and serially diluted. As described in Section 6.3.6, 50 µL of the 10−3

and 10−4 dilutions were then cultured on 100 mm LB agar plates containing 12.5

µg/mL chloramphenicol (Cat. No. L1013, Teknova, Inc.). The LB agar plates were

then incubated upside down at 30◦C for 18 hr. After the incubation, all plates were

imaged and the resulting colonies were counted using the image processing suite,

ImageJ (National Institutes of Health, USA).

6.3.8 Results

Each of the 6 cases of MAGE produced transformants with efficiencies that ranged

from 5.5×104 cfu/µg to 1.9 ×108 cfu/µg. The survival fractions for each case were

found to be statistically similar to that of the benchtop performance. In terms of

transformation efficiency, the single pulse protocol was found to be least efficient pro-

tocol while the case in which initial cell growth and media exchange were performed

on bench and the electroporation and recovery were performed on-cartridge was

found to be the most efficient protocol. In fact, the latter was the only case in which

the transformation fraction and efficiency were found to be statistically similar to

benchtop performance. Table 6.2 summarizes the outcomes of the 6 cases of MAGE

included in this study. For each case, a two-tailed Student’s T-test was conducted

to determine if the LoC transformation was similar to the benchtop transformation

experiment.
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Pulse of Dependencies of LoC MAGE

The EP pulse protocol was found to be critical to the optimization of LoC MAGE.

Experiments that used a double, reversed-polarity 2.25 kV/mm EP pulse were found

to produce transformants with an efficiency 13× and 60× greater than experiments

that used double and single 2.25 kV/mm pulses, respectively. Figure 6.12 compares

the survival fraction (solid blue), transformation fraction (hatched blue), and trans-

formation efficiency (light red) of the LoC MAGE experiments that varied with re-

spect to the EP pulse protocol. Both axes in Figure 6.12 are plotted on a logarithmic

scale.

Figure 6.12 shows that the survival of each case is approximately equal with

Table 6.2: Statistical Comparison of LoC MAGE Experiments

Experiment∗ Parameter µ† σ‡ p-value Similar to Benchtop?

Benchtop
Sf 0.028 0.018 – –
Tf 0.098 0.021 – –
E? 1.9×108 3.9×107 – –

Single Pulse
Sf 0.025 0.034 0.88 Yes
Tf 6.8 ×10−6 7.0×10−6 0.003 No
E? 5.5×104 7.8×104 0.003 No

Double Pulse
Sf 0.015 0.014 0.30 Yes
Tf 9.1×10−5 5.1×10−5 0.003 No
E? 2.5×105 2.1×105 0.002 No

Double Pulse, RP
Sf 0.020 0.017 0.54 Yes
Tf 7.1×10−4 4.1×10−4 0.003 No
E? 3.3×106 2.1×106 0.002 No

Bench-EP/EWD
Sf 0.017 0.010 0.34 Yes
Tf 0.064 0.030 0.12 Yes
E? 1.7×108 8.9×107 0.63 Yes

LoC-EP/EWD
Sf 0.020 0.021 0.57 Yes
Tf 7.1×10−4 4.2×10−4 0.003 No
E? 3.4×106 2.1×106 0.002 No

† Statistical mean denoted by µ.
‡ Standard deviation denoted by σ.
? Units are cfu/µg.
∗ For each case, N = 4.
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the single, double, and double reverse polarity pulse protocols exhibiting survival

fractions of 0.025 ± 0.034, 0.015 ± 0.014, and 0.020 ± 0.017, respectively. However,

significant improvement to transformation fraction and efficiency was observed when

the EP pulse changed from a single to a double pulse and then, again from a double

pulse to double pulse with reversed polarity. In terms of transformation efficiency,

as the on-cartridge EP pulse parameter was modified from a single pulse to a double

pulse to a double pulse with reversed polarity the measured efficiency increased from

5.5± 7.8× 104 cfu/µg to 2.5± 2.1× 105 cfu/µg, and finally to 3.3± 2.1× 106 cfu/µg.

Figure 6.12: Pulse Dependence of LoC MAGE Performance. Survival (solid blue)
and transformation fractions (hatched blue) are plotted on the left vertical axis and
transformation efficiency (light red) is plotted on the right vertical axis. Both axes
are plotted in a log scale.
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Protocol Dependence of LoC MAGE

The LoC protocol was found to have a strong influence on the transformation frac-

tion and efficiency. Transformation fraction and efficiency were found to degrade

as more steps in the transformation protocol were ported from the benchtop to the

EWD cartridge. Compared to the benchtop experiment, a 56× reduction in trans-

formation efficiency was observed when a complete cycle of MAGE was performed

on the EWD cartridge. In contrast, the performance of the case in which only elec-

troporation and recovery were performed on the EWD cartridge was found to be

statistically similar to the benchtop MAGE experiment. Figure 6.13 compares the

survival fraction (solid blue), transformation fraction (hatched blue), and transfor-

mation efficiency (light red) of the LoC MAGE experiments that varied with respect

to MAGE steps performed on the EWD cartridge. Both axes in Figure 6.12 are

plotted on a logarithmic scale.

Figure 6.13 shows that the survival of each case is approximately equal with the

benchtop, bench-EP/EWD, and LoC-EP/EWD cases exhibiting survival fractions

of 0.028 ± 0.018, 0.017 ± 0.010, and 0.020 ± 0.021, respectively. However, in terms

of transformation fraction and efficiency, significant degradation of performance was

observed when the initial growth and media exchange steps of the MAGE proto-

col were completed on the EWD cartridge. When initial cell growth and media

exchange were conducted off chip, denoted as Bench-EP/EWD in Figure 6.13, the

transformation efficiency was found to be 1.7 ± 0.89 × 108 cfu/µg. This result is

statistically identical to the benchtop transformation efficiency, which was found to

be 1.9± 0.39× 108 cfu/µg. In contrast, when each step in the MAGE protocol was

completed on the EWD cartridge, denoted as LoC-EP/EWD in Figure 6.13, the

transformation efficiency fell to 3.4± 2.1× 106 cfu/µg.
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Figure 6.13: Dependence Media Exchange on LoC MAGE Performance. Survival
(solid blue) and transformation fractions (hatched blue) are plotted on the left verti-
cal axis and transformation efficiency (light red) is plotted on the right vertical axis.
Both axes are plotted in a log scale.

Test of On-Cartridge Cell Growth

The commercial EWD cartridge was found to support normal cell growth. Cell

suspensions pipetted into the cartridge were found to contain 1.78 ± 0.08 × 107

cfu and samples collected after a 2.5 hr growth at 30 ◦C were found to contain

5.69± 0.09× 108 cfu. This change reflects a 32× increase in cell density, which was

expected considering that the doubling time of EcNR2 is known to be approximately

30 min in the early- to mid-log growth phase.
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6.3.9 LoC Automated Genome Engineering Summary

This section reported key details regarding the implementation of the MAGE pro-

tocol in the EWD LoC environment. A total of 6 experiments were conducted on

a commercially available EWD cartridge to investigate the impact of the EP pulse

and media exchange protocols on the survival and transformation of EcNR2 cells

with the bla restore oligo. The data shown in this section suggest that the EP/EWD

device works as intended as benchtop performance was reproduced for transforma-

tion experiments that made use of on-cartridge electroporation with the EP/EWD

device. However, on-chip media exchange and heat shock were found to significantly

degrade the efficiency of LoC MAGE.

6.4 Microstreaming-Assisted Electroporation in the EWD Platform

This section outlines the experimental approach used for investigating the use of

ultrasound to improve electroporation in the EP/EWD device. The objective of

this experiment is twofold. First, ultrasound-induced in-droplet microstreaming will

be demonstrated and characterized in the US/EWD device. Secondly, the on-chip

electroporation of EcNR2 cells will be investigated in the presence of a 250 kHz

ultrasonic excitation. It is hypothesized that an ultrasonic excitation of sufficient

magnitude will result in microstreaming activity that is 1) confined in a single droplet

on the EWD platform and 2) can be leveraged to boost the effect of an EP pulse

applied to a popluation of cells in a confined droplet.

On-chip electrosonoporation is touted in the literature as a synergistic mecha-

nism for porating cells in suspension, but there is little experimental evidence that

illuminates the mechanism of the effect [55]. Further, the combination of ultrasonica-

tion and electroporation remains unreported in droplet-based microfluidics platforms.

This study seeks to demonstrate in-droplet microstreaming as well as investigate the
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underlying principle that drives any potential synergy of combining the two poration

methods.

6.4.1 In-Droplet Microstreaming

In-droplet microstreaming was demonstrated with the use of 1.8 µm diameter Fluoresbrite®

YG polystyrene microspheres (Cat. No. 18338-5, Polysciences, Inc.). US/EWD chips

were staged in an inverted fluorescence microscope and droplets containing the YG

microspheres were dispensed and transported to the center of the PZT transducer.

Once in place, the droplets were exposed to 500 bursts of 250 kHz ultrasound. The

bursts consisted of 500 cycles each and were applied with a pulse repetition frequency

(PRF) of 50 Hz. The amplitude of the ultrasonic excitation was varied from 0 to 200

mVp-p.

US/EWD Chip Staging

Batches of US/EWD devices were designed and fabricated using methods discussed

in Sections 3.3 and 4.3, respectively. The devices included an EWD electrode pitch

of 700 µm and a top plate into which a disc-shaped (5 mm OD, 8 mm thick) PZT ul-

trasound transducer was mounted. Individual EWD chips were loaded into the EWD

test apparatus described in Section 5.4.2, and electrical connections were made to

the EWD chip and the US transducer according to the schematic shown in Fig-

ure 5.7. The EWD test apparatus was placed into the Zeiss Axio Observer inverted

fluorescence microscope and imaged with the GFP filter cube.

Fluid Input

Once the US/EWD chips were set in place and the electrical connections established,

approximately 25 µL of 2 cSt silicone oil (ALL, Inc.) was added to the EWD devices

with a P200 micropipette via the pipette inlets near the fluid reservoirs. The EW

voltage was set to a 1 kHz, 40 Vp-p sine wave and the EWD control GUI was used

188



to energize all four EWD electrodes in the reservoir on one side of the EP/EWD

device. A diliute suspension of YG microspheres was prepared by pipetting 0.5 µL

of the stock suspension into 1 mL of 0.05% Tween-20 in a 1.5 mL microcentrifuge

tube, producing a final concentration of 2.8 × 106 particles/mL. With the EWD

reservoir electrodes activated, 2 µL of the diluted suspension of YG microspheres

were pipetted into one EWD reservoir with a P10 micropipette.

Droplet Manipulation and Acoustic Excitation

Once the EWD reservoirs were loaded with the YG microspheres, single droplets

were dispensed and actuated to the PZT transducer. With the droplet held in place

by a single EWD electrode, the droplets were insonified with 500 bursts of 250 kHz

ultrasound. Each burst consisted of 500 cycles of a 250 kHz sine wave repeated at

50 Hz for a total ultrasound exposure of 1 s applied over 10 s. The pre-amplified

amplitude of the ultrasound was varied from 0 to 200 mVp-p in increments of 50 mV.

After amplification through a 55 dB RF amplifier, the amplitude ranged from 0 to

112 Vp-p.

Data Acquisition and Analysis

Sequences of fluorescence micrographs were acquired at a frame rate of 10 fps before,

during, and after insonation using MetaMorph® microscopy automation and image

analysis software. Exposure times of 20 ms were used for each micrograph taken

in the 200-image (20 s) sequence. The resulting images were analyzed using the

particle-image-velocimetry (PIV) suite PIVlab 1.4 in MATLAB® to quantify induced

flow patterns and particle velocities for a range of amplitudes incident on the PZT

transducer [195].
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Results

The application of 250 kHz ultrasound to a single droplet of 1.8 µm polystyrene

microspheres was found to induce fluid flow within a droplet held in place by an EWD

electrode. Fluorescence micrographs captured before (A), during (B), and after (C)

the application of a 150 mVp-p excitation to the droplet are shown in Figure 6.14 (A-

C). A comparison of Figures 6.14 (A) and (C), which reflect the fluid flow in a static

droplet, to Figure 6.14 (B), which shows the droplet during insonation, qualitatively

reveals the occurrence of acoustic streaming activity. The streaking effect observed

Figure 6.14: Microstreaming Particles in the US/EWD Device. Fluorescence mi-
crographs of single droplets containing 1.8 µm Fluoresbrite® microspheres before
(A), during (B), and after (C) the exposure to the ultrasound correspond in time to
the fluid velocity profiles computed in (D), (E), and (F).
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in Figure 6.14 (B) is a result of the motion of the microspheres, and therefore fluid,

during the application of the ultrasound.

Results computed in the PIV analysis are shown in Figure 6.14 (D-F). Each

column in Figure 6.14 represent a pair of time-correlated images. As shown in Fig-

ure 6.14 (A) and (C), no significant fluid velocity was observed when the ultrasound

excitation was absent. However, during insonation, a quadrupole flow pattern was

observed in the droplet. This quadrupole flow pattern was observed for input ampli-

tudes greater than 100 mVp-p.

For each value of the amplitude applied to the PZT transducer, fluorescence

micrographs of the entire 20 s ultrasound exposure were captured. In-droplet mi-

crostreaming velocity profiles were computed and the average microstreaming veloc-

ity was calculated for a region inside the droplets. This analysis produced a time-

series of the average velocity in the droplets during each experiment. Figure 6.15 (A)

shows the time-correlated average velocity as computed by PIV for the experimental

Figure 6.15: In-Droplet Microstreaming Velocity. (A) Time-correlated average
velocity as computed by PIV for the experimental range of input ultrasound am-
plitudes. (B) Box plot of velocity magnitude for the experimental range of input
voltages. (Inset) Approximate peak pressure applied by the PZT with respect to
pre-amplified input voltage.
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range of input ultrasound amplitudes. The data clearly indicate the effect of the

applied ultrasound as a rapid increase in average fluid velocity in the droplet that

scales with input amplitude.

The data also show that the velocity distribution tends to widen as the PZT

driving voltage increases. Figure 6.15 (B) shows a box and whisker plot of the in-

droplet velocity magnitude measured in the PIV analysis for a range of PZT driving

amplitudes. A baseline velocity of 0.032 ± 0.057 mm/s was observed at a driving

voltage of 0 mVp-p indicating the presence of fluid flow in a stationary droplet. As

the voltage was increased, the mean velocity was found to increase approximately

quadratically from 0.040 ± 0.057 mm/s at 50 mVp-p to 0.063 ± 0.076 mm/s at 100

mVp-p to 0.220 ± 0.295 at 150 mVp-p to finally, 0.400 ± 0.358 mm/s at 200 mVp-p.

Droplet excitation was found to be unstable for input voltages above 200 mVp-p,

which cause rapid droplet breakup and catastrophic cavitation in the oil and aqueous

phases.

6.4.2 Microstreaming-Assisted EWD-Enabled Electroporation

With in-droplet microstreaming activity characterized, the impact of adding acoustic

microstreaming to an on-chip EP protocol was investigated to test the hypothesis

that in-droplet agitation applied during an EP pulse protocol will boost EP. Droplets

of EcNR2 cells were dispensed and actuated to the US/EP/EWD device and simulta-

neously sonicated and electroporated. Treated droplets were collected and cultured

off-chip for subsequent analysis of cell survival.

Cell Suspension Preparation

Cultures of the EcNR2 E. coli strain were obtained from the Church Lab (Harvard

University). Upon arrival the liquid cultures were streaked onto an LB agar plates

containing 12.5 µg/mL chloramphenicol. The EcNR2 strains used in this study
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were previously engineered to exhibit a resistance to chloramphenicol. This offers

protection against contamination during sample preparation and storage.

The evening before a experiment, an overnight culture of EcNR2 was prepared

by pipetting 3 mL of LB broth into a 15 mL plastic cell culture tube. Using sterile

technique, a single colony was selected from the source plate with a nichrome inoc-

ulating loop and added to the LB broth in the culture tube. The culture was then

placed in a roller drum in a 30◦C incubation cabinet and grown overnight.

The following morning, 100 µL of the overnight culture was diluted into 3 mL of

fresh LB broth in a 15 mL plastic cell culture tube. The culture was then returned

to the roller drum and grown at 30 ◦C for 2.5 hr, producing a cell culture of OD600

of 0.668 ± 0.033 (5.34 ± 0.26 × 108 cells/mL) as measured by spectrophotometry

(GENESYS™ 20, Thermo Scientific™). After the 2.5 initial growth, the culture tubes

were immediately placed on ice.

Media Exchange

An elevated salt concentration in cell cultures poses a problem for electroporation.

High conductivity solutions result in high current densities during electroporation,

which can lead to excessive cell death and low transformation efficiencies [192].

Hence, electroporation typically requires cells to be pelleted and resuspended in

a solution of low ionic strength.

After the 2.5 hr growth, 1 mL of the cell culture was pipetted into 1.5 mL cen-

trifuge tubes that were pre-cooled on ice. The cells pelleted by centrifugation at 3,000

rpm for 90s. The resulting supernatant was decanted and the cells were resuspended

in 1 mL of ice cold 0.01% Tween 20 in nuclease free DI water. A second wash was

performed by repeating the previous step. The culture was then pelleted again by

centrifugation at 3,000 rpm and resuspended in 200 µL of ice cold 0.05% Tween 20

in nuclease free DI water, resulting in a 5× concentration of the cell suspension to
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an OD600 of 3.34 ± 0.15 (2.67 ± 1.2 × 109 cells/mL). The culture was placed on ice

for 15 min while the US/EP/EWD chip was staged.

6.4.3 US/EP/EWD Chip Staging

Batches of US/EP/EWD devices were designed using methods discussed in Sec-

tions 3.2, 3.3 and fabricated using methods discussed in Section 4.2 and 4.3. The

EP/EWD bottom plates included an EWD electrode pitch of 700 µm and an EP

wire width of 60 µm, which imparted a fractional area of coverage, AEP/AEW, of

0.34 per Eq. 3.9. The US/EWD top plates included a disc-shaped (5 mm OD, 8 mm

thick) 250 kHz PZT ultrasound transducer.

Individual EWD chips were loaded into the US/EP/EWD test apparatus de-

scribed in Section 5.4.1. A CCD camera and telephoto lens mounted beneath the

EWD stage allowed real-time microscopic imagery of the device during each test.

Chips under test were secured in place by the test and stage clips shown in Fig-

ure 5.8. After the chips were mounted, electrical connections to the bottom and top

plate were made by attaching the ribbon connector to the test clip and the EWD

ground (alligator clip) to the lateral side of the bottom plate. BNC-to-alligator ca-

bles were used to connect the EP (+) terminal to the CMOS electroporator and the

impedance matching transformer to the PZT leads as shown in Figure 5.7.

Fluid Input

Once the US/EP/EWD chips were set in place and the electrical connections es-

tablished, approximately 25 µL of 2 cSt silicone oil (ALL, Inc.) were added to the

EWD devices with a P200 micropipette via the pipette inlets near the fluid reser-

voirs. The EW voltage was set to a 1 kHz, 40 Vp-p sine wave and the EWD control

GUI was used to energize all four EWD electrodes in the reservoir on one side of

the US/EP/EWD device. With the EWD reservoir electrodes activated, 2 µL of
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the EcNR2 culture/DNA mixture were pipetted into one EWD reservoir with a P10

micropipette, and 2 µL of recovery media, which consisted of LB broth containing

0.05% Tween 20, was pipetted into another reservoir on the opposite side of the

EP/EWD chip.

MS-Assisted EP/EWD Protocol

A simple protocol was developed for the investigation of MS-Assisted EP in the EWD

environment. The protocol is summarized in Figure 6.16. With the EWD reservoirs

loaded with the EcNR2 culture on one side of the EP/EWD chip and the recovery

media in the opposing reservoir, the EWD control GUI was used to dispense 2× (200

nL ) droplets of cells and recovery media. The droplet containing recovery media was

transported to an EWD electrode adjacent to the site of the US/EP/EWD device.

Once the recovery droplet was in place, the droplet containing cells was trans-

ported to the EP/EWD device, as shown in Figure 6.16 (A-B). With the droplet of

cells positioned over the US/EP/EWD electrode, the US and EP pulses were trig-

gered with a master pulse. Figures 6.16 (B) and (C) show the droplet of cells before

and after the US/EP pulses were administered, respectively. Afterward, the recovery

droplet was merged with the droplet containing the cells and finally actuated to the

recovery reservoir as shown in Figure 6.16 (D-E).

A P10 micropipette was used to collect the entire contents of the recovery reservoir

and some additional silicone oil, which totaled 5 µL. The collected fluid, 2.4 µL of

which was aqueous, was added to 1 mL of LB broth in 15 mL plastic cell culture

tubes pre-warmed to 30◦C. The time of collection was noted and the tubes were

incubated with agitation at 30◦C for 3 hr.

The US and EP pulses were synchronized with a pulse generator (Model DG535,

Stanford Research Systems, Inc.). A BNC T-adapter was used to connect the pulse

generator to the external trigger inputs on the real instrument panels of the EP pulse
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Figure 6.16: MS-Assisted EP/EWD Assay. (A) Droplets containing cells and
recovery media were dispensed and transported to the US/EP/EWD device; the
outline of the PZT transducer face is indicated by the dotted line. (B) The recovery
droplet was held near the US/EP/EWD device during pulse delivery. (C) Synchro-
nized US and EP pulses were applied to the droplet of EcNR2 cells. (D,E) The
recovery droplet was merged with the droplet of cells. (F) The resulting droplet was
actuated to the recovery reservoir for collection and off-chip processing.
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Figure 6.17: MS-EP Timing Diagram. (A) Expanded view of a single EP pulse
and many of the US pulses applied to the droplet. Note that the plot of the US pulse
actually shows the envelope of the US signal applied to the PZT. (B) The timing
diagram of the control signals used to synchronize the MS-assisted EP experiment
includes the master pulse (MP), the EP pulse (EP), and the US pulse. The EP pulse
was delayed by td = 0.3328 s. The timescales of the two sets of plots differ by a
factor of 50.
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control and US pulse control waveform generators. EP pulse control and US pulse

control were established with the use of two waveform generators (Model 33250A,

Agilent).

The EP pulse control, which drove the CMOS EP circuit, was programmed to

output three 10 ms wide 5 V pulses, with a PRF of 1.5 Hz and an initial delay of

0.3328 s. Meanwhile, the US pulse control was programmed to initiate 100 bursts of

250 kHz ultrasound, each 500 cycles long. The input voltage of the ultrasound signal

was a 150 mVp-p sine wave and was amplified with a 55 dB RF amplifier (Model

2100L, Electronics & Innovation, Ltd.). Figure 6.17 shows the timing diagram of the

EP and US signals used to test MS-assisted EP activity. The EP pulse magnitude

was set to 2.2 kV/mm (110 V). During pulse delivery, the voltages applied between

the EP (+) terminal and the EP/EWD ground and the between the PZT leads

were measured with high voltage 1:100 probes and an oscilloscope (Model 54624A,

Agilent).

Experimental Controls

The MS-assisted EP/EWD protocol was repeated a total of 23 times on a single

device. The device was flushed with approximately 300 µL of silicone oil between

trials. Five cases included droplets that were not pulsed; six cases included droplets

that were only exposed to ultrasound; six cases included droplets that were only

exposed to electroporation pulses; and 6 cases included droplets that were exposed

to both EP and US pulses. When obvious, anomalous behaviors associated with the

pulse delivery and post-pulse appearance of the chips and droplets were noted.

Off-Chip Sample Processing

After the 3 hr recovery growth, the samples were serially diluted by factors of 10 in

preparation for plating. For each dilution, 20 µL of recovered cell culture were added
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to 180 µL of LB of LB broth in 1.5 mL centrifuge tubes. Dilutions were carried out

four-fold, which produced samples diluted by factors of 10−1, 10−2, 10−3, and 10−4

for each sample recovered.

The 10−3 and 10−4 dilutions of each sample were then plated on 100 mm LB agar

plates containing 12.5 µg/mL chloramphenicol (Cat. No. L1013, Teknova, Inc.) and

incubated upside down at 30◦C for 18 hr. A total of 50 µL of each dilution was

cultured separately, on one half of the agar plate. After the incubation, all plates

were imaged and the resulting colonies were counted using the image processing suite,

ImageJ (National Institutes of Health, USA). For each sample recovered, survivors

(S) were counted as the number of colonies that grew on the LB-chloramphenicol

control plates. The survival fraction, Sf of each sample in the control group was

defined as the ratio of survivors to the number of survivors that were not pulsed, S0.

Additional Experimentation with the MS-EP/EWD Protocol

In addition to the basic trials described in this section, a simple MS-assisted elec-

trotransformation of EcNR2 was attempted with the pGERC plasmid. EcNR2 cells

were prepared as described above, as were US/EP/EWD devices, and fluids. How-

ever, during the media exchange step described in Section 6.4.2, 5 µL of 93.9 ± 2.1

ng/µL pGERC plasmid DNA were added to the 200 µL of cells in 0.05% Tween 20,

which resulted in a final DNA concentration of 2.29±0.05 ng/µL. The culture/DNA

mixture was mixed via agitation for 10 s and placed on ice for 15 min while the

EP/EWD chip was staged. The MS-assisted EP/EWD protocol and similar off-chip

sample processing were then executed in an attempt to quantify cell survival and

transformation.
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Results

The MS-assisted EP/EWD experiment produced two notable results. First, droplet

opacity was found to markedly rise during ultrasound exposure. Secondly, MS ac-

tivity, when coupled with EP pulses, was found to significantly reduce the survival

of cells. The former result was unexpected while the latter is congruent with the

hypothesis regarding the MS-induced enhancement of EP pulses. Unfortunately, no

transformants were observed in the additional experimentation involving the MS-

assisted electrotransfer of the pGERC plasmid.

Droplet opacity was quantified through image analysis in MATLAB®. The

contrast-to-noise ratio (CNR) of the grayscale pixel values for a rectangular region

of interest with an exposed droplet were computed in the following way:

CNR (t) =
|µ (t)− µ0|

σ0

, (6.2)

where µ0 and σ0 are the initial mean and standard deviation of the grayscale value

of the region of interest and µ (t) is the mean grayscale value in the region of interest

at any given time, t.

Figure 6.18 shows the evolution of the CNR over an entire 2 s US and EP pulse

sequence delivery. Figures 6.18 (A) and (B) show the recovery droplet and regions of

interest before and after the pulse delivery, respectively. A time series of the CNR is

plotted in Figure 6.18 (C). The mean and standard deviation of the grayscale value

of the region of interest before and after the administration of the EP and US pulses

were found to be 0.012±0.007 and 0.281±0.029, respectively. This change represents

a 22-fold increase in the CNR during the applied US and EP pulses.

Figure 6.19 summarizes the survival of EcNR2 cells for the MS-assisted EP exper-

iment in a box and whisker plot. The control group was exposed to neither US nor

EP pulses and exhibited a survival fraction of 1.00±0.21 (4.42±0.91×108 cfu). The
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MS group was only exposed to US pulses and exhibited a survival fraction statisti-

cally identical to that of the control, 0.97± 0.22 (4.28± 0.96× 108 cfu). The EP was

only exposed to EP pulses and exhibited a survival fraction significantly lower than

the control, 0.39±0.16 (1.71±0.71×108 cfu). Finally, the MS-EP group was exposed

to both EP and US pulses and exhibited a survival fraction significantly lower than

Figure 6.18: MS-EP Results. (A) Droplets and region of interest before the US
and EP pulses were delivered. (B) Droplets and region of interest after the US and
EP pulses were delivered. (C) A time series of the CNR before (0–1 s), during (1–3
s), and after (3–4 s) the delivery of US and EP pulses.
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both the control and the EP group, 0.20± 0.11 (0.86± 0.49× 108 cfu). A Student’s

T-Test, performed on the EP and MS-EP samples, produced a two-tailed p-value of

0.0406, indicating a significant statistical difference between the two distributions.

MS-Assisted EP/EWD Summary

The experiments presented in this section quantify two effects of coupling US to

EWD-actuated droplets. Particle image velocimetry was used to characterize mi-

crostreaming flow fields and fluid velocity magnitudes for droplets exposed to 250

kHz ultrasound for a range of excitation voltages. Quadrupole flow fields with an

average in-droplet streaming velocity ranging from 40 to 400 µm/s were observed

for PZT voltages that ranged from 28 to 112 Vp-p. In a subsequent experiment, the

Figure 6.19: MS-Assisted EP/EWD Survival. The groups MS, EP, and MS-EP
represent groups of droplets that were exposed to US only, EP only, or synchronous
US and EP pulses. The ∗ above the EP and MS-EP groups indicate a two-tailed
p-value of 0.041, N = 6.
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effect of coupling MS activity to an EP pulse protocol was investigated. Compared

to a no pulse control, MS alone, and EP alone, cell survival was significantly reduced

when MS and EP were applied simultaneously to droplets containing EcNR2 cells.

6.5 Summary

Results from four experimental efforts regarding EWD-enabled EP were presented

in this chapter. Droplet transport, cellular transformation, fully automatic LoC

MAGE operation, and MS-assisted EP/EWD functionality were all demonstrated

in the preceding sections. The findings of each experimental effort are summarized

below.

In Section 6.1, basic fluid transport over the EP/EWD device was investigated.

Transport parameters including threshold voltage, transport time, and actuation

velocity were measured experimentally and compared with predictions based on a

theoretical model of fluid transport. As expected, the presence of the EP wire was

found to significantly increase threshold voltage and transport time while reducing

actuation velocity. In spite of these consequences, reproducible and robust droplet

transport was observed over the EP/EWD device.

Section 6.2 focused on the experimental methods and results for EWD-enabled

gene electrotransfer experiments. Methods for general EWD chip setup, cell cul-

ture methods, EWD protocol, and off-chip sample workup were described in detail.

The findings presented in this section range from those fundamental to membrane

electroporation to those idiosyncratic to EWD-enabled EP. The EP/EWD devices

developed in this work were found to provide the functionality necessary for bulk

electrotransformation of bacterial cells. The basic EWD-enabled EP protocol devel-

oped in this section was used to demonstrate the electrotransfer of pGERC plasmid

DNA for a range of EP pulse strengths. Toward this goal, a peak transformation

efficiency of 8.6 × 108 cfu/µg was observed for a single EP pulse of 2.25 kV/mm
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in the EP/EWD device. In addition to characterizing transformation efficiency, cell

survival and molecular transport was also measured. Cell survival, which is indica-

tive of the extent of irreversible membrane electroporation, was found to scale with

the product of pulse energy density and pulse number, στE2
√
n rather than pulse

charge density, στE. Meanwhile, the transport of pGERC plasmid into electropo-

rated EcNR2 cells was found to follow an asymptotic trend, which plateaued around

20 copies/cell at a field strength of 2.25 kV/mm. Lastly, several anomalous behaviors

were attributed to indications of device failure. These non-ideal behaviors included

hydrolysis, post-pulse contact line pinning, and dielectric breakdown in the top and

bottom EWD plates.

The focus of Section 6.3 involved porting an entire MAGE cycle to a commercial

EWD platform. The fully automated LoC MAGE protocol that was developed in

this section included on-cartridge cell growth, media exchange, electroporation, and

recovery was reported. Survival and transformation of EcNR2 cells with the bla

restore oligo were measured for 6 different experimental cases. These cases included

3 protocols that differed by EP pulse strategy and 3 protocols that differed by the

number of MAGE steps accomplished on the EWD cartridge. The pulse protocols

investigated included 1) single, 2) double, and 3) double pulses with reversed polarity.

The workflow protocols included 1) a case done entirely on the benchtop, 2) a case in

which growth and media exchange was done on the benchtop and EP and recovery

was done on the cartridge, and 3) a case done entirely on the EWD platform. On

the EWD cartridge, double EP pulses with reversed polarity and a strength of 2.25

kV/mm were found to transform cells with the highest efficiency (3.3 ± 2.1 × 106

cfu/µg). With regard to the on-cartridge MAGE protocol, benchtop performance was

replicated when initial cell growth and media exchange was done on the benchtop.

However, when the MAGE protocol was executed entirely on the EWD cartridge,

transformants were produced with an efficiency of 3.5± 2.1× 106 cfu/µg.
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Section 6.4 focused on improving electroporation by adding in-droplet acoustic

microstreaming. The two primary results of this study included 1) the characteriza-

tion of microstreaming flow fields caused by ultrasound exposure and 2) quantifica-

tion of the effect of simultaneous MS and EP on EcNR2 cells in an EWD system.

With regard to in-droplet microstreaming, pulsed ultrasound (250 kHz) exposure was

found to cause quadrupole microstreaming field with average velocities that ranged

from 40 to 400 µm/s. When combined with synchronized EP pulses, in-droplet MS

activity was found to significantly reduce cell survival compared to cases in which

only EP pulses, only MS, or neither EP nor MS were applied.

The data presented in this chapter result from the application of scientific princi-

ples developed throughout this thesis. Hence, Chapter 6 relies heavily upon concepts

from electroporation theory, device design, fabrication, and instrumentation, which

were presented in earlier chapters. This chapter launches these ideas into practice

and seeks to reach the objectives set forth early in this thesis. With results from

this chapter in mind, the following chapter compares experimental observation with

theoretical predictions and hypotheses in an effort to distill a practical understanding

of scaled and automated genome engineering in EWD digital microfluidic systems.
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7

Discussion of Results

The goal of this chapter is to integrate experimental outcomes with theoretical and

practical principles of developing the EP/EWD platform. This chapter reviews no-

table results and delves into possible explanations of various experimental outcomes.

This discussion seeks to address discrepancies between theory and experiment and

propose revisions to hypotheses and methods for future experiments.

The chapter is divided into sections by experiment. First, droplet transport over

the EP/EWD device is discussed first followed by the on-chip transformation results,

which were observed on a similar device. Subsequently, the discussion turns to the

performance of LoC MAGE in the commercial EWD platform and MS-assisted EP

in the custom EWD device. The chapter concludes with a brief summary of the

central principles revealed in this study.

7.1 Droplet Transport in the EP/EWD Device

7.1.1 Review of Results

As hypothesized, the proposed EP/EWD device was found to support droplet trans-

port at an elevated EW voltage without exhibiting signs of dielectric breakdown.
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Aside from this, theoretical predictions and experimental observations showed mod-

est agreement. Although the EP/EWD electrode as designed was found to be a

robust and reusable device, the results of the fluid transport experiment demon-

strate the need for a revised model. The device model successfully predicted the

operational basis for the EP/EWD device, but further work is needed to predict

more sensitive transport experiments.

7.1.2 Experiment vs. Theory

The presence of the EP wire was hypothesized to significantly impede droplet trans-

port due to electric field screening of the droplet contact line from the EWD electrode.

However, it was predicted that this impediment could be overcome by increasing the

EWD voltage to a value that would restore droplet transport and preserve the EW

dielectric. The fluid transport model developed in Section 3.2.4 predicted that a 25%

increase in threshold voltage would be required to restore droplet actuation over the

EP wire, and compared to the EP wire-free case, the EP/EWD device may exhibit

a 20% increase in transport time, and a 15% decrease in actuation velocity.

As described in Section 6.1, the threshold voltage, transport time, and actuation

velocity were found to change by 29%, 82%, and -44%, respectively. Compared to

the predicted parameters, the observed transport parameters reflect percent errors

of 14%, 76%, and 65%, respectively. To put this into perspective, the fluid transport

model was capable of predicting threshold voltage within 6 V, transport time within

0.39 ms, and actuation velocity within 0.9 mm/s.

These discrepancies are likely due to estimation of key physical parameters and

omission of more complicated terms in the Navier-Stokes formulation of the surface

tension force shown in Eq. 3.20. Regardless, the deviation between experiment and

theory indicate a considerable limitation in the current form of the fluid transport

model. Key improvements are discussed as future work in Section 8.4.1.
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7.2 EWD-Enabled Electroporation

7.2.1 Review of Results

As reported in Section 6.2, a basic EWD-based gene electrotransfer protocol was

demonstrated on the custom EP/EWD system. This simplified approach sought to

quantify the performance of a single step of the electrotransfer process in a novel elec-

troporation device. Accordingly, significant off-chip sample processing was required

to isolate the transformation performance of the device from the entire EP protocol.

This approach enabled characterization of the EP/EWD device, rather than that of

a multistep protocol.

Overall, the EP/EWD devices were found to be reliable, robust, and reusable.

Multiple transformation experiments (∼10) were completed on single EP/EWD de-

vices with negligible wear and contamination. Additionally, little variation in perfor-

mance was observed between batches of devices. Survival and tansformation rates

determined on EP/EWD devices from different fabrication batches were found to

follow single trends. This outcome highlights the stability and reproducibility of the

device design and fabrication methods used for device realization.

Transformants of the EcNR2 base strain were produced on the EP/EWD with the

pGERC plasmid for a range of EP pulse strengths and numbers. The demonstration,

was limited to two experimental variables: pulse strength and pulse number. Many

other experimental parameters, which were held constant in this study may have

significant impact on electrotransfer efficiency. Cell and DNA concentration, pulse

shape, width, and polarity, transformant recovery time and selection are all critical

parameters in the electrotransfer protocol, but were set as constants in this initial

study. Hence, this study offers a sucessful proof-of-concept of gene electrotransfer

in the EWD environment that demands more extensive characterization, which is

considered as future work in Section 8.4.3.
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7.2.2 Experiment vs. Theory

Peak Transformation Field

The electrostatic model for the EP/EWD device presented in Section 3.2.3, was

used to form the hypothesis that peak transformation rates for single EP pulses

would require electric field strengths greater than the reported 1.8 kV/mm value to

compensate for the regions of reduced field intensity inherent to the serpentine wire

geometry. This prediction was based upon the nonuniform distribution of the electric

field computed for the EP/EWD device. As expected, peak transformation rates for

single pulse experiments were found to occur at electric field strengths significantly

higher than those reported for electrotransformation of EcNR2 [25]. The single pulse

peak transformation field strength, which was observed at 2.25 kV/mm, represents

a 25% increase in the reported optimum field strength of 1.8 kV/mm [25].

Single vs. Multiple Electroporation Pulses

It was also hypothesized that multiple EP pulses would result in more extensive elec-

troporation for a given pulse strength and exhibit a peak transformation efficiency at

a lower pulse strength compared to a single pulse experiments. Peak transformation

efficiencies for the 1 and 10 pulse EP/EWD experiments were found be 8.6 × 108

cfu/µg at 2.25 kV/mm and 7.0×106 cfu/µg at 0.9 kV/mm, respectively. Peak trans-

formation field strength was found to decrease with the number of applied EP pulses,

as expected. However, the dramatic reduction in transformation efficiency with pulse

number was not expected.

Rationale from the model of electroporation from Section 2.3.4 may offer key in-

sight into the results regarding multiple pulsed electroporation. The model suggests a

contrary relationship between size and total number of electropores produced during

a transient pulse. The simulations show that pulses of low electric field strength pro-

duce a few electropores (∼ 102) with a relatively large radius, approximately 100 nm.
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In contrast, slightly higher electric field pulses are expected to produce exponentially

many more electropores (∼ 104) with an average radius around 20 nm. Under this

rationale, it was likely the case that the low-field, 10-pulse EP experiments produced

far fewer electropores than the stronger, single-pulse EP experiments.

Small angle neutron scattering measurements suggest the diameter of superheli-

cal plasmids of comparable size to pGERC to be < 20 nm in a salt concentration

of 10 mM [196]. Thus, it is reasonable to assume that DNA transfer for the EP ex-

periments included in this study was not limited by the size of the electropores, but

rather by the number of the pores created during the EP pulse. This explanation is

corroborated by the results observed experimentally. The electropore model suggests

that a small reduction in the electric field strength of the EP pulse will result in the

production of exponentially fewer electropores. This is precisely what was observed:

as the peak transformation field strength was reduced from 2.25 kV/mm in the single

pulse experiment to 0.9 kV/m for the 10-pulse experiment, transformation efficiency

decreased by 2 orders of magnitude.

Scaling Behavior of Irreversible Electroporation

One striking result presented in Section 6.2.8 is the trend observed in cell survival,

which is referred to in other contexts as irreversible electroporation. When plotted

against the strength of the electric field, E, the 1 and 10-pulse EP/EWD experi-

ments fell on two distinctly different curves. These data were presented over three

orders of magnitude in a semi-log plot in Figure 6.5 (A). However, when the same

data were plotted against the product of energy density and square root of the pulse

number, στE2
√
n, a single trend emerged. Moreover, a linear relationship was ob-

served between the log10 of the survival fraction of both 1 and 10-pulse experiments

and corresponding values of στE2
√
n. The adjusted R2 value of this trend was 0.94.

These data suggest that irreversible electroporation scales with pulse energy and
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number, στE2
√
n.

Opposing theories on irreversible electroporation are currently unresolved. The

statistical analysis of gene electrotransfer offered by Canatella and Prausnitz suggest

that irreversible electroporation scales with a term that closely resembles the product

of pulse energy density and the square root of the number of pulses, στE2
√
n, a

conclusion that the results of the EP/EWD experiments corroborate [137]. However,

Schoenbach, et al. and Krassowska, et. al oppose this theory, maintaining that

irreversible electroporation scales with pulse charge, στE [138,139].

Cell type is one fundamental difference between the preceding studies and the

EP/EWD study reported here. Each aforementioned study reported on electropo-

ration results using eukaryotic cells [137–139]. In contrast, EP/EWD devices were

tested with EcNR2 E. coli, which are prokaryotic cells. Krassowska et al. attributes

discrepancies in EP survival between cell types to fundamental differences in cel-

lular structure of eukaryotic and prokaryotic cells. Eukaryotic cells have a single

membrane consisting of a phospholipid bilayer while gram negative bacteria, like

E. coli, have an inner phospholipid bilayer, an intermediary peptidoglycan cell wall,

and an outer lipopolysaccaride membrane [98,139]. The EP/EWD performance sug-

gests that the irreversible electroporation of EcNR2 cells is an energy-dependent

phenomenon, rather than one governed by pulse-charge.

7.3 LoC MAGE

7.3.1 Review of Results

As reported in Section 6.3, LoC MAGE was demonstrated in a commercial EWD

platform. A fully automatic genome engineering protocol was established in an EWD

environment. Complete cycles of LoC MAGE were characterized in terms of cell sur-

vival and transformation efficiency of the bla restore oligo. The effects of pulse proto-

col and media exchange were investigated for respective impacts on transformation
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efficiency. Survival fractions for each experimental case were found to be statisti-

cally similar to that of the benchtop performance, but transformation efficiency for

fully automatic EWD-based protocol lagged far behind that of the benchtop MAGE

process. The benchtop process was found to produced transformants with an effi-

ciency of 1.9 ± 0.4 × 108 cfu/µg while the LoC-EP/EWD-based process peaked at

3.4± 2.1× 106 cfu/µg, a factor of 56× less efficient.

In troubleshooting this disparity, the LoC MAGE protocol was bisected and

the latter half was executed on the EWD cartridge. Initial growth and media ex-

change steps were completed off-chip and electroporation and recovery were con-

ducted on the EWD cartridge. This hybrid approach, which utilized a double 2.25

kV/mm EP pulse with reversed polarity, produced transformants with an efficiency

of 1.7 ± 0.9 × 108 cfu/µg. This result was found to be statistically similar to the

benchtop process. Thus, the results presented here suggest that on-cartridge initial

growth, bead-binding, and heat shock contribute to significant losses in terms of

transformation efficiency, rather than the performance of the EP/EWD device itself.

7.3.2 Experiment vs. Theory

It was hypothesized that with some optimization, the performance of LoC MAGE

could be made to match that of the benchtop process. As anticipated, on-cartridge

cell survival was found to match that of the benchtop process for every experimental

case. Also, the transformation efficiency for the case in which media exchange and

heat shock were conducted off-chip was statistically identical to that of the benchtop

process. However, the transformation efficiency of the fully automatic LoC MAGE

process was significantly less than that of the benchtop result. These data point to

on-chip media exchange and heat shock as likely weak points in the LoC process.

In the bench-EP/EWD experiment described in Section 6.3.8, the first half of the

MAGE cycle including initial growth, media exchange, and heat shock steps, were
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conducted on the benchtop. However, on-cartridge cell growth was found to occur

with a rate typical of benchtop cutltures, ∼30 min per generation. This excludes the

initial growth as the problematic step in the LoC MAGE protocol. Thus, the media

exchange steps and/or heat shock steps must be investigated more thoroughly before

any conclusion can be drawn regarding the limitations of LoC MAGE performance.

Media Exchange

Inefficient cell-to-bead complexing is a likely cause for the reduction in efficiency

observed for fully automated LoC MAGE trials. LoC media exchange was handled

by magnetic beads functionalized with mannose binding lectin (MBL), which were

added to the cell culture and mixed on-chip. Once the beads were bound to the cells,

off-chip permanent magnets were actuated to the underside of the EWD cartridge to

pellet the cells and ultimately remove growth media in preparation for on-chip EP.

The MBL beads, themselves, were an experimental entity supplied by an external

collaborator. Poor bead-binding will result in low cell retention during on-chip media

exchange, which ultimately results in fewer cells being electroporated and recovered.

To further complicate the issue, a 5 mM mannose solution was found to be necessary

to prevent in-droplet MBL bead aggregation. Thus, mannose present in the droplet

was in direct competition with mannose moeities of the outer lipopolysaccaride mem-

brane of the EcNR2 cells. Although the sugar enabled even distribution of beads

and cells, its presence may have reduced the capture efficiency of the MBL beads

to the cells thereby diminishing the efficacy of the media exchange step. Further

characterization of the MBL-mannose-EcNR2 interaction is required to address this

issue.
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Heat Shock

On-cartridge heat shock requires more detailed characterization. Heat shock is nec-

essary for activating λ-Red proteins that guide the integration of internalized oligos

into the host genome [25, 101–103]. In theory, heat activation of the λ-Red system

requires cells to be incubated at 42 ◦C for 15 min. The lack of precision and ac-

curacy of temperature control on the EWD platform is one potential explanation

for poor heat shock performance. The commercial EWD platform was not equipped

with temperature probes that monitored the temperature of the fluid layer during

heat shock. Thus, no feedback signal was provided to the on-board temperature

controllers. Additionally, it is unclear how accurately the instrument controls the

temperatures of the heating elements beneath the EWD cartridge.

Inaccuracy in the temperature of the heat shock step may cause one of two prob-

lems. If the temperature is kept too low, then the λ-Red proteins will not be optimally

expressed, which can result in poor oligo integration and ultimately low transforma-

tion efficiency. If the temperature is kept too high, the excess heat may become toxic

to the EcNR2 cells, which reduces cell survival and lowers transformation efficiency.

Hence, accuracy and precision are required for an effective on-cartridge heat shock.

Characterization of the on-cartridge temperature profiles and methods for circum-

venting the lack of accurate temperature feedback are considered as future work in

Section 8.4.5.

Electroporation

The central success of the LoC MAGE demonstration is the performance of the

EP/EWD device. A double, 2.25 kV/mm pulse with reversed polarity replicated the

performance of a comparable benchtop electrotransfer of bla restore oligo in terms of

survival fraction, transformation fraction, and transformation efficiency with initial

cell growth, heat shock, and media exchange performed on benchtop. Respectively,
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the benchtop and bench-EP/EWD processes produced transformants with efficien-

cies of 1.9 ± 0.4 × 108 cfu/µg and 1.7 ± 0.9 × 108 cfu/µg, which reflects an 11%

difference. Equivalent performance of the benchtop and bench-EP/EWD supports

the theoretical framework established for the EP/EWD device in Sections 3.2.3 and

3.2.4.

7.4 MS-Assisted EP

7.4.1 Review of Results

As reported in Section 6.4, in-droplet acoustic microstreaming was demonstrated

in the EWD environment. Moreover, the use of ultrasonics to generate fluid flow

inside of an EWD actuated droplet was successfully applied to the electroporation of

EcNR2 cells. Compared to EP pulses alone, the extent of irreversible electroporation

was 30% greater when US and EP pulses were applied simultaneously.

7.4.2 Experiment vs. Theory

It was hypothesized that ultrasonic excitation of sufficient magnitude would result

in microstreaming activity that could be confined within a single droplet on the

EWD platform. As demonstrated in Section 6.4.1, a pulsed ultrasound excitation of

250 kHz was used to drive quadrupole fluid motion inside of droplets held in place.

Streaming velocities as high as 2.5 mm/s were observed for suspensions of 1.8 µm flu-

orescent beads were imaged during insonation. In-droplet cavitation microstreaming

observed in the EWD platform was comparable to induced fluid velocities reported

by Collis et al. for gas bubbles attached to a horizontal surface and forced at 2.422

kHz at 30 Vp-p [160].

In-droplet MS was then applied simultaneously with EP to EcNR2 cells as an im-

provement to previously established a on-chip EP pulsing protocol. The ultrasound

induced microstreaming flow was theorized to counteract the spatial nonuniformity
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of the EP/EWD device by moving cells through regions of high and low field inten-

sity within the pulsed droplet. Thus, the combination of MS with EP was predicted

to enhance the extent of electroporation by mixing the cells during the EP pulse

delivery. This is precisely what was observed. Droplets exposed to MS and EP con-

tained nearly 50% fewer cells than those exposed to EP alone. Moreover, MS alone

was not found to have any effect on cell viability. These data support the hypothesis

that fluid mixing is a fundamental mechanism of electrosonoporation.

Interestingly, the demonstration of MS-assisted EP was found to coincide with

distinct changes in droplet appearance. Specifically, droplet turbidity was found to

increase dramatically during insonation. It is hypothesized that cavitation events

near the oil and cell suspension interface caused sub-micron sized droplets of oil to

partition into the larger aqueous droplet, resulting in the formation of a microemul-

sion. The resultant oil/water dispersion would exhibit higher rates of Tyndall scat-

tering and appear more turbid than that of an unperturbed aqueous droplet. This

hypothesis remains to be tested.

Lastly, preliminary trials to demonstrate MS-assisted electrotransfer of pGERC

into EcNR2 were unproductive. Although similar survival trends were observed, no

transformants were produced when US and EP were simultaneously applied. This

result may be explained as a result of ultrasonic degradation of the plasmid. DNA

degradation has been shown to depend on ultrasound intensity, exposure time, as

well as the gases present in the DNA solution during sonication [180–182]. Proof of

this explanation is considered as future work in Section 8.4.4.

7.5 Summary

Results regarding the transport and electrotransformation performance of the EP/EWD

device point to successful demonstrations of the technology in two systems, the cus-

tom in-house EWD chips and the commercial EWD platform co-designed with ALL,
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Inc. Additionally, the use of multiple synthetic constructs further supports the util-

ity of the EP/EWD device proposed in this work. However, moderate deviations

between predictions of the fluid transport model and the transport parameters mea-

sured for the EP/EWD device underscore the need for more accurate physical pa-

rameters and possibly new mechanics to account for device defects. The limited

transformation results with the LoC MAGE protocol suggests the need for process

optimization. On-cartridge media exchange and/or heat shock steps were deemed

to be likely causes in the degradation of LoC electrotransfer performance. Finally,

ultrasound-induced in-droplet MS was found to improve EP exposure, as expected,

but the approach was unsuccessful in producing transformants with the pGERC

plasmid. It remains to be determined whether MS-assisted EP will be applicable to

improving electrotransfer in the EWD environment.

In light of the insight gained from the experiments reported in this thesis, the

next chapter reflects upon the new information produced in this research effort.

Building on the experimental results presented here, Chapter 8 further distills the

experimental results into conclusions of the present work and launch points for future

work.
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8

Conclusion

This chapter aims to cast the discussion points from Chapter 7 into a larger perspec-

tive. The chapter opens with a brief comparison of the achievements of this work

to the research objectives established early in the thesis. From these achievements,

contributions of this research are explicitly defined in terms of the fields they ad-

vance, digital microfluidics and genome engineering. From there, the broader impact

and potential influence of EWD-enabled genome engineering are considered. Lastly,

improvements to the effort described in this thesis are discussed as future work.

8.1 Summary of Work

Each of the four objectives proposed in Section 1.5 of this thesis were met in full.

This summary reviews the research objectives and highlights key results that support

their achievement.

8.1.1 Research Objective I

The first research objective called for the development of an EWD device geometry

capable of handling high electric field strength of EP pulses and ultrasound sonication
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while supporting droplet transport. The EP-serpentine wire was found to fulfill to

enable electroporation of E. coli cells in a custom and commercial EWD platform.

As proposed in Chapter 3 and demonstrated in Chapter 6, the width and orientation

of the serpentine wire with respect to the direction of droplet actuation and the

fractional area of coverage, AEP/AEW, were critical to 1) the minimization of EP

field nonuniformity and 2) maintainence of droplet actuation functionality in the

EP/EWD device. The EW dielectric, which comprised a 2 µm thick SU-8 layer and

a 20 nm thick SiO2 adhesion layer in the custom chip and 35 µm thick polyimide

in the commercial platform, likely enabled the robust and reusable device operation

noted for the custom EP/EWD device. All together, the design rationale for selection

of appropriate EP wire width, orientation, and EW dielectric material and thickness

represent the achievement of the first objective of this thesis.

8.1.2 Research Objective II

The second research objective called for the development and use of theoretical and

empirical models of EP/EWD device operation as well as cell electroporation for

optimizing cellular transformation in the EP/EWD device. This objective was ap-

proached and achieved from multiple angles. First, physical models of EWD, EP

and US device operation were developed to understand fundamental limitations and

advantages of certain device geometries. Sections 3.2.4, 3.2.3 and 3.3.2 respectively

describe the hydrodynamic, electrostatic, and thermoacoustic approaches used to

determine viable device geometries. Second, the theoretical model of electropora-

tion, described in Section 2.3.4, was adopted to conceptualize EP pulse protocols

and understand the mechanics of membrane electroporation. Lastly, the empirical

model offered by Canatella and Prausnitz, was used to analyze cell survival, molec-

ular transport, and transformation of E. coli cells in the EP/EWD device [137]. In

turn, this model aided in forming the predictions of each electrotransfer experiment.
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Collectively, the transformation of these theoretical and empirical models into tools

useful for predicting experimental outcomes represents the achievement of the second

objective of this thesis.

8.1.3 Research Objective III

In addressing the third research objective, theory was advanced to practice in the

development of fabrication processes for realizing electroporation and sonporation de-

vices in the EWD environment. As outlined in Sections 4.2 and 4.3, standard micro-

fabrication techniques were reported for the construction of EP/EWD and US/EWD

platforms. A batch process was used in the fabrication of EP/EWD bottom plates

while the EWD and US/EWD top plates were built individually. Each fabrica-

tion routine specifies specific dielectric and metal film thickness, process parameters,

equipment and material suppliers and useful handling procedures that may by carried

out in a standard microfabrication facility. The production and subsequent success-

ful operation of the EP/EWD and US/EWD devices represent the achievement of

the third objective of this thesis.

8.1.4 Research Objective IV

Lastly, and most importantly, the fourth research objective called for the demonstra-

tion and optimization of EWD-coupled electro- and acoustic microstreaming device

operation for the bacterial transformation of E. coli with synthetic DNA constructs.

The successful electrotransfer of synthetic plasmid and oligomeric DNA constructs

was unequivocally demonstrated in two different systems using the EP/EWD device

engineered in this work. The EP/EWD device was used to carryout the fluid handling

and electroporation capabilities required to transform EcNR2 cells with efficiencies

that rival that of benchtop performance. Specifically, peak transformation efficiencies

of 8.6×108 cfu/µg of DNA at an EP pulse strength of 2.25 kV/mm were observed in

220



the custom EWD chip, while the commercial EWD platform produced transformants

with efficiencies as high as 1.7×108 cfu/µg of DNA. For comparison, the benchtop

EP process typically produced transformants with efficiencies of 1.9×108 cfu/µg.

As an improvement to EP in the EWD device, in-droplet MS activity was demon-

strated with the US/EWD device in Section 6.4. As intended, applied US pulses of

250 kHz were found to induce quadrupole flow fields that were confined in a single

EWD-actuated droplet. This principle was then applied to on-chip EP to compen-

sate for electric field nonuniformity inherent to the fields produced by the serpentine

wire. Although cellular transformation was not observed in preliminary trials, the

synchronous application of US and EP was found to significantly reduce the sur-

vivorship of exposed cells compared to those exposed to EP pulses alone. Future

protocol optimization is required to demonstrate conclusively that on-chip MS can

improve EWD-based electrotransfer. The successful electrotransformation of E. coli

cells in the EWD environment and the implementation of in-droplet MS represent

the achievement of the fourth objective of this thesis.

8.2 Contributions

The technological achievements presented in this thesis comprise three contribu-

tions to the fields of Digital Microfluidics and Synthetic Biology. These multidis-

ciplinary advancements offer alternative approaches to efficient LoC genome engi-

neering, which have never been reported in EWD-based platforms. Thus, the con-

tributions offered in this work are the result of augmenting existing EWD device

geometries with novel electroporation and ultrasound hardware.

8.2.1 Bulk Electroporation in an EWD-actuated Drop

EWD digital microfluidics platforms are ideal candidate technologies for automating

labor-intensive laboratory protocols like gene transfer. Incubation, mixing, dilution,
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media exchange, and gene transfer are fundamental benchtop operations that are req-

uisite elements in the synthetic biologists’ toolkit. Until now, the lack of an effective

means of gene transfer in a flexible and programmable LoC platform has prevented

the robust automation of genome engineering methods. The central contribution of

this thesis is the addition of electroporation to the EWD digital microfluidics reper-

toire. This contribution delivers the potential of unprecedented scalability and au-

tomation to the synthetic biologists’ fingertips. With electroporation demonstrated

as a robust EWD-enabled operation, a new, highly-automated and volumetrically

scalable approach to biological experimentation awaits.

8.2.2 EWD-Enabled In-Droplet Microstreaming

The use of integrated PZT transducers for ultrasonic excitation in EWD digital

microfluidic systems has never been reported in the scientific literature. Although the

application of in-droplet MS was investigated as an improvement to EWD-enabled

EP, the technology carries broader implications to the field of digital microfluidics.

The original aim of demonstrating MS in an EWD-actuated droplet involved moving

cells around during EP pulse delivery to homogenize their exposure in a nonuniform

EP field. This approach may solve a more fundamental deficiency that plagues

microfluidic systems: mixing. In-droplet microstreaming is a contribution that lays

the ground work for improving EWD-based assays by decreasing incubation times.

Fluid mixing is limited in microfluidics systems where laminar flow regimes dominate.

This problem is especially apparent in EWD digital microfluidics systems, which

typically require many cycles of droplet actuation to achieve homogeneous mixing.

The use of a US transducer embedded in the EWD top plate stands to eliminate

this hinderance by generating in-droplet flow fields that effectively stir the contents

of a droplet at speeds that surpass those of typical droplet actuation. Thus, EWD-

enabled in-droplet MS represents a significant contribution to the digital microfluidics
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community.

8.2.3 Methods and Devices for Scaling MAGE into a Microsystem

Lastly, EWD-enabled LoC MAGE is a technology that is poised to revolutionize

the synthetic biology community. Currently, the only scientific report of automated

genome engineering accomplished in the EWD LoC environment originates from the

preliminary work of this thesis [197]. The LoC workflow, which includes on-chip

cell growth, media exchange, electroporation, and recovery, represents a significant

contribution to the field of synthetic biology. This contribution expands the po-

tential of EWD-enabled bulk electroporation to that of a fully automated protocol,

which is now poised for optimization and implementation in the synthetic biology

laboratory. In addition to optimization methodology, this contribution demonstrates

that the EWD environment is well-suited for LoC MAGE processing. More practi-

cally speaking, LoC MAGE stands to reduce the manual workload of bioengineers

by completely automating a workflow that might otherwise take one researcher an

entire workday to execute. Although the current rate of LoC MAGE is one cycle

per day, future optimization will likely increase transformation efficiency and reduce

cycle time.

8.3 Impact

It is anticipated that EWD-based LoC AGE will drive the discovery and production

of exotic biomaterials by providing instrumentation for rapidly generating ultra-rich

genomic diversity at arbitrary volumetric scales. The development of radical, new,

and biologically-derived materials will require immense efforts in genome-scale engi-

neering of microbes. The impact of the research presented in this thesis is one that

improves the efficiency of genome engineering experimentation through the devel-

opment of instrumentation. With genome engineering experimentation on the rise
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and gene transfer a critical step in most protocols, instrumentation that streamlines

gene transfer will become increasingly advantageous to the synthetic biology com-

munity [5]. EWD-based LoC AGE streamlines and expands the capabilities of the

synthetic biologist in three primary ways: automation, scalability, and paralleliza-

tion.

8.3.1 Automation

As discussed in Section 6.3, the MAGE workflow was completely automated in the

commercial EWD platform. A typical benchtop transformation requires cell growth,

media exchange, heat shock, electroporation, and recovery, which altogether requires

a technician to complete ∼13 pipetting steps per sample and use 3 different pieces of

equipment. In contrast, the EWD-LoC transformation procedure described in this

thesis requires only 5 pipetting steps and a single piece of equipment. Once the EWD-

LoC transformation protocol is initiated, very little intervention is needed as opposed

to the on-bench process, which requires constant attention from a technician. Herein

lies the power of applying digital microfluidics to genome engineering. The advent

of electroporation in an EWD platform offers synthetic biologists a reconfigurable,

programmable fluid handling platform capable of producing microbial transformants

with near-benchtop efficiency for a fraction of the technical effort.

8.3.2 Scalability

The EP/EWD devices presented in this work represent a scalable solution to EWD-

based LoC AGE. Specifically, the electroporation wire and EWD electrode scale

in geometrically similar ways. As the EWD electrode (and consequently droplet

volume) is reduced, a similar electric field profile is expected during electroporation

as long as the EP wire is reduced by a similar factor. Thus, the EP/EWD device is

designed to function at arbitrarily small scales, that in practice are determined by
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the droplet transport dynamics and manufacturing limitations. A typical benchtop

transformation takes place in a 1× 1× 0.1 cm3 (100 µL) space in an electrotransfer

cuvette. In contrast, this thesis reports efficient electrotransformation of E. coli at

the 100 nL regime, a volumetric scale 1,000× smaller than that of the benchtop

process. Furthermore, this work contributed to a CMOS-based EP/EWD platform,

which is currently under development, that aims to demonstrate electrotransfer at

the 100 pL scale. The scalable EP/EWD device design offers several advantages

including deep savings in reagent cost and the potential for massive paralellization,

each of which amplify the efficiency of LoC AGE operation.

8.3.3 Parallelization

When applied together, aggressive scaling and robust automation enable process par-

allelization. In addition to its innate scalability and reconfigurability, one of the most

attractive features of EWD digital microfluidics is that parallel device operation is

handled in a relatively easy manor. The capability of simultaneously manipulating

many droplets is a great advantage that EWD digital microfluidics stands to offer

genome engineering application. In particular, next-generation genome engineering

methods will rely upon protocol paralellization to further streamline biological exper-

imentation. As discussed in Section 1.2, conjugative assembly genome engineering

(CAGE) is a combinatorial method that makes use of many parallel MAGE cycles

to engineer segments of a microbial genome. After sufficient MAGE-mediated trans-

formation, the MAGE-cycled bacterial strains are combined in a hierarchical manor

and bacterial conjugation is leveraged to further diversify the synthetic genomes. In

this way, an entire E. coli genome may be redesigned in a minimal number of cycles.

The process relies heavily upon parallel MAGE operation followed by combinatorial

conjugation. With proper scaling, platform layout, and EP/EWD device operabil-

ity an EWD-based LoC AGE platform could be designed to carry out CAGE. A
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fully automated CAGE platform would revolutionize the field of synthetic biology

by substantially accelerating the pace of biomaterial discovery.

8.4 Future Work

This section considers the next steps necessary for extending the contributions of

this work toward the technologies that will make the deepest impact in the scientific

community. Improvements to existing models, new demonstrations, and important

experiments are proposed in the subsections that follow. Collectively, the work pro-

posed below reflect theoretical and experimental approaches that share the common

goal of realizing aggressively scaled EWD-enabled LoC MAGE and CAGE in the

EP/EWD environment.

8.4.1 Improve and Develop Device Models

Improve the EP/EWD Transport Model

Several critical assumptions were made in the construction of the fluid transport

model. In particular, the viscosity, µ, zero voltage wetting angle, θY, surface tension,

σ, and hysteresis angle, α, of the cell suspension in an oil medium were each esti-

mated. Additionally, the EW wetting angle, θ (V ) was calculated using the Lippman

equation, Eq. 1.1. Rather than assuming approximate values, the transport model

would likely improve if these parameters were measured on similar substrates.

Additionally, the transport model assumes a defect free surface and zero topogra-

phy of the EP wire. Actual devices are plagued with surface defects, such as scratches

or dust, and topography from device features that may cause contact line pinning or

non-ideal wetting behaviors. One key improvement to the transport model would be

to include a term that accounts for contact line pinning. This may be done by adding

a stochastic forcing term, fcp to Eq. 3.20 that 1) scales with device topography and
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2) resists motion of the contact line.

fcp = −fpPD (x, y)
u · n̂i

‖u‖
n̂i, (8.1)

where fcp is a contact line pinning force that is weighted by some scalar, fp, and

resists the advancement of the contact line in the domain, (x, y), with some spatially-

dependent defect probability, PD (x, y). Ideally, this approach would mimic the seem-

ingly random nature of defect manifestation and provide a term that behaves simi-

larly to an energy barrier to advancement of the contact line.

Lastly, the model incorporates approximate boundary conditions that, in reality,

may be more complicated mathematical formulations than those implemented in the

simulation. Curvature in the gasket walls and top plate as well as the fluidic sealing

between the gasket and top plate were not taken into account in the fluid trans-

port model. Analysis into the validity of each boundary condition should increase

confidence in future predictions made by the transport model.

Develop Model of LoC Magnet-Based Media Exchange

As discussed in Section 7.3.2, magnetic bead-based media exchange was identified as

a weak point in the LoC MAGE protocol. It is anticipated that a numerical model of

bead-cell interactions may aid in the design and optimization of the media exchange

step that currently undermines on-cartridge performance. Molecular dynamics (MD)

simulation of E. coli binding entities such as mannose sites on the peptidoglycan

cellular envelope or IgG binding proteins may be useful for designing magnetic bead

systems for LoC MAGE. MD software packages such as GROMACS (GROningen

MAchine for Chemical Simulations) should offer insight into the relative binding

affinities of candidate bead-cell binding strategies, which would aid in the design and

characterization of an optimized system [198].

In addition to MD simulation, numerical models of scalable magnetic separation
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devices are needed to provide insight into how to improve magnetic separation in

EWD platforms at arbitrarily small scales. A study such as this could essentially

reimagine the use of linearly actuated off-chip magnets for in-droplet separations.

Numerical investigation into permanent and electromagnets placed on or off the EWD

chip surface could yield novel device geometries that benefit the LoC MAGE/CAGE

operation and EWD platforms in general.

8.4.2 Develop a Microstreaming Model

Given that little optimization work was done to achieve in-droplet microstreaming,

it follows that a numerical model of the transient acoustophoretic motion observed in

the phenomenon would aid future device development. The acoustic model offered in

this work was interested only with the coupling design of the planarizing membrane.

Accordingly, no information was produced regarding the fluid velocities produced

during insonation. This however, is the essential activity of the device. Muller, et

al. offer a detailed description of the forces at play in microparticle acoustophoresis

alongside practical approaches to modeling microfluidic devices capable of support-

ing ultrasound induced microstreaming flow fields [168]. By implementing a model

similar to that offered by Muller, et al., the US/EWD device could be optimized in

terms of frequency and power and potentially could be improved to support electro-

transformation.

8.4.3 Characterize EWD-Enabled Electroporation

Explore Effects of EP Pulse Width

In addition to the theoretical work regarding fluid transport and magnetic separation,

it will be important to continue the fundamental study of EP/EWD device dynamics.

A considerable limitation of the study involves the use of a single pulse width. Each

EP experiment presented in this work used either trapezoid EP pulses that were 3.0
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ms wide or exponentially decaying EP pulses that had a characteristic timescale of

6.0 ms, which is energetically equivalent to a 3.0 ms trapezoid pulse as discussed in

Sections 5.2.1-5.2.2. A more thorough investigation of the EP/EWD device would

include a series of experiments in which pulse width is varied. Such an experimental

series is needed to make further conclusions regarding the energy dependence of EP

pulses applied to bacterial cells.

Explore Effects of Asymmetric EP Pulses

Subsequently, future EP/EWD experiments should include non-identical pulse pro-

tocols. The multiple EP pulse experiments included in this work were each of the

same magnitude and duration. This may not be an ideal gene delivery pulse protocol.

Theoretical work done by Smith, et al. and experimental work done by Sukharev,

et al. and Satkauskas, et al. suggest that a two-pulse protocol may be ideal for

DNA delivery applications [133, 148, 199, 200]. These studies propose that the first

of the two EP pulses should be large in magnitude and short in duration and that

the second pulse should be small in magnitude and longer in duration. In theory, a

strong, short pulse will seed the cell membrane with a large number of tiny pores,

whereas the second weaker but longer pulse will maintain large pore radii and aid in

electrophoretically driving exogenous DNA into the cells. This approach, however,

introduces five new experimental variables: strength and duration of the first and

second pulses individually, and the time duration between the two pulses. Hence, a

considerable experimental effort will be required to adequately survey this parameter

space.

Use Dyes to Accelerate EP Pulse Optimization

The use of cell stains and fluorescent dyes to assess relative improvements in elec-

tropermeabilization and survival may aid experimental throughput. Dye exclusion
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assays based on nucleic acid stains such as propidium iodide (PI) and tryphan blue

(TB) are common cytometric approaches to rapidly quantifying the efficacy of an

electorporation protocol [55, 163, 201]. Typically, these impermeant stains are used

in concert with a GFP reporter gene or the green permeant counterstains Syto® 9 or

Calcein AM to aid in the classification of live and dead cells. In principle, live cells

will take up the green permeant counterstains and exclude the red or blue nucleic

acid stains, while cells with electroporated membranes will allow the passage of PI

or TB. Fluorescence microscopy as described in Section 5.4.2 could then be used to

assess the statistical efficacy of the EP/EWD pulse protocol, rather than a laborious

transformation workup that requires plating, waiting, and colony counting. Hence,

a dye-based approach would accelerate the evaluation of the EP pulse parameter

space.

8.4.4 MS-Assisted EWD-Enabled EP

Investigate MS-assisted LoC Electrotransformation

As discussed in Section 6.4, the US/EWD device was found to support microstream-

ing activity, but was unsuccessful at improving on-chip electrotransfer. In fact, the

use of ultrasound may have undermined the experiment by degrading the DNA used

to transform the cells. This failure points to a more nuanced modality of operation

than expected. Experimental parameters associated with MS-assisted EP include

ultrasound frequency, power, and pulsing scheme as well as the electroporation pulse

strength, duration, and number. More rigorous study is required to better under-

stand the advantage of the simultaneous application of ultrasound and electropora-

tion pulses.
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Quantify Ultrasound-Induced Construct Degradation

In addition to ultrasound and electroporation pulse parameters, the size of the syn-

thetic DNA construct may be a critical detail in the demonstration of MS-assisted

EP/EWD. As discussed in Section 2.3.5, there is evidence in the literature that

suggests that larger constructs, such as plasmids, rapidly degrade when exposed to

ultrasound of sufficient intensity [175, 180–182]. A simple approach to character-

izing this effect in the US/EWD device involves the use of gel electrophoresis. In

short, droplets containing a given construct could be actuated to the US/EWD de-

vice, exposed to ultrasound so that a desired flow pattern and velocity resulted,

and then collected. Gel electrophoresis could be used to asses the damage done to

the particular construct. This would aid in the definition of the limitations of the

method ultimately asses the practicality of the approach as a means of improving

electrotransformation.

8.4.5 Optimize LoC MAGE

Characterize and Improve Media Exchange

As discussed in Section 7.3.2, MBL bead-based media exchange was found to be one

of two potential problematic steps in the LoC transformation experiments. Future

work should focus on characterizing this step. Cell-to-bead binding in the binding

step and bead retention during wash steps should be quantified independently of

the rest of the MAGE cycle. Additionally, alternative binding strategies should be

investigated. The 2 µm diameter MBL beads used in the experiments presented

in this thesis consist of a 1 µm diameter ferrite core surrounded by a polystyrene

shell functionalized with mannose binding lectins that bind to mannose moeities of

the outer lipopolysaccaride membrane of the EcNR2 cells. The mannose binding

lectin may not be the ideal strategy for E. coli capture. One alternative involves im-

munomagnetic separation, which would require the use of superparamagnetic beads
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functionalized with anti-E. coli antibodies such as the BacTrace® or MyOne™ beads

offered by KPL, Kirkegaard & Perry Laboratories, Inc. and Life Technologies, Ther-

moScientific, Inc., respectively.

Characterize and Improve Heat Shock

In addition to magnetic bead optimization, on-cartridge heat shock should be closely

examined to ensure the accuracy of the temperature profiles needed for MAGE pro-

tein activation. Assuming any error in temperature, control coefficients could be

adjusted to correct for any thermal discrepancies. Alternatively, thermocouples in-

serted into the fluid layer in dedicated areas near heat shock regions could be used to

monitor fluid temperature and provide feedback signals to adaptive on-board tem-

perature controllers. The first approach offers an immediate countermeasure, while

the second is a more involved integration step that would require modification to the

GIPO board similar to that described in Section 5.2.3.

Demonstrate Multiplex Operation

In this thesis, gene constructs were limited to one variety, the bla restore oligo or

pGERC plasmid DNA for the sake of simplicity. However, it means that the demon-

strates reported here can only be claimed as simplex automated genome engineering.

Multiplex operation is a key advantage of the MAGE protocol that enables the

process to rapidly recode segments of the host genome. Demonstrating multiplex

operation could be accomplished quickly using the bla restore and pGERC plasmid

simultaneously in the LoC method described in Section 6.3. However, transformants

would need to be cultured on plates containing chloramphenicol, kanamycin, and car-

benicillin. Due to the unoptimized state of the LoC protocol, transformation rates

of multiplexed experiments are likely to be very low. Thus, the magnetic separation

and heat shock improvements may have precedence over this experiment since near
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optimal heat shock and separation performance will be necessary for troubleshoot-

ing any issues associated with multiplexing the transformation experiment. Once

these steps are optimized, the use of multiple oligos in an LoC MAGE cycle may be

pursued.

Demonstrate On-Chip Selection

In addition to demonstrating multiplex operation, the development on an on-chip

selection method will be essential to the practicality of LoC MAGE. Selection offers

a way to filter out untransformed phenotypes from those that express the desired

construct. The experiments in this thesis used culture media containing antibiotics

to select for cells that were transformed with gene constructs that impart kanamycin

or carbenicillin resistance, a step that was handled off-chip. Off-chip selection in-

troduces a discontinuity in MAGE cycling, which significantly slows the process.

Transformed cells must be collected from the chip, diluted, and cultured on agar

plates. In contrast, on-chip selection would enable subsequent cycles to overlap; the

selection step from one MAGE cycle would become the growth step for the next.

This would enable continuous cycling, which is typically required for metabolic op-

timization [25]. However, as LoC MAGE turns to more practical applications such

as the optimization of production of fuel precursors, plastics, and drugs, strategies

for on-chip selection may not be as simple as those reported in this work. For exam-

ple, in their seminal paper Wang, et al. used colony color as a selection mechanism

for optimizing the production of lycopene, an anti-cancer drug and red pigment.

Thus, creative strategies will need to be developed to implement on-chip selection

and further streamline LoC MAGE.
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Demonstrate Multiple MAGE cycles

As indicated in the previous section, on-chip selection is critical for demonstrating

continuous MAGE cycling. The capability of doing many iterations of MAGE will be

imperative for practical use. The optimization of a metabolic pathway with MAGE

could require 10–100 cycles of MAGE. In fact, the demonstration reported by Wang

et al. reports that lycopene production was optimized in EcNR2 after 35 cycles of

MAGE. To reach performance of this level, the EWD LoC environment it will need

to be fault-tolerant, reliable, and robust. Such a feat will require dedicated system

layout, fine tuning of each device, and total protocol optimization. Thus, the multi-

cycle goal is a plausible optimization process, but multiple experimental steps remain

to be developed.

Utilize Other Targeted Genome Engineering Methods

Parallel to the work described above, alternative genome engineering approaches

should be investigated in the LoC environment. In particular, targeted genome

engineering methods such as zinc-fingers (ZFs), transcription activator-like (TAL)

effectors, and RNA-guided clustered regularly interspaced short palindromic repeats

(CRISPR) nucleases should be demonstrated in the LoC environment [202]. The

MAGE protocol relies on homologous recombination to target sites in the genome to

be edited. However, recent advances in synthetic biology point to increased usage of

alternative strategies, and demonstrating alternative genome engineering strategies

in the EWD-LoC platform will drive interest and adoption of the tool. Although

discussion of the specific mechanisms of these approaches exceed the scope of this

work, on-chip workflows that employ targeted systems would closely resemble that

of MAGE [202]. Hence, demonstrations of alternative genome editing approaches

would highlight the versatility of the platform.
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Scale the LoC MAGE Concept

Yet another parallel research thrust to consider is the further miniaturization of

the LoC MAGE concept. The platform on which the LoC MAGE protocol was

demonstrated operated on 350 nL droplets. The platform on which basic EP/EWD

device operation was demonstrated operated on 120 nL droplets. Collaborators of

the work presented in this thesis are currently testing an EWD platform co-designed

with the rationale developed in this work. These devices were fabricated using IBM’s

high-voltage 0.18 µm CMOS process, which supports 1.8, 5, 20, and 50 V devices, and

are designed to operate on 100 pL droplets [203]. The realization of this EP/EWD

platform represents a 1× 106-fold reduction in electroporation volume compared to

conventional benchtop electroporation. It houses 36 EP/EWD sites spread out over

1,268 electrodes. Each electrode, which measures 100 × 100 µm, houses its own

heater and photodetector for on-chip and turbidity measurement.

Although platform testing has just begun, the potential of this design is promis-

ing. However, implementing MAGE on this platform will not be easy at first. In

addition to the rigorous electrical, optical, thermal, and fluidic testing effort that

will be required initially, a magnetic separation strategy is yet to be envisioned. Of

course, once these basic functions are mastered, the optimization can begin. This

would entail a similar trajectory as described above: multiplex operation, on-chip

selection, multiple cycles, and parallel operation would all need to be verified on the

scaled platform before the technology could be considered mature. Thus, launching

the scaled LoC MAGE platform into practice is an achievement that will likely span

many years, but is one that stands to make great contribution to the fields of digital

microfluidics and synthetic biology alike.
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8.5 Closing Remarks

This thesis describes theoretical and experimental approaches directed toward imple-

menting advanced genome engineering methods in the EWD LoC format. This work

advances the overarching hypothesis that digital microfluidics is a technology capa-

ble of radically accelerating the pace of genome engineering research. The preceding

chapters describe the theory, design, fabrication, and testing of devices that translate

conventional laboratory equipment into a novel format compatible with EWD digi-

tal microfluidics. Specifically, this research sought to reinvent two standard pieces of

laboratory equipment: the electroporator and the sonicator. In doing so, this thesis

addresses key engineering challenges of device integration and optimization, resulting

in the opportunity for further advancement. EWD-based LoC genome engineering

is a technology that is poised to accelerate an industry on the rise. This thesis lays

the essential groundwork for that instrumentation.
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Appendix A

Electrowetting on Dielectric Theory

The following derivations will assume a sessile liquid droplet of conductive media

resting on a dielectric surface and being excited by an electric potential, U , applied

between a planar metal electrode beneath a dielectric and grounded point probe

inserted into the apex of the droplet, as shown in Figure A.1. The dielectric film will

be assumed to have a thickness, d and permittivity, εε0.

Figure A.1: Sessile droplet under actuation on a dielectric coated metal surface.
(A) Side view; (B) top view.
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A.1 Thermodynamic Derivation of the Young-Lippmann Equation

The interfacial surface tension of a liquid droplet is related to the voltage-dependent

wetting angle, θ(U), measured from the underlying substrate through the droplet

edge through Young’s Law [204]:

γLV cos θY = (γSV − γSL) (A.1)

where γLV is the liquid-vapor interfacial tension, γSV is the solid-vapor interfacial

tension, and γSL is the solid-liquid interfacial tension. Assuming no hydrolysis or any

other Faradaic reaction, the application of an electric potential between the droplet

and the underlying metal electrode will result in the spontaneous formation of an

electric double layer at the solid-liquid interface. The accumulation of charge in

the metal electrode in response to the applied potential leads to a reduction of the

effective interfacial tension, γeffSL , which is proportional to the charge density of the

counter-ions in the liquid, ρSL [56, 188,205].

∂γeffSL = −ρSL∂U (A.2)

Noting that the specific capacitance of the dielectric CD = εε0
d

= ρSL
U

, and assuming

that CD << CH , the specific capacitance of the double layer, integration of A.2

yields the quadratic dependence of γeffSL on U .

γeffSL (U) = γSL −
∫ U

U0

ρSLdU

= γSL −
∫ U

U0

CDUdU

= γSL −
εε0

2d
(U − U0)2

(A.3)

Rearrangement of the last line of A.3 followed by substitution into A.1 gives:
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γSL − γeffSL (U) =
εε0

2d
(U − U0)2

γLV cos θ = γLV cos θY +
εε0

2d
(U − U0)2

(A.4)

After further rearrangement and assuming U0 = 0, we arrive at the Young-Lippmann

equation for electrowetting:

cos θ = cos θY +
εε0

2dγLV
U2 = cos θY + η (A.5)

A.2 Electromechanical Derivation of the Young-Lippmann Equation

The thermodynamic approach only addresses the static problem of electrowetting. In

order to address the dynamic problem of electrowetting, viscous effects an interfacial

forces exerted by the electric field must be included in a force balance. The Korteweg-

Helmholtz relation describes the body force density acting at the interface of the

droplet in response to an applied electric field [188,206–209]:

fk = σfE−
ε0

2
‖E‖2∇εf +∇

[
ε0

2
‖E‖2∂εf

∂ρ

]
(A.6)

where ρ is the mass density of the liquid, εf is the permittivity of the liquid, and σf

is the electric charge density localized in the droplet near contact line. Equation A.6

must be integrated in order to determine the force acting on a differential volume

element, dV , in the fluid. However, integrating A.6 is equivalent to integrating the

momentum flux density given by the Maxwell stress tensor along the surface of dV :

Tik = ε0ε

(
EiEk −

1

2
δik‖E‖2

)

Fi =

∮
Ω

TiknkdA

(A.7)
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where δik is the Kronecker delta function that behaves in the following way: δik = 0

if i 6= k, δii = 1, and i, k = x, y, z. As is depicted in Figure 1.5 (A), the electric field

resulting from an applied potential is aligned with the surface normal of the droplet

at it contact line. And, the surface charge density, σs, can be written as follows:

σs = ε0E · n̂ (A.8)

where n̂ is the unit normal of the droplet surface. Considering a case in which the

x -axis is aligned with n̂, the electric field may be represented as E = (Ex, 0, 0) in the

insulating media and E = (0, 0, 0) in the droplet since it is conductive. Thus, the

Maxwell stress tensor vanishes in the liquid droplet and in the surrounding media

becomes:

T = εε0

 1
2
E2
x 0 0

0 −1
2
E2
x 0

0 0 −1
2
E2
x

 (A.9)

Substituting A.9 into A.7 and using the Schwarz-Christoffel conformal mapping to

transform E from the half plane into a wedge geometry allows integration of the

horizontal component of the Maxwell stress to give the horizontal electowetting force

per unit length along the contact line [208]:

Fx =
εε0

2d
U2 (A.10)

Subsequently summing the electric and capillary forces at the contact line and rear-

ranging allows the Young-Lippmann equation to be recovered.

cos θ = cos θY +
εε0

2dγLV
U2 = cos θY + η (A.11)
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Appendix B

Electroporation Theory

The following sections contain supplemental information to the theory of electropo-

ration discussed in Chapter 2. Thus, it is not intended that these sections maintain

continuity unto themselves, but rather provide support for certain concepts intro-

duced in Section 2.3.4. Relevant fundamental equations governing electropore for-

mation and evolution as well as membrane energy are highlighted in the following

section.

B.1 Energetics of Electropore Formation in Lipid Bilayers

The theoretical understanding of electroporation is based on the Smoluchowski equa-

tion, a convection-diffusion equation that governs the distribution of pores as a func-

tion of their radius and time. The Smoluchowski equation is based on the assump-

tion that electropores in a large ensemble each possess a radius that may drift and

diffuse, in radius space, according to a time and voltage-dependent energy gradi-

ent that characterizes the response of a membrane to the presence of an electric

field [134,149,153]. Letting n (r, t) denote the pore density distribution function, the
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Smoluchowski equation follows:

∂n

∂t
+D∇ ·

(
− ∇φ
kBT

n−∇n
)

= S (r) , (B.1)

where D is the diffusion coefficient of pores, φ (r) is the pore energy, kB is the

Boltzmann constant, T is the absolute temperature, and S (r), is the source term

that represents the creation and destruction of pores. The term ∇φ represents the

gradient of the pore energy, which drives pore growth and contraction, while the

term D∇2n represents the diffusion of pores.

The pore energy is itself, an intricate equation whose formulation is still under

debate. In its current form, the energy function consists of two curves, one which

describes the energy of hydrophobic (or non-conducting) pores and one describing

hydrophilic (or conducting) pores. Hydrophobic pores are simply gaps in the lipid

bilayer that arise from thermal fluctuations, whereas hydrophilic pores have their

walls lined with the water-attracting heads of phospholipid molecules that comprise

the bilayer. The energy of a hydrophobic pore, u (r) , may be expressed in terms of

Bessel functions, but is more commonly estimated by a quadratic function:

u (r) = 2πrΓ (∞)
I1

(
r
r0

)
I0

(
r
r0

) ≈ E∗

(
r

r∗

)2

(B.2)

where Γ (∞) is the surface tension of the lipid bilayer , I1 and I0 are modified Bessel

functions, r0 is the characteristic length scale over which the properties of water

change between the interface and bulk, E∗ is the pore energy corresponding to the

radius, r∗ at which the energy of a hydrophobic pore equals that of a hydrophilic

pore [134,149,153]. The energy of a hydrophilic pore, w (r) may be written as

w (r) = β
(r∗
r

)4

+ 2πγr − πσeff (Ap) r2 −
∫ r

0

F (r, Vm) dr, (B.3)
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where β is the steric repulsion energy of the phospholipid molecules, γ is the pore

edge energy, σeff is the effective membrane surface tension, Ap is the pore area,

Vm is the transmembrane potential, and F (r, Vm) is the electrical force due to a

uniform electric field as defined in Section 2.3.4 [148]. The two curves, u (r) and

w (r), are plotted in Figure B.1 (A), which shows hydrophobic pore energy rapidly

increasing with increasing pore radius, r and hydrophilic pore energy increasing to

∞ as pore radius approaches zero. Abidor, et al. suggest that pores present in the

Figure B.1: Membrane pore energy. (A) Energy curves for hydrophobic (red
dashed line) and hydrophilic pores (blue dotted line) electropores as a function of
radius; u (r) and w (r), respectively. Note that φ (r∗) = E∗ occurs where the two
curves intersect at ∼45 kBT . (Inset) Composite pore energy, φ (r) (solid line). The
equilibrium pore density distribution function (red peak) is superimposed to show
that the equilibrium pore distribution is centered around the local energy minimum.
(B) Membrane pore energy, φ (r, Vm), for Vm= 0.0, 0.1, 0.2, 0.3, and 0.4 V.

membrane will adopt the configuration, i.e. hydrophobic or hydrophilic, with the

lowest energy [151, 210]. The two curves, u (r) and w (r) intersect where r = r∗ and

φ (r∗) = E∗. Thus, for radii less than r∗ pores are expected to be hydrophobic, while

pores with radii greater than r∗ are expected to be hydrophilic. In other words,

hydrophilic pores, i.e. those that influence the transmembrane voltage, are created

with a minimum radius of r∗. In general the electropore energy may be written as

φ (r, Vm) = min{u (r) , w (r)}. (B.4)
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The voltage-dependence of φ (r) is captured in the electrical force term and is ap-

proximately quadratic with respect to the transmembrane voltage, Vm. Figure B.1

(B) demonstrates how the pore energy, φ (r), is reduced as Vm increases.

The source term in the Smoluchowski equation, Eq. B.1 is a composite of the

pore creation and destruction rates, and in accordance with the pore energy it is

assumed that pore formation is a two-step process, and takes the form

S (r) =
νch

kBT

∂φ

∂r
e

φ
kBT − νdnH (r∗ − r) , (B.5)

where νc is the hydrophobic pore creation attempt rate with units, s−1m−3, h is the

membrane thickness, kB is the Boltzmann constant, T is absolute temperature, νd is

the pore destruction attempt rate, and H (r∗ − r) is the Heaviside function shifted in

r to r∗, the pore radius corresponding to the local energy maximum, E (r∗), where

the energy curves for hydrophobic and hydrophilic pores intersect.

Typical boundary conditions for the Smoluchowski equation include an absorbing,

Dirichlet condition at r = 0, n (0, t) = 0, and a reflecting, Neumann boundary at

r = rmax, where dn(r,t)
dr
|r=rmax= −

(
n
kBT

)
dφ(r,t)
dr
|r=rmax .

Despite how well-posed the Smoluchowski equation is, the membrane pore energy

imparts an extremely stiff characteristic to the formulation making it very difficult

to solve accurately. Neu and Krassowska (1999) addressed this issue with an asymp-

totic reduction of the Smoluchowski equation to an ordinary differential equation

governing the dynamics of pore density, N (t)

dN

dt
= αe(Vm/Vep)2

(
1− N

Neq (Vm)

)
, (B.6)

where N (t, θ) is the pore density and Neq is the equilibrium pore density for a given

transmembrane voltage, Vm:

Neq (Vm) = N0e
q(Vm/V ep)2 . (B.7)
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as described in Section 2.3.4.

B.2 Scaling Factor for Multiple Pulses:
√
n-Dependance

The
√
n scaling factor observed in multiple-pulse electroporation experiments can

be derived using a theoretical framework similar to the classical 3D random walk

problem [138]. Rather than walking distance, the focus is on electrical polarization

of the cell due to the electroporation pulse. This analysis assumes that the spherical

cells exposed to n-many pulses of an electric field tend to randomly reorient after

each pulse. Assigning θn to be the spherical polar angle between the previous net

polarization vector, for the N − 1th pulse, and the new polarization vector, pn, and

assuming that each subsequent pulse polarizes the cell equally, i.e. ‖pn‖= p0, we

have

‖pn‖2= pN · pN =

[
pN +

N−1∑
n=1

pn

]
·

[
pN +

N−1∑
n=1

pn

]
(B.8)

Recalling that the average value of a function, f , over the surface of a unit sphere

is given by f = 1
4π

∫ 2π

0

∫ π
0
f sin θ cos θdθdφ, and allowing the N -fold average, P

2

N , to

relate pulse N to pulse N−1 over 4π steradians over θn and φn, with N -many double

integrals as follows.

(B.9)

P
2

N =
1

(4π)N

∫ 2π

0

∫ π

0

. . .

∫ 2π

0

∫ π

0

[
pN +

N−1∑
n=1

pn

]

·

[
pN +

N−1∑
n=1

pn

]
sin θ1 cos θ1dθ1dφ1 . . . sin θN cos θNdθNdφN
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Distribution of the integrand gives

(B.10)

P
2

N = p2
0 +

1

(4π)N

∫ 2π

0

∫ π

0

. . .

∫ 2π

0

∫ π

0

2pN ·
N−1∑
n=2

pn

+

∣∣∣∣∣
N−1∑
n=1

pn

∣∣∣∣∣
2
 sin θ1 cos θ1dθ1dφ1 . . . sin θN cos θNdθNdφN .

Since pn are assumed to be uniformly distributed over 4π steradians, the integrals

over 2pN ·
[∑N−1

n=2 sin θndθndφn

]
vanish for n 6= 1, which leaves

P
2

N = p2
0 +

1

(4π)N

∫ 2π

0

∫ π

0

. . .

∫ 2π

0

∫ π

0

∣∣∣∣∣
N−1∑
n=1

pn

∣∣∣∣∣
2

sin θ1 cos θ1dθ1dφ1 . . . sin θN cos θNdθNdφN , (B.11)

which reduces to an N − 1 -fold double integral,

P
2

N = p2
0 +

1

(4π)N

∫ 2π

0

∫ π

0

. . .

∫ 2π

0

∫ π

0

∣∣∣∣∣
N−1∑
n=1

pn

∣∣∣∣∣
2

sin θ2 cos θ2dθ2dφ2 . . . sin θN cos θNdθNdφN (B.12)

The N − 1 -fold double integral very closely resembles Eq B.9, which implies

P
2

N = ‖pN‖2+‖pN−1‖2+ . . . (B.13)

And, furthermore, since ‖pn‖= p0

P
2

N =
N∑
n=1

‖pn‖2=
N∑
n=1

‖p0‖2 (B.14)

= N‖p2
0‖= Np2

0 (B.15)

And, finally

PN =
√
Np0 (B.16)
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B.3 Analysis of Electroporation Data

This section describes the methods used in the analysis of electrotransformation

data observed for all transformation experiments described in this thesis. For each

droplet that was electroporated, the number of survivors, S, and transformants, T ,

were determined by counting colonies on control or selection plates and correcting for

dilution. For each experimental group the total number of cells, S0 was determined

as the dilution corrected survivor count of the unelectroporated samples. Using these

three measurements, the survival fraction, Sf and transformation fraction Tf , were

calculated in the following way:

Sf =
S

S0

(B.17)

Tf =
T

S
(B.18)

The statistical model used by Canatella and Prausnitz suggest modeling survival

fraction, average molecular transport, mN , and transformant yield in the following

way [137].

T = mNSf = m ·
(

1− e−βEδ
)
· e−αE2

, (B.19)

where m, α, β, and δ are scalars determined by nonlinear regression, E is the strength

of the electric field, and assuming the survival fraction and average molecular trans-

port can be modeled in the following relations: Sf = e−αE
2

and N =
(

1− e−βEδ
)

.

Figure B.2 shows the general trends predicted for electrotransformation experiments

as described by Canatella and Prausnitz. With he values of each scalar term deter-

mined through nonlinear regression on the S and T data, N was calculated alge-

braically.
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Figure B.2: Analytical Method for Electroporation Results. The statistical model
assumes transformation fraction, Tf to be the product of the survival fraction, Sf ,
and molecular transport fraction, N .
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Appendix C

Material Properties

Table C.1: Material Properties

Material Parameter Symbol Value Unit

Glass

Dielectric Constant ε 5
Electrical Conductivity σ 1× 10−12 S cm−1

Density ρ 2.2 g cm−3

Speed of Sound c 4.54× 105 cm s−1

Specific Heat Cp 0.75 J (g K)−1

Thermal Conductivity κ 0.01 W (cm K)−1

Gold

Dielectric Constant ε 1
Electrical Conductivity σ 4.52× 105 S cm−1

Density ρ 19.4 g m−3

Speed of Sound c 20.3 cm s−1

Specific Heat Cp 0.128 J (g K)−1

Thermal Conductivity κ 3.18 W (cm K)−1

Indium Tin Oxide

Dielectric Constant ε 1
Electrical Conductivity σ 100 S cm−1

Density ρ 6.8 g cm−3

Speed of Sound c 41 cm s−1

Specific Heat Cp 4.74× 10−3 J (g K)−1

Thermal Conductivity κ 0.11 W (cm K)−1

Continued on Next Page. . .
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Table C.1 – Continued

Material Parameter Symbol Value Unit

Mylar

Dielectric Constant ε 3.2
Electrical Conductivity σ 1× 10−19 S cm−1

Density ρ 1.39 g cm−3

Speed of Sound c 24 cm s−1

Specific Heat Cp 1 J (g K)−1

Thermal Conductivity κ 0.11 W (cm K)−1

Polycarbonate

Dielectric Constant ε 2.9
Electrical Conductivity σ 1× 10−15 S cm−1

Density ρ 1.3 g cm−3

Speed of Sound c 22.2 cm s−1

Specific Heat Cp 1.1 J (g K)−1

Thermal Conductivity κ 2× 10−3 W (cm K)−1

SU-8

Dielectric Constant ε 3
Electrical Conductivity σ 3.5× 10−19 S cm−1

Density ρ 1.19 g cm−3

Speed of Sound c 20.6 cm s−1

Specific Heat Cp 1.2 J (g K)−1

Thermal Conductivity κ 2× 10−3 W (cm K)−1

Cell Suspension

Dielectric Constant ε 75
Electrical Conductivity σ 5× 10−6 S cm−1

Density ρ 1 g cm−3

Speed of Sound c 15 cm s−1

Specific Heat Cp 4.183 J (g K)−1

Thermal Conductivity κ 6× 10−3 W (cm K)−1

Dynamic Viscosity µ 0.001 Pa s
Bulk Viscosity µB 0.003 Pa s
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Appendix D

Electrowetting on Dielectric Instrumentation

The following sections contain supplemental information regarding the experimental

instrumentation used to generate and control EWD actuation voltages. Descrip-

tions of the GUI software, microcontroller firmware, and relay board hardware are

included.

D.1 EWD Control Software

A simple GUI was developed to send EWD electrode patterns programmed by the

user to the EWD relay board. Upon initiating the EWD control GUI, the software

prompts the user to enter select the serial port of the computer to which the EWD

relay board is connected and the baud rate at which the serial port of the microcon-

troller is operating. Figure D.1 (A) shows a screen shot of the initiation screen of

the EWD control GUI.

Once initiated, the EWD control GUI launches and all EWD electrodes are de-

asserted. The GUI then waits for the user to either program an electrode sequence

or assert electrodes by clicking on the buttons labeled 1–32 in Figure D.1 (C). As in-
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Figure D.1: Screenshots of the EWD control GUI.

dicated in the figure, if the live mode is enabled, each time a user clicks an electrode

button, the corresponding EWD bit pattern (4 bytes) is sent to the microcontroller.

If live mode is disabled, the exec button must be clicked to send the desired EWD

pattern. Disabling live mode is often required to accomplish droplet splitting and

dispensing operations. These functions comprise the GUI’s manual operator mode.

The GUI also includes programmed operation. A timed sequence of EWD elec-

trodes may be programmed with a text file. As shown in Figure D.1 (B), each line in

a program file consists of the amount of time a desired pattern should be energized

followed by the desired electrode pattern. The following programming convention

was chosen. The on-time of the EWD electrode, which is specified by the first num-

ber in the line, must be separated from the desired electrode pattern by a semi-colon.

The array of number following the semi-colon refer to the EWD electrodes in the

EWD pattern. For example, the last line of the program shown in Figure D.1 (B)

indicates that the electrodes 3, 6, and 7 should be energized for 1.5 s. This pattern is

shown in Figure D.1 (C). Once the end of the file is reached, the control GUI turns

all electrodes off. The buttons labeled A1 and A0 send bit patterns of all 1’s or all

0’s, respectively.
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D.2 EWD Control Firmware

The Arduino microcontroller was programmed with firmware that accepted 4 bytes

of data from the EWD control GUI. Upon receiving the data, the microcontroller

was programmed to shift the data out on a single data pin connected to the first

output latched shift register on the relay board. The firmware coordinates the clock

and latch signals needed to transfer the bit pattern sent from the GUI to the relays

Figure D.2: Process flow for EWD Relay Control Firmware
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on the relay board. The firmware workflow is summarized graphically in Figure D.2.

Source code for the firmware was written in the Arduino programming language,

Wired. Wired is an object-oriented derivative of Java. The source code uploaded to

the Arduino microcontroller follows:

newpage

1 /∗
2 Arduino Firmware for Relay Board with SIPO Interface
3 The design assumes the use of the MM74HC595 shi f t register .
4 Andrew C. Madison
5 Fall 2010
6 ∗/
7

8 const int numBytes = 4 ; // Size of EWD pattern in bytes
9 int datPin = 11 ; // Data input to shi f t register

10 int c lkPin = 12 ; // Clock input to shi f t register
11 int c l e a rP in = 9 ; // Clear input to shi f t register
12 int l a tchPin = 8 ; // Latch input to shi f t register
13 byte data [ numBytes ] ; // Array to hold EWD pattern
14 byte mask = 1 ; // Mask for shift ing EWD pattern
15 byte bitDelay = 500 ; // Delay for clocking signals (us)
16 boolean dataReceived = fa l se ; // Variable for handling ser ia l events
17

18 void setup ( ) {
19 Serial . begin (115200 ) ; // Set ser ia l port baud rate
20 pinMode( datPin , OUTPUT) ; // Configure pins on the uC
21 pinMode( c lkPin , OUTPUT) ; // Configure pins on the uC
22 pinMode( latchPin , OUTPUT) ; // Configure pins on the uC
23 pinMode( c l earPin , OUTPUT) ; // Configure pins on the uC
24 digitalWrite ( c l earPin , HIGH) ; // Clear the shi f t register
25 }
26

27 void loop ( ) {
28

29 // Wait for numBytes long word at ser ia l port
30 i f ( dataReceived ) {
31

32 // Iterate bytewise through each element of data [numBytes]
33 for ( int i=0 ; i<s i z e o f ( data ) ; i++){
34 Serial . println (String ( data [ i ] ) ) ;
35

36 // Iterate bitwise through each byte in data [numbytes ]
37 // Shift mask after each iteration
38 for (mask = 00000001 ; mask>0 ; mask <<= 1 ) {
39

40 // Set datPin based on received EWD pattern
41 i f ( data [ i ] & mask) {
42 digitalWrite ( datPin ,HIGH) ; // send logica l 1 to datPin
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43 }
44 e l s e {
45 digitalWrite ( datPin ,LOW) ; // send 0 logica l 0 to datPin
46 }
47

48 // Check i f the end of the EWD pattern has been reached
49 i f ( i==s i z e o f ( data ) 1 && mask==128 ) {
50 Serial . println ( ” Latching . . . ” ) ;
51 digitalWrite ( latchPin , HIGH) ;
52 delayMicroseconds ( b i tDe lay ) ;
53 digitalWrite ( c lkPin , HIGH) ; // Set clock high
54 delayMicroseconds ( b i tDe lay ) ;
55 digitalWrite ( c lkPin , LOW) ;
56 digitalWrite ( latchPin , LOW) ;
57 }
58 e l s e {
59 delayMicroseconds ( b i tDe lay ) ;
60 digitalWrite ( c lkPin , HIGH) ;
61 delayMicroseconds ( b i tDe lay ) ;
62 digitalWrite ( c lkPin , LOW) ;
63 }
64 }
65 }
66 dataReceived = fa l se ;
67 }
68 }
69

70 // Method for in it iat ing pattern translation
71 void s e r i a l E v e n t ( ) {
72 int i = 0 ;
73 i f ( Serial . available ( )==numBytes ) {
74 while ( Serial . available ( ) ) {
75 data [ i ] = Serial . read ( ) ;
76 i ++;
77 dataReceived = true ;
78 }
79 }
80 }
81

82 // Method for clearing the shi f t register
83 void c l e a r P u l s e ( ) {
84 digitalWrite ( c l earPin , LOW) ;
85 delayMicroseconds ( b i tDe lay ) ;
86 digitalWrite ( c l earPin , HIGH) ;
87 }
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D.3 EWD Control Hardware

Basic EWD signal routing was accomplished with a control board that comprised

a microcontroller (µC), a bank of 8-bit output latched shift registers, and an array

of solid state relays. The components and their respective functions are listed in

Table D.1. The design shown in Figure D.3 involves the µC serially shifting 4 bytes

(32-bits) of clocked data on the SER and CLK pins before latching the 32-bit EWD

pattern, in parallel, out to the relay array. The control board acts as a serial in,

parallel out (SIPO) interface between the digital control signals and the analog signal

(10 –100 VAC, 1 kHz) needed for EWD actuation. Within the limitations of the µC

fanout, the design may be extended by daisy-chaining shift register/relay columns

to drive EWD device with more inputs, as indicated by the ellipsis.

Table D.1: Circuit Components Used for the EWD Relay Board

Component Part Number Quantity Function

Microcontroller (µC) Atmega328 1 Timing, logic control, user input
Output Latched Shift Register (8-bit) MM74HC595 4 SIPO† interface
Resistor Array RA766163511GP 4 Current limiting resistance
PhotoMOS Relay AQW610S 32 Digital control of high voltage

† Serial In, Parallel Out (SIPO)
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Figure D.3: Schematic for Basic EWD Relay Board. A microcontroller (µC), a
bank of 8-bit output latched shift registers, and an array of solid state relays are
used to digitally control a high voltage arbitrary waveform that is applied to the
input labeled, HV. User input is supplied by a GUI that sends the EWD pattern in
a single program word via USB port using the RS-232 standard.
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