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CHAPTER I
INTRODUCTION

Much of the biology in multicellular development depends upon the exchange of
messages between cells: by exchanging chemical or mechanical information, cells
influence the state of other cells near them and act in a coordinated fashion. Many tissue
patterning events such as migration, proliferation, development and differentiation that
occur in vivo, occur in relation to changes in local microenvironment of a cell. Such
events can be attributed to reactions triggered by neighboring cells or concentration
dependent effects introduced via signaling molecules, forcing a cell to choose between
various available developmental pathways. By choosing one pathway over another, a cell
undergoes changes and influences other cells during its transition. The cumulative effect
of such cycles occurring locally leads to the emergence of structural patterns within a
developing organism. The ability to regulate cells by controlling their local
microenvironment through engineered interfaces will aid in the study of such
developmental processes in a more advanced manner. The work presented in this thesis
focuses on the design, fabrication and results of microfabricated interfaces for the
patterned delivery of foreign molecules and gene constructs into developing embryos and

cells (Figure 1.1).



1.1 Spatiotemporal cell signaling and tissue patterning

Spatiotemporal signals are important regulators of cell positioning and behavior [1, 2].
During development, these signals play a central role in the orchestration of cell
proliferation, communication and differentiation which eventually gives rise to distinctive
shapes, forms and functions in organisms of all scales [3, 4]. In developmental biology,
the concept of morphogen (or ‘form-generating substance’) has been researched for
several decades to explain how, during organism development, cells can determine their
positions within a homogeneous field, and consequently adopt appropriate fates during
tissue patterning and structuring [1, 5]. Morphogens induce coordinated growth and
differentiation of several different cell types along a gradient, generating the normal
neighbor relationships of a functional organ. Briefly, a source secretes morphogen
ligands which diffuse away from the source and create a declining chemical gradient.
Cells experiencing morphogen concentrations above a certain threshold choose a
different developmental pathway (express high threshold target genes only) than the ones
below the threshold i.e. experiencing lower concentrations. Such immediate cellular level
responses propagate into a sequence of more differentiated responses at higher levels and
eventually result in phenotype changes to the overall structure [6, 7, 8]. For example, the
Biocoid (Bcd) gradient in early Drosophila melanogaster embryos is one of the most
studied morphogens [6, 9, 10] and controls the anterior-posterior (AP) patterning of the
developing embryo, especially the head structures. A high concentration of Bicoid at the
anterior pole of the embryo leads to the expression of the hunchback gene [1] while a
high concentration of Nanos at the posterior pole leads to the formation of abdominal

segments due to the expression of the caudal gene. Other examples include morphogen



data acquisition & interface

Figure 1.1:  The objective of this work is to develop bio-interface microtools (as
shown in the grey block) which can interface with developing
systems and control spatial and temporal developmental patterns in
them.

gradients of TGF beta family members, Vgl and activin, which have been shown to act
as secreted morphogens and define the mesoderm formation and patterning in adult
Xenopus [11]. In this case, they even act as relays for signal propagation to distant cells.
Such a complex sequence of events depends upon the appropriate spatial and temporal
coordination of numerous interactions between cells and their neighbors, the surrounding

extracellular matrix (ECM), soluble and diffusible factors and other local physical forces.

1.2 Current research with bio-interface systems

To carry out well-controlled research using cells, the microenvironment in which the

cells live must be well defined and controlled. Traditionally, culture dishes have been



utilized to study cells in different environments which have proved both difficult and
unreliable to generate stable gradations of the local microenvironment. The usual
methods (injection or embedding a bead of morphogen) are time-consuming, prone to
positioning errors and tissue damage, and generate very limited gradients as common
morphogens are simply added globally to cell cultures. This lack of ability to accurately
control a cell’s microenvironment brings forward a pressing need across much of
biomedical research for techniques that can control the patterning of chemical gradients.
Such techniques can greatly aid in the study of cell differentiation, neuronal growth,
microbial sensing and microbial consortia [12, 13, 14, 15].
Micro-ElectroMechanical-Systems (MEMS) and microfluidic devices are beginning
to find applications within biology as they provide a powerful new set of tools to control
and manipulate cells [16, 17, 18]. Because of the length scales involved, spatial and
temporal organization of cellular signals can be appropriately studied with some
emerging technologies that control the diffusible environment in developing tissues [14,
16, 17, 18]. Among these technologies, soft lithography patterning using elastomer
(mechanically soft) materials is the most common [17, 19]. Takayama et al. were the first
to demonstrate localized perturbation of selected subcellular microdomains with
membrane-permeable molecules in a single cell using soft lithography with laminar flow
techniques [16]. By allowing different solutions to flow from different inlets at low
velocity, parallel streams were created in the main channel and a single bovine
endothelial cell was perturbed at local regions to study intracellular molecular kinetics.
More recently, Ismagilov et al. have demonstrated the implementation of microfluidic

techniques to perturb embryonic development in order to study the effects of temperature



variations in localized areas of a growing embryo [20]. Two halves of a Drosophila
embryo were exposed to different water temperatures and were observed to develop at
different rates [20]. However, when the temperature change was removed sufficiently
early, the embryo resynchronized the two halves and proceeded to develop normally.
These recent findings and approaches signal a slow shift away from conventional cell
control studies and more towards understanding processes which regulate developing

organisms.

1.3 Growing needs in developmental biology

Additionally, there has been a considerable interest mounting in the patterned
chemical intervention of developing organisms [21]. The ability to modify spatiotemporal
gene expression in two (or three) dimensions via patterned delivery of genes, proteins and
bioactive molecules would allow for more biologically-relevant manipulations of
developing systems. For example, Voiculescu et al. [22, 23] recently demonstrated
spatial-temporal control of DNA and morpholino oligonucleotide (MO) doses in selected
regions of early chick embryos with a custom electroporation setup made from hand-
modified platinum wires and inserted into an acrylic fixture. Several new chemical
methods, such as the tetracycline, dexamethasone and insect hormone regulated gene
expression systems would benefit from a method which provides patterned delivery of
trigger compounds into developing embryos [24]. Similarly, simultaneous delivery of
multiple molecules in different patterns would also expand the type of experiments
performed in spatially heterogeneous systems, particularly where multiple pathways with

specific timings are involved [21, 25, 26]; see for example, Mara et al. [27] which



demonstrates zebrafish somitogenesis is governed by a segmentation clock that generates
oscillations in expression of several Notch pathway genes. In this system, chevron-
shaped areas of gene expression within the tailbud demarcate where the clock is set up in
the progenitor cells (priming), where the clock starts running (initiation), and where the
clocks of neighboring cells are entrained (synchronization).

Utilizing such interfaces, future experiments may enable the understanding of the
mechanisms responsible for robustness of development and may uncover the limits

beyond which developmental programs cannot be perturbed.

1.4 Thesis organization

In this work, we present the design, fabrication and results of microfabricated
interfaces for the patterned delivery of foreign molecules via diffusion and
electroporation into developing embryos. These systems were used to ‘draw’ two-
dimensional spatial patterns of tracer molecules and provide pixel-style array (Figure 1)
delivery of DNA and mRNA into the yolk and cells of zebrafish embryos (Danio rerio)
at different stages of development. The successful delivery of two-dimensional patterns
of trypan blue (normal dye), texas red (fluorescent dye), pCS2eGFP DNA and GFP-
mRNA in both chorionated and dechorionated embryos is also demonstrated. Both DNA
and mRNA were expressed in the desired patterns subsequent to delivery.

Chapter II gives a brief overview of zebrafish emergence as the new model organism
for experimental research and study. Zebrafish developmental cycle is briefly described

and characteristics of the membrane are discussed.



Chapter III describes the various techniques that are currently utilized to introduce
extracellular compounds into developing embryos and discusses their advantages and
disadvantages.

Chapter IV presents the design, fabrication and characterization of electrostatic
actuators and their application as dosing devices and low voltage microfluidic valves.
Micropores can be used to dynamically regulate microenvironments in a cell.

Chapter V demonstrates the combination of electroporation and microfluidics
(without microinjection) to deliver foreign compounds into zebrafish embryos with
specific patterns in localized regions. The efficacy of the device is demonstrated by using
dechorionated and chorionated as well as young (3 hpf) and old (24 hpf) embryos as
measured in hours post fertilization (hpf).

Chapter VI presents the future work consisting of electroporation spatial gene
constructs into bacterial cell colonies. Construction of synthetic modules to immobilize
bacterial cell colonies and deliver different genes to study their evolution and stability is

proposed.

1.5 Summary

The idea of locally secreted signals that act as morphogens and directly pattern a
tissue by eliciting distant responses has been an attractive mechanism to explain many
developmental events [1, 2, 3]. We are interested in controlling the chemical
microgradients that lead to differentiation and morphogenesis in tissue and primary cells.

This type of control or essentially ‘hacking’ the developmental program of an organism



requires microsystems with cell diameter dosing resolutions and is possible with the
technology we present.

We believe that the ability to modify two dimensional specially-shaped areas in
developing organisms with controlled delivery of genes and proteins in spatially
patterned shapes would allow more biologically-relevant manipulations of a complete
system’s development [21]. Such control or ‘hacking’ tools are limited at this time and
our technology will provide an additional biological tool. Similarly, simultaneous
delivery of multiple molecules in different patterns would also expand the type of
experiments performed in spatial and temporal heterogeneous systems, particularly where

multiple pathways with specific timings are involved [21, 25, 26].



CHAPTER 11
OVERVIEW OF ZEBRAFISH

Over the past 25 years, the zebrafish (Danio rerio) has become a powerful model
system for the investigation of vertebrate development, physiology and gene function due
to a number of advantageous features: zebrafish represent a vertebrate system; zebrafish
embryos are transparent and develop outside the parent, eliminating the complication of
maternal compensation; a large number of eggs are laid at a time; and all self sustaining
proteins and chemicals are present within the yolk. Transparency of the developing
embryo is particularly well suited for tracing the movement of individual cells and how
extrinsic and intrinsic factors act together to regulate embryonic development and growth.
Additionally, the zebrafish nervous system is relatively simple and starts functioning
within 24 hours.

This chapter discusses zebrafish as a new model system and briefly explores its
various developmental stages. Additionally, the fluid mosaic model for membranes is
briefly touched upon and its relevance to the research presented in this thesis is briefly

explored.

2.1 Introduction

Model organisms are highly valued by researchers investigating developmental

biology - the transformation of an organism from a fertilized egg into an adult. A ‘model’



organism is a simple species that is extensively studied to understand its biological
phenomena. Once understood, this knowledge is further applied towards understanding
other species. Traditionally, many of the fundamental principles of vertebrate
embryology were revealed by experiments in amphibian and avian embryos [28]. One of
the most famous of such model organisms has been the common fruit fly (Drosophila
melanogaster), which has been used for nearly a century and has a rich history of
research behind it [29 - 32], but remarkable insights have also come from studies of frogs,
chicks, worms and mice [33 - 36]. However, a clear understanding of underlying
mechanism of development has been hampered due to the inability to carry out rapid

genetic studies in such organisms [28].

2.2 Zebrafish as a new model system

In more recent times, the zebrafish has emerged as an excellent model system for
understanding vertebrate neural development because of its high degree of similarity to
mammals in molecular mechanisms of developmental and cellular physiology [37, 38].
The nervous system in vertebrates is extremely specific and precise. It requires the
production of specific cell types, at precise times, in exact proportions, and connections
between those cell types to produce an accurately functioning system. The embryonic
zebrafish has an accessible and relatively simple nervous system, with many of its
components formed and functioning as early as 24 hours post fertilization (hpf). The use
of mutagenesis screens in the vertebrate zebrafish model to understand the development
of the nervous system allows researchers the opportunity to identify molecules that could

not otherwise be found by using other vertebrate systems [28].
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Zebrafish embryos are large, robust, transparent and develop externally to the mother,
thus providing unique advantages towards experimental observation and manipulation.
Embryo transparency allows researchers to track cell organization, observe gene
functionality and understand biological pathways. With high fertility rates, a three month
generation time, sequenced genome, thousands of mutant lines established and
sophisticated molecular, genetic and imaging techniques available, the zebrafish is now a

well-established model system.
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Figure 2.1 Zebrafish (Danio rerio) has emerged as an excellent model system in
developmental biology. a) Fertilized zebrafish developing embryos
are transparent and protected by an outer chorion. b) Adult
zebrafish with stripes.

2.3 Zebrafish developmental cycle

The basic vertebrate body plan of the zebrafish embryo is established in the first 10
hours of development. This period is characterized by the formation of the anterior-
posterior and dorsal-ventral axes, the development of the three germ layers, the
specification of organ progenitors, and the complex morphogenetic movements of cells.
Broadly, the zebrafish embryogenesis can be divided into seven periods — the zygote,
cleavage, blastula, gastrula, segmentation, pharyngula and hatching periods. Periods are
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further divided into stages and highlight the changes in developmental morphologies in
the first 3 days of fertilization. Discussion of these stages is important as introduction of
extracellular compounds at different stages yield different results. Below, some of the
significant events that occur during these periods are described. A thorough review and
description of these processes can be found elsewhere [39]. A complete zebrafish

development cycle is shown at the end of the section.

2.3.1 Zysgote period (0 - /4 h)
The newly fertilized egg is considered to be in the zygote stage. It has only one cell
until cleavage occurs about 40 minutes after fertilization [39]. During cleavage, the cell

starts dividing into more cells.

2.3.2 Cleavage period (¥, -2 ) h)

During the cleavage period, the zygote undergoes a meroblastic (only partial undercut
of the blastodisc) cell division process. The division occurs at about 15 minute intervals
producing a cluster of 64 cells which add up to be the same size as the original zygote. In

the cleavage period, these cells are known as blastomeres.

2.3.3 Blastula period 2}, -5}, h)

At the start of the blastula period, the embryo has 128 cells and starts resembling a
ball-shape. In this period, the embryo enters the midblastula transition (MBT), the yolk
syncytial (YSL) layer is formed and epiboly begins. MBT sets in at the 512 cell-stage and
is marked by asynchronous cell cycle lengthening. During cycle 10 (~1k cells) [40, 41],

the marginal cells lying against the yolk cell collapse and release their cytoplasm and
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nuclei together into the immediately adjoining cytoplasm of the yolk cell, thereby
creating the yolk syncytial layer. Late blastula period, marks the beginning of thinning
and spreading of both the YSL and the blastodisc over the entire yolk cell. This process is

known as epiboly.

2.3.4 Gastrula period (5} - 10 h)

During the gastrula period, cells migrate towards the interior of the blastula and their
involution, convergence and extension produces the primary germ layers and the
embryonic axis in the zebrafish. At 50% epiboly, a thickened marginal region called the
germ ring appears during involution. Local convergence of cells at one position along the
germ rings gives rise to an embryonic shield. During this event, the epiboly is temporarily
stopped but continues to cover the yolk cell completely after the formation of the shield.
The deep cells in the embryonic shield form two layers. The epiblast is formed at the
surface and gives rise to the ectoderm. The hypoblast is formed next to the YSL and
forms a mixture of endoderm and mesoderm. The end result of gastrulation is marked by

an asymmetric involution of cells which forms the dorsal structures of the embryo [41].

2.3.5 Segmentation period (10 — 24 h)

During segmentation, first furrow of somites, pharyngeal arch primordia and
neuromeres develop, primary organs become visible, the tail appears and there are signs
of first movement. Somites are masses of mesoderm and eventually become dermis,
skeletal muscle and vertebrae. The earliest few somites develop at the rate of 3 per hour
for the first six and 2 per hour thereafter [42]. Primordium of initial conditions capable of

triggering further growth in brain and central nervous system are satisfied as neural plate
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is established and there is prominent thickness near the brain region. Around 18 hours,
the tail bud begins to protrude away from the body of the embryo and the yolk appears in
a kidney bean shape. At the 20-somite stage (19 hours), the length of the embryo
increases, posterior trunk straightens and weak muscular contractions can be observed.
The segmentation stage ends at the 26-somite stage where the two otoliths in each otic

vesicle are visible with a microscope.

2.3.6 Pharyngula period (24 — 48 h)

During the pharyngula period, the body axis straightens from its early curvature about
the yolk sac, set of somites gets completely developed, circulation initiates, pigmentation
occurs and fins begin development. In the early pharyngula period, the embryo continues
it rapid lengthening that started at 15 hours. A beating heart becomes visible at 24 hours.
Pigment cells start differentiating and are prominent in the eye at 36 hours and the
circulatory system is formed. Mesenchymal cells gather together to form rudimentary
pectoral fin buds at 42 hours. These serve as a staging feature during the second half of

this period.

2.3.7 Hatching period (48 — 72 h)

The hatching period occurs asynchronously and involves the completion of rapid
morphogenesis of primary organ systems and cartilage development in the head and
pectoral fin. During the hatching period, the embryo continues to grow and many
developing rudiments of the pectoral fins, the jaws and the gills slowly get completed.

By the end of 72 hours, the hatched larva completes most of its morphogenesis and

continues to grow rapidly. The swim bladder inflates and the anterior-dorsal protrusion of

14



the mouth continues. The early larva gradually begins to swim about actively and moves

its jaws, opercular flaps, pectoral fins and eyes.
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Figure 2.2:  Zebrafish development cycle at different stages defined in hours
post fertilization (hpf). Adapted from Kimmel et al. [39].
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2.4 Understanding membrane structure

The cell membrane acts as a porous wall to the cell and serves many functions: it
protects the internal components of the cell while allowing an exchange of limited
compounds with the outside world; it controls the flow of information between cells by
sending and receiving electrical or chemical signals to other cells; it regulates the fluid
composition within the cell by controlling the movement of fluid and other substances
into and out of the cells; and some membranes are also involved in the capture and

release of energy during processes like photosynthesis.

2.4.1 Membrane as a fluid mosaic model

The membrane structure is highly fluid and most of the lipid and protein molecules
can move about the plane of the membrane (Figure 2.3). The fluid mosaic model of
membrane structure, first proposed by S.J. Singer and G.L. Nicolson in 1972 [43], depicts
the membrane as a seething mass of lipids and proteins in which movements of molecules
take place in two dimensions. On one surface, chains of sugar molecules stick out and
wave about. Biological membranes are thus lipid-protein-sugar ‘sheet’, in which the
permeability barrier and structural integrity are provided by the lipids and specific
functions are carried out by the proteins. The lipid and protein molecules are held
together mainly by non-covalent interactions. Sugars are attached by covalent bonds to

some of the lipid and protein molecules [43, 44] and provide the distinctive ‘appearance’.
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Figure 2.3:  Structure of lipid bilayer. The lipid bilayer acts a restrictive barrier
controlling the transport of compounds in and out of the cell.

2.4.2 Membrane transport

The phospholipid bilayer of the membrane with its charged heads and hydrophobic
core is very selectively permeable. Two types of transport proteins help in the crossing of
particles through cell membranes. Channel proteins form water filled pores across the
bilayer, through which inorganic ions move in single files. Carrier proteins bind specific
molecules or ions and transfer them across the membranes.

Molecules such as sugars, amino acids and inorganic ions are both actively and
passively transported across a cell membrane due to concentration gradient. During
passive transport no input energy is required as molecules move from a region of high
concentration to a region of low concentration. This normal process of diffusion is
sometimes facilitated by membrane proteins. Small hydrophobic molecules can readily
cross this through simple diffusion by dissolving in the hydrophobic core. In order to
transport a molecule against the electrochemical concentration gradient, cells require
extra energy and the process is called active transport. This extra energy can be provided

to the membrane in the form of externally provided electrical or thermal energy.
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2.4.3 Zebrafish membrane

Zebrafish embryos have rectifying membranes that allow water to leave but not
reenter readily. This is assumed to be an evolutionary trait that allows freshwater
embryos to grow in hypoosmotic environments without osmoregulatory organs [45].

A zebrafish embryo is composed of two structures: the outer chorion and the inner
yolk with cells. The principal role of the chorion is physical protection of the embryo
while allowing a two way movement of water and solutes. Additionally, two distinct
membrane complexes are recognized: the outer chorion and the inner plasma (vitelline)
membrane. The plasma membrane and the underlying syncytial layer are considered to be
the main permeability barrier. Studies confirm that the outer chorion membrane complex
is 1.5 — 2.5 pm in thickness [45, 46] and consists of three layers, electrondense outer and
innermost layers 0.2-0.3 um and 1.0-1.6 um in thickness respectively) separated by an
electron-lucent middle layer (0.3-0.6 um in thickness). The syncytial layer is 1-4 um
thick beneath the plasma membrane. All these membranes combine to provide a strong

permeability barrier to zebrafish and have been areas of numerous studies [47-49].

2.5 Conclusion

In brief, the zebrafish attracts researchers because (a) it is a vertebrate with simple
husbandry requirements, (b) it is relatively fecund and generates clutches of 100-200
embryos weekly, (c) its fertilization and development are external, and (d) its embryo is
transparent. The outer chorion and YSL act as permeability barriers and are only
permeable to small hydrophobic solutes and impermeable to inorganic compounds and

1onic molecules.
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CHAPTER III
BACKGROUND TECHNOLOGY

The ability to introduce, remove, or modify compounds in the intracellular
environment of a cell is pivotal towards understanding cellular structure and function. By
tracing the pathway of tracer dyes or biomolecules, cellular communication and various
developmental mechanisms can be studied and understood in developing organisms [50 -
56]. However, the transport of extracellular compounds into a cell is prevented by the cell
membrane which surrounds the cell, gives it structure and acts as a restrictive barrier as
discussed in Chapter II. Being selectively permeable, cell membrane controls the
movement of substances in and out of a cell.

Various techniques exist to increase the permeability of the cell membrane and
deliver compounds inside the cell. This chapter gives an overview of different techniques
which currently exist to deliver extracellular compounds into developing embryos,

especially zebrafish.

3.1 Microinjection

Microinjection remains one of the oldest techniques to introduce foreign compounds
for probing cellular and molecular development inside a cell [57, 58, 59].

Microinjection refers to the process of using a very fine needle (typically a drawn glass

21



capillary) to insert compounds at a microscopic level into living cells. It is a simple
mechanical process in which a needle, roughly 0.5-5 um in diameter penetrates the cell
membrane. The desired compounds are then injected into the cytoplasm with an air
pressure and the needle is removed. These compounds can then be visually traced

overtime as cellular changes occur, providing an insight into cellular functioning

Figure 3.1: A typical microinjection setup is shown. During microinjection, a cell
is placed in an agar petri dish and a very fine glass needle (0.5 — Spm
diameter) is manually inserted into the cell to inject extracellular
compounds in it.

[60, 61]. The technique is frequently used to insert biomolecules such as DNA, mRNA
and RNAI into single cells [62, 63]. Nowadays, microinjection is normally performed
under a specialized optical microscope setup called a micromanipulator and uses
pressurized injections.

Microinjection is the most effective technique in terms of preventing cell damage,
cell viability and cell waste, and is the most widely used technique across various
compounds (charged or uncharged), cell types, phenotype alterations and organisms [64].

However, microinjection is a labor intensive technique which requires significant skill
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and equipment. The current microinjection setups are limited in throughput and hinder
performance and success rates as they cause fatigue in users over long periods of time.
Additionally, microinjection results in point-source addition of molecules at a single site

of interest. It can prove time consuming when delivery of multiple points is required.
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Figure 3.2: An example of MEMS injection systems is presented. a) A simplified
design of surface micromachined silicon nitride microinjector with
integrated Pyrex glass channel reservoir. b) Top: cuticle of wildtype
embryo with distinct denticle belts. Bottom: destroyed order of
denticle belts due to microinjection of RNAi. Adapted from [67].

3.2 MEMS injection systems

Aimed at replacing traditional microinjection needles, numerous MEMS-based
injection systems have been developed over the past several years [64, 65, 66]. The
advent of MEMS technology has enabled researchers to develop automated
microinjection systems that offer cost-effectiveness and mass fabrication. Such systems
are often accompanied by complete automation and high speed [64, 67]. In most MEMS
injectors, a long hollow needle is fabricated by a sacrificial release process [68, 69]. A

reservoir is built at one end of the needle which contains the desired compound and fills
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the channel via capillary action. On applying an externally applied air pressure pulse, the
liquid ejects out of the hollow needle from the other end. The injector geometry ensures
repeatability of penetration and precise dosage of injections in most systems. These
needles are often accompanied by computer-controlled robotic systems, which scan,
locate and immobilize samples and perform precision injections [64, 67].

In the past, MEMS injection system applications have included transdermal liquid
transfer [70, 71], controlled injection of DNA into cells [72] and drug delivery during
neural recording with silicon probes [73]. Several of such injection systems can be
operated in parallel so that one technician can conduct multiple experiments as compared
to manual injection. However, automated systems are still based on permeating the
membrane physically and dose the entire embryo or cell. Requirement of multiple points
is still not met and most of these systems can be expensive and can not be utilized in

typical biological laboratories.

3.3 Iontophoresis

Iontophoresis utilizes a small amount of electric current to push extracellular
compounds inside a cell membrane. The compound is delivered in proportion to the
current, which is readily adjustable. Briefly, a glass capillary acts as a chamber
containing a solution of charged compounds (drug) to be delivered. An electrode is
lowered into the capillary and immersed into the drug. When the same polarity charge (as
on the drug) is applied to the electrode, it repels the charged drug molecules and drives

them into the body [74, 75, 76, 77].
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Iontophoresis has recently been used to introduce specific mRNAs into individual
premigraotry neural crest cells to affect their differentiation and could be applied to many
problems at late developmental stages of growing embryos [78]. Unlike some other
techniques, iontophoresis is less dependent on biological variables such as membrane
permeability and thickness. However, a number of other factors regulate iontophoretic
transport such as current density, membrane pH and resistance, drug concentration,
molecular size and time applied. Other common problems associated with iontophoresis
include the effects of non-vasoactive compounds (vehicles for the active drug) such as DI
water, tap water, sodium chloride solution etc., which increase membrane perfusion and

are not the result of the drug being studied [79 - 83].

3.4 Electroporation

Electroporation refers to the use of strong local electric fields to transiently create
pores and increase the permeability of a cell membrane to foreign compounds. With the
added energy of a local electric field, the lipid bilayer of the membrane reorients itself to
find the lowest energy state and in the process, creates short lived pores. While a pore is
open, extracellular compounds can enter the cell. Successful electroporation of a cell is
strongly dependent on various factors such as the amplitude, frequency, overall shape and
no. of pulses of the applied potential and is usually empirically determined for each cell
type. A range of these parameters exists wherein membrane pores reseal themselves after
delivery [84]. Excessive field strength or long durations can cause irreversible damage to
the cells [85].

Electroporation of DNA in mouse myeloma cells was first demonstrated by Neumann

et al. [86]. Since then, electroporation has come into widespread use for gene, protein and
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drug delivery into a variety of cell types [87, 88, 89, 90]. Current electroporation
techniques require commercially built cuvettes and electroporators, and result in whole
organism dosing as transient pores are created throughout the organism. With regards to
zebrafish, electroporation is used in conjunction with microinjection to improve the
delivery efficiency [91]. However, there is a growing need for patterned electroporation
of compounds into developing embryos [92, 93] for further studies and such a need can
be met by designing microfabricated electrodes on a glass substrate as demonstrated in

Chapter V.

Figure 3.3: An example of electroporation is presented. a) A biomolecule is
first injected using microinjection and probes are simultaneously
utilized to conduct electroporation and increase the efficiency of
the delivery. b) A fluorescent signal confirms the delivery and
integration of the biomolecule with the nucleus of the cell. Adapted
from [91].

3.5 Femtosecond Lasers

Recently, femtoseconds (fs) lasers have been utilized to noninvasively create transient
pores and manipulate cellular material. These pores represent the absence of membrane
material that has been removed by the laser (i.e. ablated). Laser ablation uses very short
wavelength pulses at very high intensities to remove membrane or dielectric material

from the surface of a material. It should be noted that these pores have no resemblance to
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protein pores that are either hydrophobic or hydrophilic based on their internal amino
acid compositions.

Konig et al. [94] reported the first use of fs laser pulses as a novel tool for dissecting
chromosomes. Kohli et al. [95] have recently used lasers to introduce extracellular
compounds in developing zebrafish embryos. The advantage of this technique lies in the
high resolution that it offers. However, it remains a difficult technique to replicate in

unspecialized biological laboratories.

Figure 3.4: When femtosecond (fs) laser pulses are focused through the
chorion, laser induced transient pores are created at the
blastomere-yolk interface or in individual blastomeres of zebrafish
embryos. The pores are used to introduce foreign material into the
embryonic cells. Adapted from [95].

3.6 Other techniques

3.6.1 Photo-mediated gene activation
Photo-mediated gene activation technique utilizes a ‘caging’ process in which RNA is

first inactivated by means of covalent attachment with a photo-removable protecting
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group (the caging group), and later reactivating it by photo illumination with a specific
wavelength [96]. To control gene expression in developing embryos such as zebrafish, it
is essential to use a caging agent that easily reacts with mRNA in vifro and can be
removed in vivo with a minimum amount of photo-illumination, thereby preventing
excessive damage to embryonic tissues. Ando et al. [97] used a synthetic compound 6-
bromo-4-diazomethyl-7-hydroxycoumarin (Bhc-diazo) which forms a covalent bond with
the phosphate moiety of the sugar-phosphate backbone of RNA during caging. The 6-
bromo-4-diazomethyl-7-hydroxycoumarin (Bhc) group binds to 30 sites on the phosphate
moieties per 1kb of RNA sequence and undergoes photolysis (uncaging) when exposed to

long wave ultraviolet light (350 — 365 nm).
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Figure 3.5: Photo-mediated gene activation utilizes a ‘caging’ process where
biomolecules are inactivated by a photo-removable protecting group
and reactivated by illumination with a specific wavelength. Adapted
from [97].
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3.6.2 Optoelectronic tweezers

Optoelectronic Tweezers (OET) technique utilizes light patterns to focus high-
resolution electric fields on a photoconductive surface for manipulating cells. In
optoelectronic tweezers, an incoherent light source (a light emitting diode or a halogen
lamp) is reflected off from a digital micromirror display onto a photoconductive surface
to generate patterns of conducting and non-conducting areas. A cell is placed on the
conducting area and if the electric field is large enough, it causes electroporation which

forms nanoscopic pores in the membrane, thereby allowing exogenous molecules to enter

the cell [98, 99].
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Figure 3.6: Overview of OptoElectronic Tweezer (OET) electroporation
platform. Patterned light localizes electric field across a cell of
interest resulting in selective electroporation and allowing
extracellular compounds (e.g. molecules, nanoparticles) to enter the
intracellular matrix. Adapted from [99].

3.6.3 Aquaporins
Aquaporins are a type of intergral membrane proteins that are found in the cell
membrane and are responsible for forming pores in the membrane. They are also known

as water channels that selectively allow water molecules to in and out of a cell but
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impede the transfer of other ions and solutes. Injection of aquaporins in zebrafish

increases membrane permeability to water and cryoprotectants in the entire embryo[100].

3.7 Conclusion

There are a variety of techniques that exist to introduce extracellular compounds into
growing embryos with each technique having its unique advantages and disadvantages.
Most techniques utilize point-source delivery of extracellular compounds and dose the
entire cell. Additionally, they are hard to replicate in biological laboratories. We
developed a simple technique to deliver multiple compounds simultaneously as discussed

in the next chapter.
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CHAPTER 1V

A MICROSYSTEM FOR DISTRIBUTED, TWO DIMENSIONAL
CHEMICAL DOSING

The design, fabrication, characterization and results of a microsystem for distributed,
two-dimensional dosing of chemicals into developing embryos is presented. The system
consists of arrays of valved micropores which can be individually electrostatically gated
to pattern gradients of diffusible molecules (as opposed to forced convection or other
fluidic motion). The system’s advantage lies in its simple valving scheme, which allows
for the construction of high density microfluidic arrays of actuatable micropores for use
with arbitrary molecules. Additionally, elastomer-metal devices are also constructed and
their use as actuators and microfluidic valves is demonstrated. These devices carry the
potential to be used in vivo due to their low power consumption and electrical actuation,

and can be scaled down to operate at CMOS voltages.

4.1 Introduction

Traditionally, most microvalves are obtained using MEMS-based bulk or surface
micromachining technologies which have been well established in the MEMS field
during the last two decades [101, 102, 103, 104]. Electrostatic actuators are categorized
as mechanically active microvalves where mechanically movable membranes are coupled

to magnetic, electric, piezoelectric or thermal actuation methods. Sato ef al. were the first
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to report an -electrostatically actuated gas microvalve [102]. Most electrostatic
microvalves reported since then have been used to regulate gas flow only due to
electrolysis problem associated with liquids under high voltages [105, 106]. Recently, a
family of elastomer-based (usually polydimethylsiloxane) devices and systems have
become popular due to their simplicity of monolithic fabrication, low equipment costs
and ready compatibility with existing life science lab equipment (i.e. they are actuated
with laboratory pumps and valves as opposed to electrical equipment) [107—109]. Some
of these devices, however, depend on pneumatically-actuated pumps and valves which
require two-layer PDMS processes and many pressurized external gas lines (40— 100 kPa)
to operate, even when employing a variety of clever multiplexing techniques [109, 110,
111]. Moreover, the material suffers from a serious drawback in that it swells in most
organic solvents. The swelling of PDMS-based devices makes it impossible for organic
solvents to flow inside the microchannels. The dependence on external pneumatic
actuation is also becoming increasingly problematic with the push towards integrated,
high-density microfluidic systems which require thousands of independent valves [112].
Additionally, the lack of low power actuation schemes has, in part, prevented the
adoption of these polymer devices for use in vivo [113].

Here we present an array of ‘wet” MEMS actuators for use in cell and embryo culture.
These actuators are based on gated micropores which actuate due to electrostatic pull-in
with high frequency sinusoidal voltages. A 5 x 5 array of independent valves was
designed, fabricated and tested. Actuation of the valves occurred at 23 V at 5 MHz sine
wave signal and was confirmed both optically and by a non-contact profilometer.

Actuation was carried out in air, oil and water medium. A 2 pore open-closed-open cycle
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is demonstrated through electrostatic actuation which can be extended into multiple pores.
Electrolysis in the device was averted by preventing the build up of electric double layer
charge by using high frequency signal [115, 116].

Additionally, a class of ‘wet” MEMS elastomer-metal electrostatic actuators which
can actuate in air, organic solvents or water environments with no external fluidic
connections is also reported. These actuators were termed as ‘elastomer—metal’
electrostatic actuators because they utilize a thin metal for electrical connection and an
elastomer material as a movable diaphragm during electrostatic actuation pull-in when
presented with a high frequency sine wave signal. These valves can be readily integrated
into existing single-level PDMS microfluidic systems, can be actuated with no external
valving and require low temperature processes. These valves can be grouped together to
form classic peristaltic valves [114] and pumps, or combined with pores to build low
power, programmable drug dosing elements. Conceptually, these devices are scalable

into nanofluidic regimes and are compatible with CMOS processes.

4.2 Device theory and concepts

4.2.1 Pull-in Voltage

Electrostatic actuation is a well known process in ‘dry” MEMS. On applying a
potential between two parallel plates, electrostatic forces pull both the plates together. If
the plates are held apart by a linear spring, the maximum range of travel is limited to 1/3
of the original gap after which electrostatic force exceeds the spring force and the gap
collapses (assuming the potential is held constant). This ‘pull-in’ voltage is given as [115,
119]:
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Figure 4.1: Basic model of an electrostatic actuator. The top plate is mobile as
compared to the bottom plate which is fixed. On applying a
potential between two plates, electrostatic forces develop which
counteract the opposite spring force and pull both the plates
together.

where £ is the mechanical spring constant of the spring holding the plates apart, g is the
initial distance between the plates, 7, is the thickness of any solid insulating layer
covering the plates, ¢,, is the relative permittivity of the solid insulating layer, ¢,; is the
relative permittivity of the material between the plates (e.g. air, water, oil; this is the
content of the fluidic channel), 4.4, is the area of overlap between the capacitive plates,
and &y is the permittivity of free space (An explanation on how Equation 4.1 is derived is
provided in Appendix A). Even though filling the space between the plates with water
(¢, = 80) would provide very low pull-in voltages, operation in water has historically
been limited due to the problems related with electrolysis [116], anodization [116] and
electrode polarization [117]. This, of course, does not occur in oil filled plates and DC

voltages are sufficient to close the plates. In order to operate in water, a high frequency
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AC drive wave with no DC bias is necessary to prevent double layer screening of the
electrostatic forces [118]. Note that as water has such a high dielectric constant, the
thickness of any passivating dielectric cannot be ignored in the pull-in voltage
calculations (Eqn. (4.1)) [119]. The devices presented here use this phenomenon to
collapse the ‘roof” of a conventional metal or PDMS microchannel onto the ‘floor’. This
collapse can be used as a valve in the same way that ‘Quake’ valves use pressure to

collapse a PDMS roof and seal a microchannel.

4.2.2 Spring constant k& for a rectangular plate

The spring constant is a good measure of the ‘stiffness’ or strength’ of a spring. Most
springs obey Hook’s law of elasticity where the restoring force exerted by a spring is
directly proportional to the spring constant and the distance the spring has been stretched:

F =—kx (4.2)
where F is the restoring force of the spring, & is the spring constant and x is the distance
the spring has moved.

For a rectangular plate, £ depends on several parameters such as types of loading
(point or distributed loading, in-plane or anti-plane, moment or torque), plate dimensions
(lengths and thickness), material properties, and boundary conditions (fixed or simply
supported). For a rectangular linear elastic plate with either fixed or simply supported
boundaries, the spring constant can be calculated using closed form equations. In a square
plate under anti-plane distributed loading, the spring constant & is expressed as [116]:

E-f

k=
a-b*

(4.3)
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where E is the Young’s modulus of the plate, 7 is the plate thickness, b is the edge
length, and & is a boundary condition coefficient. Boundary coefficients for different
ratios of plate length and width are provided in [120]. For all simply supported edges,

a = 0.444; for all fixed edges, « = 0.0138. Substituting equation (4.3) into (4.1) yields:

8EF (g +1t ¢, /¢
VPI — (g zox L/ ()x) (44)
27a-b¢,e, A

4.2.3 Electric Double Layer

Electric double layer (EDL) is a model which describes the interaction of electrode
surface charges with electrolytic solutions. The model, first proposed by Helmholtz [wiki
reference] in 1879, assumes the electrode to hold a charge density which arises from
either an excess or deficiency of electrons at the electrode surfaces. In order for the
interface to remain neutral, the surface charge is balanced by the redistribution of ions
close to the electrode surface. These attracted approach the electrode surface and form a
layer balancing the electrode charge. The overall result is two layers of charge (the
double layer) and a potential drop which is confined to only a small distance from the
electrode surface (Figure 4.2). The model is analogous to an electrical capacitor which
has two plates of charge separated by some distance and eventually results in reducing or
eliminating the applied force and actuator displacement [119]. If the electrode charge is
completely screened by a diffused double layer, the actuator gets disabled. Since most
electrostatic MEMS actuators typically require at least 1 V to operate, charge screening is

important even in a high dielectric medium such as water.
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EDL formation can be prevented by driving the actuator with an AC square wave of
sufficiently high frequency, so that the ions do not have sufficient time to accumulate at
the electrodes. In this case, electric field appears uniform, and since the electrostatic force

is independent of the polarity of the applied potential, the actuator can be displaced as in
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Figure 4.2: Schematic of Electric Double Layer (EDL). EDL charge formation
results in higher applied potential. It can be eliminated by driving
the actuator with an AC square wave of sufficiently high frequency.

an ideal dielectric [18, 19]. The frequency transition from a completely screened potential
to a uniform electric field occurs when the time given for the ions to migrate in one
direction is on the order of the time scale for screening the electrode charge. Double layer

formation was prevented in our devices by using radio frequency (RF) in the range of 5 —

10 MHz.
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4.2.4 Device concept

As a potential is applied between the top and the bottom electrode, electrostatic
actuation is utilized to collapse the top membrane onto the floor to close the channel gap.
This collapse is used the same way that ‘Quake’ valves use off-chip pneumatic pressure
lines to collapse a PDMS membrane and seal a micro channel. Essentially by using
electrostatic pull-in as the actuation mechanism the device is a self-actuating ‘Quake’
valve. This purely electrically-controlled approach also avoids external pneumatic
connections. Table 4.1 summarizes all the values that were utilized to create the device

and optimize the pull-in voltage (the most critical parameter) to within 15 V and 25 V for

the elastomer-metal and all-metal device respectively.

Device configuration Elastomer-metal All metal (gold)
Membrane length 600 um 600 pm
Membrane thickness 16 um 2 pm
Channel height gap 8 um 5 pm
Oxide permittivity 3.9 3.9
Oxide thickness 0.45 pm 0.45 pm
Liquid permittivity (water) 78 78
Membrane Young’s modulus 160 MPa [21] 78 GPa
Membrane residual stress 2.6 MPa [21] 40.1 MPa [22]
Membrane Poisson’s ratio ~0.5 0.42
Designed Spring Constant 6.76 N/m 26.36 N/m
Calculated Pull-in Voltage 629V 9.79V

Table 4.1:

Device design parameters are summarized. Designing devices with

lower pull-in voltages led to flimsy devices that collapsed due to

stiction.
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4.3 Device fabrication

Two types of devices were explored. In the first, an all-metal microchannel was
patterned over oxide-insulated indium tin oxide (ITO) electrodes using resist as the
microchannel mold (Fig. 4.3a). The roof served as one capacitive plate and the ITO
electrode formed the other. In the second design, the channel was made from PDMS
instead of gold, but a thin gold layer was patterned into a compliant electrode within (or
below) the PDMS. Spring constants (k) for the various roof designs were calculated using
the well-known Roark’s Formulas for Stress and Strain equations for either a rectangular
mechanical plate with four fixed boundaries (page 462 of ref. 20) or using the equation
for the appropriate flexure (e.g. spiral or meandering spring [120]) as mentioned above.
Figure 4.3 shows the fabrication process. The devices were fabricated on 4” glass
substrates. Transparent indium tin oxide (ITO) electrodes were sputtered (1500A) and
patterned through a liftoff process and annealed at 750 °C in a Rapid Thermal Anneal
(RTA) oven (Fig. 4.3a). A thin layer of oxide (0.45um) was deposited via plasma-
enhanced chemical vapor deposition (PECVD) and annealed in a RTA oven at 700 °C
(Fig. 4.3b). Contacts were timed etched through the oxide in 49% BHF (0.1pm min™)
(Fig. 4.3c). A Sum resist (Shipley 1827) for all-metal devices or a 10um resist (AZ®
9260) for elastomer—metal devices was spun and patterned into desired microchannel
geometries (Fig. 4.3d). Ct/Au (150A /5000A) was then evaporated onto the chip to form
the top electrode (Fig. 4.3¢). For elastomer—metal devices electroplating was not needed
(Fig. 4.3f) and the gold flexures were patterned via wet etching (Fig. 4.3g). The patterned
resist was flood exposed, developed and a new resist was spun on the wafer. The wafer

was then diced. The resist was flood exposed once again and developed. Cr was removed
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from individual dies with standard Cr etchant. 16pum of Dow-Corning WL-5150
photopatternable PDMS was then spun on. The sacrificial channel photoresist was then
removed by immersing the chip overnight in acetone. Standard critical point drying (CPD)

was performed to release devices (Fig. 4.3h2). Contact pads were wire-bonded to a

carrier PCB board and soldered.
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Figure 4.3:  Fabrication process flow for wet electrostatic actuators. Two types
of devices were fabricated. h1) The all-metal devices had gold roofs
which were selectively etched to create micropores. h2) The
elastomer-metal devices had PDMS roofs and a thin layer of gold
as electrical connects.
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4.4 Experimental setup

4.4.1 Dye preparation

For fluorescent imaging and dosing, a mixture of de-ionized water and a Tris(2,2’-
bipyridyl)dichlororuthenium(Il) hexahydrate (Sigma) fluorophore was loaded in a
reservoir and entered the microchannels through capillary action. Devices were also filled

and actuated with silicone oil (data not shown).

4.4.2 Instrumentation and microscopy

Upright and inverted microscopy was done with a ZEISS Axioskop and a Nikon
TE2000, respectively. Surface profilometry was carried out using a Zygo New View
5000. DC voltages were applied using a Keithley 2400 Sourcemeter. AC voltages were

applied with Agilent 33250A Function/Arbitrary Waveform Generator, 80 MHz.

4.4.3 Agar preparation

A solution of Bacteriological agar (A5306 from Sigma-Aldrich) was prepared with a
concentration of 14 gram/Liter. The solution was heated at 50 °C for 2 minutes on a hot
plate. The hot solution was poured in a Petri-dish and allowed to cool down at room
temperature for 10 minutes. Once the agar cooled down, it solidified into a gel. The agar

served as a hydrophilic medium into which fluorophore was dosed to obtain profiles.

4.5 All-metal devices

Figure 4.4a shows a fabricated all-metal device. To operate the device, ruthenium was

introduced at the inlet and filled the microchannels with capillary action. The advancing
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liquid phase pushed all of the gas phase out through the etched pores and formed a long
column inside the microchannels. The actuation chambers (600 um x 600 um) inside the
chambers were supported by the design of 50 um x 50 pm posts to prevent membrane
collapse during the release method due to stiction forces. To demonstrate diffusion from
the micropores, a thin sheet of Agar (1 mm thick) was placed on the pores as shown in
Figure 4.4b. As time elapsed, the intensity of the fluorophore decreased, while the

gradient expanded radially (data not shown).

Figure 4.4: a) An all-gold fabricated device is shown. b) Diffusion occurs in
normally open pores as ruthenium is introduced at the inlet.

4.5.1 Pull-in characterization

The pull-in voltage for all-metal devices was characterized in both air and water as
shown in Figure 4.5. The pull-in voltage for water (¢ = 80) was 13 V as compared to air
(e = 1) which had a pull in voltage of 55 V. However, in both these cases, the pull-in
voltage was much higher than elastomer-metal devices (this will be discussed in later

sections).
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4.5.2 Deflection characterization

Figure 4.6 shows an inverted optical and an inverted fluorescent micrograph, of an
all-metal device. On applying a potential between the top metal electrode (ground) and
bottom ITO electrodes, the device actuated and closed. Fig. 4.6¢c shows the same device

under actuation at 18 V. Figure 4.6d shows the deflection profiles unactuated and

profilometer.
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Figure 4.5:  Deflection vs. voltage is characterized for all metal devices. Pull-in
voltage for water and air was 23 V and 55 V respectively.

4.5.3 Power consumption

Gold has a maximum yield strength of 120 MPa; above that stress, metal devices
would plastically deform and fail. It was thus important to ensure that the actuating stress
did not deform the devices permanently. However, attempting to lower the pull-in voltage
below 15V resulted in devices that were so flimsy that Laplace—Young pressure collapsed

the channel during conventional release. Given a spring constant k, an overall gap of g

43



(4.95um) and a final remaining gap of 7, (0.45um) after pull-in, the energy expended to

close an actuator is:

E = 1% k*(g - toy)’ (4.5)

Deflection area C
V=18V

All-metal deflection graph in water
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Figure 4.6: Visual and quantitative analysis of all-gold device deflection. a) All
gold devices after release. b) One of many chambers in an all gold
device filled with DI water and fluorescent compound. ¢) An actuated
all gold device. d) Profilometry cross section confirming pull-in. Valve
profiles completely flatten against bottom electrode above 30 V.

For the devices presented here, this corresponds to energies ranging from 0.55n] to

0.67n]. Peak currents were limited to 1 mA. All-metal devices closed within 1 s. Using
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Equation 4.5 and the definition of power (P = dE/dt = E/t), this corresponds to an average

power consumption of 110 pW.

4.5.4 Programming gradients

Figure 4.7 demonstrates how pixel-style programmable gradients can be achieved with
all-metal devices. A fluorescent solution was filled in the microchannels and allowed to
diffuse through the open pores. In the ‘normally open’ initial condition, the dye

molecules diffused out from the pore into agar (hydrophilic medium, see above). After 30
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Figure 4.7a: Left pore is electrostatically actuated and closed by applying a 25
V, 5 MHz potential between ITO electrode and metal roof,
halting diffusion. Agar was replaced. Scale bar is 40 pm.

sec, the left pore was electrostatically closed by applying a 25V, SMHz sine wave signal

which halted diffusion. The right pore remains unactuated and continued diffusion. As
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more time elapsed, the concentration gradient expanded radially due to Fickian diffusion
of the molecules and the intensity of the fluorophore declined. After 90 seconds, this
signal was removed from the left pore and applied to the right pore, thereby closing it. A
sequence of signals can be thus provided between different micropore chambers and

programmed to obtain pixel style gradient profiles.
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Figure 4.7b: Left pore is released after actuation (V = 0 V between ITO
electrode and gold roof). Right pore is electrostatically actuated
and closed.

4.6 Elastomer-metal devices

Elastomer-metal devices were fabricated to lower the pull in voltages observed in all-
metal devices as shown in Figure 4.3h2. These actuators were termed as ‘elastomer—
metal’ electrostatic actuators because they utilize a thin metal for electrical connection

and an elastomer material as the main movable diaphragm during actuation when
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presented with a high frequency sine wave signal. Elastomer materials have are less stiff
than common metal, therefore have lower Young’s modulus and spring constant
(Equation 4.3) The advantage of these valves is that they can be readily integrated into
existing single-level PDMS microfluidic systems, can be actuated with no external

valving and require low temperature processes.

4.6.1 Pull-in characterization

Figure 4.8 presents the deflection voltage graph for elastomer-metal devices. The low
Young’s modulus of PDMS (160 MPa) [121], as compared to gold (78 GPa) resulted in a
lower spring constant as described in Equation 4.3, thereby resulting in a lower pull-in

voltage in both air and water environments (as compared to all-metal devices).
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Figure 4.8: Deflection vs. voltage graph for elastomer-metal devices. Pull-in
voltage for water and air was 13 V and 25 V respectively.
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4.6.2. Deflection characterization

Figure 4.9 shows an inverted optical and an inverted fluorescent micrograph, of an

elastomer-metal device. Like all-metal device, application of a potential between the top

metal electrode (ground) and bottom ITO electrodes, the device actuates and closes. Fig.

4.9c shows the same device under actuation at 16 V. Figure 4.9d shows the deflection
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Figure 4.9:
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Visual and quantitative analysis of elastomer-metal device
deflection. a) Elastomer-metal just after release. b) One chamber
filled with DI water and fluorescent compound. ¢) An actuated
elsatomer-metal device. d) Profilometry cross section confirming
pull-in. Better valve sealing is observed at higher voltages than pull-
in voltages.
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profiles unactuated and actuated valves of all-metal devices obtained in water with the
Zygo non-contact profilometer. Unlike all-metal device, the elastoer-metal devices sags a
little because it is released in acetone which gets absorbed into the PDMS and results in

volume dilation.

4.6.3 Power consumption

Using the definition of the energy expended to close the a spring elastomer-metal
actuator as given in Equation 4.5, yields energies ranging from 0.19 nJ to 0.25 nJ.
Elastomer-metal devices closed in 5 s which was slower than all metal devices due to
membrane dilation and sagging of the elastomer. Given the definition of power (P =

dE/dt = E/t), this corresponds to an average power consumption of 44.2 pW.

4.6.4 Valving operation

Fig. 4.10 demonstrates the operation of the device as a valve. For visualization
purposes, fluorescent water mixed with microspheres (0.5 mm diameter) was used to fill
a 6 mm microchannel. The liquid flow was observed by detecting the movement of the
microspheres. Flow was established by evaporative pumping across the microchannel
where an outlet pore was etched to push the gaseous phase out of the channel. Upon
valve actuation, the membrane deflected down and microsphere movement stopped, the
microspheres were expelled from between the electrodes, and piled up against the
boundary of the ITO electrode as shown in Fig. 4.10b. Once unactuated, the valve opened

and the microspheres continued their flow.
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Figure 4.10: Elastomer—metal devices function as a microvalve. A) Microspheres
(0.5 mm diameter) mixed with fluorescent solution were loaded into
the microchannel. Beads flow under an unactuated valve. B) At t =
50 s the elastomer—-metal valve was closed, stopping flow;
microspheres were expelled by the valve and accumulated at the
valve boundary, as pointed out by the arrows. This indicates that the
flow was stopped. C) As the valve was opened at t = 100 s, the liquid
flow resumed and the microspheres moved again.

4.7 Conclusion

The design, fabrication, characterization and results of a class of ‘wet” MEMS
actuators are presented. The actuators were designed to delivery pixel-style molecules
into a developing tissue and are programmable. Additionally, elastomer-metal wet
actuator movable diaphragms were also designed using a sacrificial microfabrication
technology. Electrostatic actuation of the diaphragm was demonstrated in air and water
environments at 13V and 25V respectively. A 3-phase valving sequence using AC
voltages was also demonstrated. Typical chamber sizes were 600 pm wide, 600 pm long
and 5 um high. The actuators were designed using simple low temperature processes and
can be grouped together to fabricate other microfluidic devices such as micropumps,
peristaltic microvalves, ionization nozzles, and filters. We also present basic design
theory as these devices are scalable into nanofluidic regimes conceptually and are

compatible with CMOS processes.

50



CHAPTER V

PATTERNED DELIVERY AND EXPRESSION OF GENE
CONSTRUCTS INTO ZEBRAFISH EMBRYOS

The design, fabrication and results of microfabricated interfaces for the patterned
delivery of foreign molecules via electroporation into developing embryos is presented.
These systems were used to ‘draw’ two-dimensional patterns of tracer molecules, DNA
and mRNA into the yolk and cells of zebrafish embryos (Danio rerio) at different stages
of development. The successful delivery of two-dimensional patterns of trypan blue
(normal dye), texas red (fluorescent dye), pCS2eGFP DNA and GFP-mRNA in both
chorionated and dechorionated embryos is also demonstrated. Both DNA and mRNA

were expressed in the desired patterns subsequent to delivery.

5.1 Introduction

The ability to modify two dimensional specially-shaped areas with controlled delivery
of genes and proteins in patterned shapes allows more biologically-relevant
manipulations of a complete system’s development [123]. Such control or ‘hacking’ tools
are limited at this time and this technology provides a biological tool to study
developmental mechanisms. Similarly, simultaneous delivery of multiple molecules in

different patterns also expands the type of experiments performed in spatially
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heterogeneous systems, particularly where multiple pathways with specific timings are
involved [124, 125, 126].

In this work, 10 um wide platinum electrodes were microfabricated into desired
patterns and passivated with silicone elastomer. Square pulses of 10-20 V (0.20-0.40
kV/cm), 50-100 ms pulse width were sufficient to create transient pores and introduce
compounds from the late blastula period (3 hpf) to early pharyngula period (24 hpf)
embryos. Using 24 hpf dechorionated embryos, we achieved a high survival rate of
91.3% and 89%, and a delivery rate of 38% and 50% for GFP- DNA and GFP-mRNA
respectively.

We believe that this simple technique offers the unique advantage of introducing
foreign compounds at local sites and in specific patterns unlike any other microsystem
technique and provides a new tool to aid advanced studies in cellular development and

morphogenesis.

5.2 Theory of electroporation

5.2.1 Operation

During electroporation, transient pores are created in a cell membrane when short
electrical pulses (exceeding the membrane’s dielectric strength) are applied. While a pore
is open, extracellular compounds in the vicinity of the pore can enter and transit into the
cell interior. During conventional electroporation, a high concentration of cells and
relevant molecules (dyes, proteins, genes, etc.) in suspension are introduced between two
opposite electrodes. A high electric field, typically from 1-10 kVem™, is applied to the

electrodes to deliver the molecules into the cells [127, 128, 129]. Electroporation is a
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well-characterized method for molecule delivery into embryos of many species [129,
130], although microinjection is more common for zebrafish embryos. As might be
expected, compound trans-membrane permeability is highest for cells nearest to the
electrodes [128]. The amplitude and frequency of the applied potential, as well as its
overall shape and total duration are usually empirically determined for each cell type; a
range exists wherein membrane pores reseal themselves after delivery [128]. Excessive
field strength or long durations cause irreversible damage to the cells and the organism

[129].

5.2.2 Field Induced Transmembrane Potential
The bilayer structure of a cell membrane is a dielectric. When a spherical cell in
suspension is exposed to an electric field, the Maxwell equation describing the current in

the region near the cell is given by:

A T+9P g (5.1)
ot

Where J is the current density, p the resistivity, and ¢ the time variable. If charges are not
generated in a cell during electroporation treatment, this relation simplifies to:

A.J=0 (5.2)
Since the electric field is the gradient of electric potential, the Maxwell equation becomes:

Aw=0 (5.3)
where y denotes the electric potential. If the conductivity of a cell membrane is much
smaller than that of external medium, and the thickness of the low-conductivity shell is
small compared to the outer radius of the sphere, the solution to the Maxwell relation for

a field induced transmembrane potential, can be expressed as [131, 132, 133]:
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Ay =1.5a E cos@ (5.4)

where a, E and 0 are the outer radius of the cell, the applied field strength and the angle
between the field line and the normal to the point of interest in the membrane. Equation

5.x has been shown to be generally applicable in most lipid vesicles [134, 135].

5.2.3 Circuit model of the cell and chip

The circuit model of this set-up is shown in Figure 5.1. The cell itself can be
modelled as a parallel combination of a variable resistor and a capacitor (whose effect is
transient). In parallel to the cell is the resistance of the medium Ryeqivm. The potential
drop across the cell is significantly greater than the drop in the medium. Moreover, since
the phospholipid membrane of the cell has much higher resistance than both the cytosol

and the extracellular medium, only the potential drop in the membrane is significant.

| ;medlum
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Figure 5.1:  The circuit model of the cell and the chip. The cell itself is modeled
as a parallel combination of a resistive R and a capacitive Cy
element. Ryegium is the resistance of the medium and is parallel to
Rcell as the current can by pass the cell through it. It is assumed
that Rpeqium remains constant before and after electroporation.
After electroporation the only element that changes in the model is
the R, which drops due to the formation of electropores.
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5.3 Device fabrication

All devices were fabricated on 4” glass substrates. Wafers were cleaned in Piranha
(1:1 H2SO4:H,0;) for 20 minutes followed by a 10 minute rinse-dry cycle. Photoresist

was then spun on, patterned into electrode geometries and soft-baked. A descum was

a
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substrate
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Figure 5.2:  Fabrication process. Liftoff process was utilized to fabricate
patterned electrodes on a glass substrate.

performed for 3 min at 80 W to remove any residual traces of photoresist; this enhances

the lift-off yield significantly. Titanium (500 A) and platinum (1000 A) were deposited
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using evaporation and patterned using a lift-off process. Parts of the metal areas were
then passivated with Polydimethylsiloxane (PDMS) acting as the silicone elastomer,
leaving only the relevant metal shapes exposed to electric fields. This passivation can be
performed by either a) spinning and curing Sylgard® 184 and cutting out windows in the
cured polymer using a sharp blade or b) spinning (300 rpm), baking (130 °C, 2 min),
lithographically exposing and curing (150 °C, 2 min) Dow Corning® WL-5150 photo-
patternable silicone (according to manufacturer’s instructions) to pattern appropriate
windows in the polymer. The resultant setup effectively shields electric fields and forms a
chamber around the electrode to contain the solution (PDMS is hydrophobic) and the
embryo.

A second set of multi-compound dosing devices were also constructed (See Appendix
B). Metal microfluidic channels were fabricated over the electrodes via a sacrificial
release method and micropores were wet etched in the channel roof. These devices could

deliver multiple chemicals simultaneously into the embryo.

5.4 Experimental setup

5.4.1 Setup

Figure 5.3 illustrates the setup. During conventional electroporation in most
organisms, electrodes are placed on both sides of the embryo and transient pores are
created by providing electrical pulses between them. This creates pores in the entire
organism. In zebrafish embryos, however, microinjection is first used to deliver
extracellular compounds locally (Figure 4.1a) followed by electroporation of the entire

embryo to enhance the microinjection results.
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In this setup, lithographically-patterned metal (Figure 4.1b) on thin glass acted as the
anode and a distant metal wire was placed in solution approximately 500 um away and
acted as the cathode (these roles were switched during negatively charged pCS2eGFP
DNA electroporation delivery). PDMS was used both as an insulator and as a boundary

around the anode to create a chamber and contain the movement of the embryo.

PDMS boundary
‘M’ shaped platinum electrode \

\
\

Bastula \

A / B
Cath<|)de (-)
Dye

Anode (+)

Blastula cells_ PDMS /#

‘M’ shaped dose on embryo
C (Top view)

\ Glass

Figure 5.3: Conceptual zebrafish electroporation setup is shown. a)
Microinjection remains a common but labor intensive process. b)
Microscale noble metal electrodes were fabricated on a glass
substrate in our device. These electrodes acted as anodes during
electroporation. ¢) During dosing, embryos were placed on top of the
patterned anode. The PDMS boundary created a chamber which
contained the dye solution. A second electrode on top of the embryo
acted as cathode. On applying short electric pulses between
electrodes  (electroporation), electrode-shaped patterns of
extracellular compounds were delivered into the embryo.

During an experiment, the chamber was filled with embryo medium mixed with the

appropriate delivery molecule. In the case of multi-compound dosing devices, the

57



microfluidic channels were first filled with the appropriate dyes (and no compound was
introduced into the bulk medium). Embryos were then pipetted into the chamber where
they settled on top the electrode.

The cathode was lowered on top of the embryo at this time. A commercial voltage
source (Agilent 33220A) was used to deliver square wave pulses of 10-20 V, 50-100 ms
pulse width between the electrodes. After the pulse was applied and electroporation
conducted, embryos were gently removed from the device with a pipette and moved into

a petri dish containing E3 medium and incubated in 28.5 °C for 24 hrs.

5.4.2 Zebrafish rearing and preparation

Zebrafish embryos from the Duan lab were grown according to the procedure in [9],
maintained on a 14 hr-10 hr light dark cycle. A stock solution of E3 medium was
prepared (5 mM NaCl, 0.17 mM KCI, 0.33 mM CaCl,, 0.33 mM MgSO,, and 0.1%
Methylene Blue) and once embryos were obtained subsequent to mating (usually daily),
they were transferred in this medium and incubated at 28.5 °C. Embryos were de-
chorionated by mixing in 125 pg/ml of Pronase (Roche) in E3 medium and gently
shaking the petri-dish until the chorion came apart. They were rinsed thrice to remove all
the pronase. Just before electroporation, embryos were anaesthetized by using MS222
(Sigma). During electroporation, embryos were held immobile within the PDMS wall
chamber. They were gently pippetted into that chamber and positioned in the proper
orientation over the stimulating electrodes using SA tweezers and gentle pushing or using

rolling motions. Methyl cellulose (Sigma) was also tested to hold embryos immobile, but
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slowed throughput and did not provide a significant advantage toward proper positioning

of the embryo with respect to the electrodes.

5.4.3 Dye preparation

For fluorescent imaging and dosing, solutions were prepared by mixing E3 medium
with appropriate dyes. These dyes were chosen due to their low molecular weight. 30
mM solutions of Texas Red® Dextran 3000 MW, lysine fixable (Invitrogen) and
Fluorescein were prepared. A 0.4% (by volume) trypan blue (GIBCO) solution was also

prepared.

5.4.4 DNA and mRNA preparation

pCS2eGFP vectors were prepared according to the procedure outlined by Dave
Turner and Ralph Rupp [10, 11]. Briefly, A DNA fragment containing the Kozak
sequence followed by entire ORF of EGFP (Clontech, USA) was generated by PCR. This
DNA fragment was subcloned into the pCS2+ vector to generate the EGFP
overexpression plasmid DNA (pCS2+EGFP). The purified plasmid was dissolved in
DNase free water and stored at -20 °C until use. The pCS2+EGFP plasmid was linearized
by restriction enzyme (Notl) digestion and was used for capped EGFP mRNA synthesis.
Capped RNA was synthesized by in vitro mRNA transcription using mMassage
mMachine kit (Ambion, TX). Prepared EGFP mRNA was dissolved in

diethylpyrocarbonate (Sigma, USA) treated water and kept at -80 °C until use.
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5.4.5 Instrumentation and Microscopy

DNA-GFP imaging was done by Leica MZ 16F upright microscope. Adobe
Photoshop and ImageJ were used to process figures. Upright and inverted microscopy
was done with ZEISS Axioshop and a Nikon TE2000, respectively for dye imaging.
Electroporation potential was applied with an Agilent 33220A Function/Arbitrary
Waveform Generator, 20 MHz. Single square wave pulses of 10-20 V, 50-100 ms pulse

width was applied between the electrodes.

5.5 Results and discussion

As with any electroporation protocol, long duration and high voltage pulses can kill
cells [136, 137, 138]. The ideal voltage, pulse length and number of pulses is difficult to
determine and changes for each setup. Here, we first determined these values
experimentally (data not shown) by attempting a range of known good values [136] with
a simple, straight electrode. These parameters (see below) were then used throughout the

experiment.

5.5.1 Dye delivery

As a benchmark of basic electroporation, Trypan blue dye was electroporated in early
stage (3-5 hpf) embryos with intact chorion. Two square pulse of 20 V, 100 ms pulse
width, 1s apart were used. Electroporation created temporary pores in the chorion which
enabled trypan blue to readily diffuse into the perivitelline space of the embryos as shown

in Figure 5.4. To reduce the adhesion effect of trypan blue, the embryos were kept in E3
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solution for 3 hrs before being imaged [136]. Control embryos (V=0) were used as

reference.

Yolk

Chorion

Cells

Figure 5.4:  Successful delivery of trypan blue dye through the chorion of the
embryo. Electroporation created temporary pores and trypan
blue diffused inside the perivitelline space of the embryo (left).
Electroporated embryos appeared deeper blue as compared to
embryos with no electroporation (right). Scale bar is 300 pm.

Next we used the devices to dose patterns of a fluorescent tracer dye (Texas Red)
commonly used when tracking cell fate in embryos. Figure 5.5a shows a 10 hpf zebrafish
embryo on top of a single, long 10um wide fabricated platinum anode. Most of the
electrode is covered with an elastomer. The embryo was aligned such that the yolk was in
direct contact with the anode while the cathode was 500um away. Two square pulses of
10V, 50ms pulse width, 1s apart were used. Figure 5.5b shows the fluorescent image of
the embryo with the pattern of a point delivered in the yolk. Fig 5.5 c,d show a pattern of
a line. Cells closer to the electrode tended to have sharper features. Only part of the line

was imprinted onto the embryo due to the curvature of the yolk.
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Figure 5.5:

Fluorescent texas red was electroporated in various shapes in the yolk
of zebrafish embryos at 10hpf. 10pm wide electrodes were designed in
various shapes and used as anodes. a) A white light image of a line
electrode with embryo on top. Most of the metal was covered with
PDMS to shield electric field and hence acts as a point electrode. b)
Fluorescent image of a point on the yolk. To increase the point dosing
resolution, we designed the micrepore devices. ¢) 10 pm wide line
anode. d) A fluorescent image of a line electrode having been
electroporated into the yolk (Once the embryos were pipetted into a
clean dish for fluorescent imaging, they were not touched and hence
are not oriented to the white light image). e) A white light image of an
‘O’ ring pattern. f) Fluorescent image of an ‘O’ ring. g) White light
image of embryo sitting on two electrodes (anodes). h) Fluorescent
image of embryo with two lines patterned on the embryo. i) White
light image of ‘M’ shaped design. j) Fluorescent image of the ‘M’
pattern. Two square pulses of 10 V, 50 ms pulse width were used.
Scale bar is 200 pm.

5.5.2 DNA and mRNA delivery

To demonstrate the successful delivery of biologically active molecules with this

device, we first electroporated GFP-DNA and GFP-mRNA vectors into young zebrafish

embryos and recorded the resultant expression of green fluorescent protein (GFP). In

Figures 5.6a and 5.6b, 0.250 pg/ul solution of pCS2eGFP DNA was pipetted in the

chamber and a 3 hpf embryo was placed on the electrode. Electroporation was performed

and pCS2eGFP DNA entered the cells where it integrated with the nucleus and expressed

itself. Fig. 5.6d shows the fluorescence from GFP at 24 hpf expressed by the DNA
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sequestered inside dosed cells. No patterns could be formed on blastula stage cells as it
takes 4-6 hrs for the DNA to integrate itself with the zebrafish and any pattern was lost
during this time as cells divide continuously. Embryos treated in this way developed
normally into fish.

We then used the above setup to electroporate patterned lines both at the yolk sac and

at the brain region of older developing zebrafish. A single square pulse of 10 V, 100 ms

pulse width was sufficient to deliver DNA into zebrafish at 24 hpf.

-
Figure 5.6: Delivery of pCS2eGFP DNA in early stage developing embryos. a) 10
um wide microfabricated platinum electrode acted as cathode during
electroporation. b) 0.250 pg/ul of pCS2eGFP DNA was pipetted on
top of the cathode and late blastula stage embryo (3 hpf) was placed
in it. A probe tip was placed on top of the embryo to act as anode
(not shown in the picture). Gap between two electrodes was 500 pm.
One single square pulse of 10 V, 100 ms was delivered between the
electrodes. c¢) 7 hpf developing embryo with dosed YSL. d) 24 hpf

zebrafish after DNA integrated with the cell nucleus and spread in
the entire fish as the fish developed. Scale bar is 200 pm.
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Figure 5.7 shows the same patterned electrode being used to deliver DNA-GFP in the
shape of a line to a 24 hpf embryo. Figures 5.7a and 5.7b represent white light and
fluorescent images of zebrafish at 48 hpf. A gap of 24 hrs ensured proper integration of
DNA to the nucleus. The dotted red lines indicate the position of the cathode during
dosing. In this case, the cathode was aligned parallel to the dorsal-ventral axis of the
zebrafish. Figures 5.7c and 5.7d present a close-up top view of the same fish. Figures
5.7e and 5.7f present white light and fluorescent results for a second zebrafish. In this
case, the cathode was aligned perpendicular to ventral-dorsal axis. Zebrafish dosed with
DNA-GFP always exhibited the mosaic expression seen in Figures 5.7b, 5.7d, and 5.7f in
which some but not all cells along the pattern expressed GFP. This was expected and
correlates with whole-embryo electroporation (where not all cells are known to express
the dosed genetic material). This is usually attributed to the fact that injected DNA,
unlike injected mRNA, must enter not just the cell membrane, but also the cell nucleus
and be transcribed efficiently. It is generally assumed that this mosaic pattern is due to
the DNA being excluded from the nuclei of the non-expressing cells [139]. Increased
expression percentage can be achieved by using a higher concentration of DNA but
excessive DNA can lead to increased cell toxicity. Alternatively, there are known
sequences (virus- or transposon-related factors) that can increase the merging percentage
of the chromosomal DNA and dramatically increase the uniformity of the pattern (less
mosaic) [139]. We also demonstrated how the devices could be used to deliver single

points in a developing embryo (as with conventional electroporation or microinjection).
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Figure 5.7:  Delivery of pCS2eGFP in late stage zebrafish embryos in a line
pattern. a) A 24 hpf zebrafish was positioned on top of the cathode. A
cross-section view in white light of the pCS2eGFP DNA dosed embryo
is shown. The red dotted line indicates where the electrode was
placed. Electrode was placed parallel to the ventral-dorsal axis b) A
fluorescent image of the dosed embryo. Typical ‘mosaic’ expression
pattern was obtained. c) A top-view of the same fish in normal light.
d) Fluorescent image taken from the top view e) White light image of
a second zebrafish where the electrode was placed perpendicular to
the ventral-dorsal axis f) Fluorescent image of zebrafish. g) White
light image of the tail. Zebrafish somitogenesis is governed by a
segmentation clock that generates oscillations in expression of several
Notch pathway genes. Chevron-shaped areas within the tailbud where
the clock is set up have been identified. h) Fluorescent image of the
dosed zebrafish tailbud. Scale bar is 200 pm.

In Figure 5.8a, the majority of the cathode was passivated with PDMS, exposing only a
small 10 pm x 10 pm area at the tip. The expression from the resultant dosed cell is
shown in Figures 5.8c and 5.8d.

Introduction of in-vitro transcribed mRNA is a common technique to gain insight into
the in-vivo activity of newly isolated cDNAs and has been the most commonly used
method to express proteins in zebrafish embryos [139, 140]. Unlike dosed DNA, GFP
expression from extracellular mRNA is non-mosaic, showing that most embryonic cells

have received and translated the transcript. This relatively uniform expression and low
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degree of mosaicism means that mRNA is well suited to studying effect on a large

number of cells and for studying events in early development which start as early as 3 hpf.

Figure 5.8:  Point dosing of the pCS2eGFP DNA was achieved by shielding most
of the electrode with PDMS. a) A 24 hpf zebrafish was positioned on
top of cathode and electroporation conducted. b) A cross-section view
of the zebrafish under white light at 30 hpf c¢) Fluorescent image of
point dose delivered to the embryo (Top view) ¢) A fluorescent image
of the point dose delivered to the embryo. Scale bar is 200 pm.

To demonstrate successful delivery of mRNA, a 0.50 pg/ul solution of GFP-mRNA was
pipetted in the chamber and a single square pulse of 20 V and 50 ms pulse width was
applied. Figure 5.9a presents the white light image of where the electrode was placed and

Figure 5.9b presents the fluorescent image of the line pattern.
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Figure 5.9: GFP-mRNA was electroporated in a line shape in a 24 hpf zebrafish.
Red dotted line shows the location of electrode. Single pulse of 20 V,
50 ms pulse width was sufficient to deliver the mRNA. 0.50 pg/ul
solution was used. a) White light image of the zebrafish. b)
Fluorescent image of the zebrafish. Scale bar is 200 pm.

Lastly, we wish to explore microfluidic modifications which allowed the devices to
dose more than one compound at a time. These microfluidic devices were constructed as
long hollow gold channels on a glass substrate with a 10um x 10 um micropore etched in
the roof of the channel. In this setup, the top gold channel, acted as an anode with a
distant metal wire acting as cathode. Different solutions could be introduced into each
channel via capillary action.

In Figure 5.10, a solution of 30 mM Texas Red and Fluoroscein Dextran mixed with
E3 was introduced at the inlets and filled the channels as seen in Figures 5.10b and 5.10d.
Embryos were positioned on top of the micropore array. A single pulse of 10 V, 100 ms
pulse width was applied. Figures 5.10c and 5.10e show an embryo dosed via the
micropore electrodes. Having a smaller molecular weight, fluorescein diffuses faster than

texas red as seen in Fig. 5.10e. The resolution of point-dosing using this method is
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Figure 5.10: A second microfluidic device of 10pm x 10um micropore arrays
was fabricated. a) Channels were fabricated. b) Texas red was
introduced at the inlet and filled two channels via capillary action
¢) Fluorescent image of embryo after electroporation was
conducted. Two separate dosing points were clearly visible d) Two
separate dyes: fluorescein dextran and texas red were introduced
at the inlet ¢) Two separate dosed points were visible as shown by

arrowheads (ImageJ was used to superimpose two separate
fluorescent dyes onto the same image). Scale bar is 200 pm.
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comparable to conventional microinjection techniques. These types of pores can
themselves be made to open and close mechanically, controlling diffusion of the dye into
the medium. An array of dozens of mechanically closable electroporation pores (similar

to that in Figure 5.10) has been built.

5.5.3 Survival Analysis

By visually imaging each electroporated embryo, rate of survival and rate of
successful delivery of foreign molecules was determined. For chorionated embryos, only
the embryos that survived 3 hrs after electroporation were deemed viable and counted.
For dechorionated embryos, an embryo was only considered as having survived if the
embryo was viable and it exhibited straight ventral-dorsal axis symmetry. Curved
embryos were not counted and were considered non-viable.

Delivery rate was calculated only from the survived embryos. Table 1 shows the

survival and delivery rate of trypan blue in chorionated embryos and GFP-DNA and

Molecule |Stage (hpf)| Optimized voltage |Survivall Successful n
protocol rate (%)| Delivery rate
(%)
Trypan 3 20V, 100 ms, 2 80 60 30
blue pulses
DNA 247 10V, 100 ms, 1 pulse| 91.3 38 23
mRNA 247 20V, 50 ms, 1 pulse 89 50 27
Table 5.1: Survival rate of 24 hpf zebrafish electroporated with various

molecules is presented. The high survival rate can be attributed to
low voltages and long pulse widths used in the experiment.
Chorionated embryos * Dechorionated embryos
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GFP-mRNA into dechorionated 24 hpf embryos under the described conditions. We
believe that shorter voltages and high pulse widths than those used conventionally helped
in increasing survivability and dosing efficiency respectively. Table 1 also includes other
parameters such as embryo stages at which electroporation was conducted, voltage, pulse
width, number of pulses and the number of embryos tested. Direct physical contact of the
embryos with metal lines had minimal adverse effects on the survival of the zebrafish.
Electrolytic bubbles were observed in some cases and resulted in movement of the fish

due to the fish reacting to the pulse.

5.6 Conclusion

Recent zebrafish studies have shown the existence of spatial heterogeneous
developmental programs which are difficult to modulate with existing experimental tools
[123, 141]. We have demonstrated a system employing microfabricated platinum
electrodes and silicone polymer capable of dosing two-dimensional spatial patterns of
compounds into zebrafish. We presented the design, fabrication and results of these
interfaces and demonstrated how this system could be used to ‘draw’ patterns of tracer
molecules, mMRNA and DNA into the blastula and yolk of zebrafish embryos (Danio rerio)
at different stages of development. We also demonstrated an extension to the basic
technology that delivers more than one compound at different locations simultaneously.
We believe this technology can be a powerful tool in dynamic developmental biology
studies and could provide a route towards more sophisticated multi-compound chemical

interfaces for studying developmental organisms.
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CHAPTER VI
CONCLUSION

The technical contributions and achievements of this work are summarized in this

chapter and future work is proposed.

6.1 Summary of Thesis contributions

This thesis has described microtechnologies for the spatial and temporal delivery of
gene constructs into developing embryos and cells. Multiple techniques were designed,
developed and tested. The micropore array devices utilized electrostatic actuation to
deliver pixel resolution compounds into developing zebrafish embryos and require very
low voltages. The electroporation technique utilized simple microfabricated electrodes on
a glass surface to deliver GFP-DNA and GFP-RNA into developed zebrafish embryos

and E.coli cell colonies. The meaningful contributions of this work are as follows:

6.2 Design, development and application of electrostatic actuators
Electrostatic actuation is a well known technique in ‘dry’ MEMS. Its use has been

limited in wet MEMS because of electrochemistry problems such as electrolysis and

electrode polarization. Quantitative analysis was performed to design actuators that

required low voltages and high frequency signal to shield the electric double layer. Two
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types of devices were fabricated. All-metal roof devices were designed to deliver pixel
style extracellular compounds into developing embryos. Elastomer-metal devices were
fabricated which require no external pneumatics, run at low power and are integrable into
large scale devices. These devices provide the basis for a robust method to design

microfluidic valves and peristaltic pumps for liquid transport.

6.3 Delivery of gene constructs into developing embryos

The work described in this thesis provides a compelling platform to use
electroporation as a technique to controllably deliver gene constructs into developing
embryos. The main contributions of this portion of the thesis are in demonstrating spatial
and temporal delivery of biomolecules in exact patterns into embryos. The design,
fabrication and results of microfabricated interfaces for the patterned delivery of foreign
molecules via electroporation into developing embryos was presented. Device fabrication
required a single mask process where various electrode shapes were patterned on a glass
substrate. The demonstration of this application included optimizing the electroporation
conditions which depend upon the amplitude, frequency, shape and number of pulses of
the applied potential. This system was used to ‘draw’ two-dimensional patterns of tracer
molecules, DNA and mRNA into the yolk and cells of zebrafish embryos (Danio rerio) at
different stages of development. The successful delivery of two-dimensional patterns of
trypan blue (normal dye), texas red (fluorescent dye), pCS2eGFP DNA and GFP-mRNA
in both chorionated and dechorionated embryos was also demonstrated. Both DNA and
mRNA were expressed in the desired patterns subsequent to delivery. This simple

technique offers the unique advantage of introducing foreign compounds at local sites
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and in specific patterns unlike any other microsystem technique and provides a new tool

to aid advanced studies in cellular development and morphogenesis.

6.4 Delivery of gene constructs into E.coli colonies

Microbial consortia is the association of two or more cell colonies to pool their
resources and achieve a common goal. Studying consortia can lead to insightful
information on co-evolution and stability of species in their microenvironment. The
technique developed in this thesis enables the dynamic control of spatial

microenvironment which cannot be achieved with the current tools at this time.

6.5 Future research topics

6.5.1 Electrostatic actuators

The development of these electrostatic actuators in the nanoscale regime can be very
meaningful, challenging and interesting. Because of their ease of fabrication and low
power requirements, these actuators can be embedded with CMOS circuitry at the
nanoscale to develop complete microfluidic devices which can valve, pump and mix

fluids enabling various mobile point-of-care technologies.

6.5.2 Microfabricated electroporators
The use of microfabricated electroporators has many areas that can be studied in the

future. Some of them are presented here:
e Indium Tin Oxide (ITO) can be constructed for better visual access from both

the top and bottom of the substrate and not be limited by the type of
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microscopes available. Or, Ag/AgCl electrodes can be used to minimize
electrolysis during experimentation.

Morphogens are diffusible substances that play a significant role in the
developmental mechanism. Currently, morphogens are introduced into
developing embryos by means of beads which are injected and studied. The
use of microfabricated electroporators to deliver morphogens in specific
shapes and at specific locations to study tissue development can result in an
advanced understanding of these mechanisms.

A complete entrapment chamber can be built and integrated with the current
electrodes to entrap other model organisms such as Drosophila embryos,
C.Elegans and planarians. Further ‘hacking’ of these organisms can be
explored via introducing growth factors at different locations or specific local
gene expression can be prevented by electroporating RNA.

Microfabricated electroporators can be used to design more robust microbial
consortia experiments. Current techniques are limited to fixed spatial
distances between two interacting species. More dynamic co-evolution
studies can be performed by changing spatial distances with these

electroporators and delivering auxotrophs into cell colonies.

6.6 Concluding remarks

This thesis presented microtechnologies for the delivery of spatial and temporal gene

constructs into developing embryos and cells. The electrostatic actuator array devices

require low voltages and can be used to build microfluidic valves, pumps or deliver

extracellular compounds into developing embryos. Planar electrodes can be
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microfabricated on glass substrates and used as gene electroporators to deliver
biomolecules controllably into developing embryos and study their developmental
mechanisms further. Topics that warrant further attention were mentioned in the previous
section. It is the authors aim that the electroporators developed in this thesis be refined to
a point that they can be used with multiple types of organisms in ordinary biological

laboratories as tools for further developmental study.
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APPENDIX A

PULL-IN VOLTAGE WITH WATER AS DIELECTRIC

This appendix presents the derivation of the pull-in voltage with water (or any liquid
dielectric) and oxide (or any other dielectric) as dielectric. To begin, we consider a
capacitor plate system as shown in Figure A.1. The top plate is movable and is held by a

spring having a spring constant & . The bottom plate is fixed, insulated by a layer of oxide
with thickness 7, and separated from the top plate by an initial gap distance g (dielectric
thickness). ¢, is the relative permittivity of the solid insulating layer, ¢, is the relative
permittivity of the water between the plates, A4 is the area of overlap between the two

capacitive plates, and &, is the absolute permittivity. When the two plates are supplied by

a bias V, the top plate has a displacement x, and the electrostatic force F

elec

is expressed

as:

P — g, AV?
elec —
2(%+g—xJ (A.1)
on grL

N mobile plate @ /
F;pringt
F, @ water
oxide

fixed plate

And the spring force F{,,,, on the top capacitor plate is expressed as:
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F;'pring = k X (A2)

Since the electrostatic force and spring force are equal and opposite, these forces are in

equilibrium and can be written as:

elec + F;pring = O ;

- 2 A3
_ =AY —o (A-3)

2(% . g—XJ
gox ErL
Solve Equation (A.3) for voltage V' :

2kx t &
— _ _ “ox%rL
y 1/6‘%50 {(g X) —6‘gx } (A.4)

To find the pull-in voltage, we need to find the location of extremum of (A.4) by

differentiating it with respect to gap x:

oV
—=0 A5
. (A.5)
Solving (A.5):
1 t €
— 4o rL
X 3£g . J (A.6)

Substituting (A.6) into (A.4), and the pull-in voltage V,, can be then presented as:

8k(g+1,.¢€, /¢, )
V — ox“L ox
PI \/ 27¢,¢, 4 (A7)
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APPENDIX B

FABRICATION PROCESS OF MICROPORE DEVICES

a
1o electlrodes

Electroplated Au

Etched pore Bxposed Area

Photoresist 1
i —l

==

Process flow shows the fabrication of multi-compound dosing devices. a) Shipley®

Diele’c tric

Cr/ Au seed layer

1813 photoresist was spun at 1200 rpm, soft baked at 110 °C for 1 minute and patterned.
Transparent indium tin oxide (ITO) was sputtered (1500 A) and patterned through lift-off
process and annealed at 750 °C in Rapid Thermal Anneal (RTA) oven. A thin layer of
oxide (0.45 pm) was via PECVD and annealed in RTA at 700 °C. b) Contacts were time
wet etched through the oxide in 49% BHF (0.1 pm/min). ¢) A 5 pum Shipley® 1827
sacrificial photoresist was spun and patterned. d) A Cr/Au (150 A /5000 A) seed layer
was deposited. e) A 2 um thick gold layer was electroplated to mechanically strengthen

the roof. f) Micropores were patterned lithographically and gold was wet etched. gl)
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Sacrificial resist was removed by dipping the chip in acetone. g2) Channels were filled

with relevant compounds from different reservoirs prior to experimentation.
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APPENDIX C
SCHEMATIC OF pCS2eGFP PLASMID
pCS2eGFP DNA was electroporated into developing zebrafish embryos. The

preparation method is presented in Chapter IV. Here we present a schematic diagram of

the plasmid.
SP6 __
r' EcoR | was destroyed
sCMV |IE94 -
promoter ~__ eGFP(738bp)

— Xho [(842)

pCS2eGFP SV40 polyA

f1 origin
ColE1 ori
amp —~

System water was obtained from the Duan lab and had the following characteristics:
Temperature was kept at room temperature 28.5 °C; pH was maintained at 7 — §;

conductivity was 700 — 800 pS.
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