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ABSTRACT OF THE DISSERTATION

Engineered MEMS microenvironments for studying stem cells and microorganisms
By
Alexandra Perebikovsky
Doctor of Philosophy in Physics
University of California, Irvine, 2020

Professor Marc Madou, Chair

Advances in miniaturization and nanofabrication techniques have led to significant medical
breakthroughs, especially in the fields of stem cell therapy and medical diagnostics. In
this contribution, we use MEMS techniques to develop two different tools that allow us
to study different biological organisms: 1.) a multi-functional smart scaffold for studying
stem cells, and 2.) a centrifugal microfluidic platform for studying microorganisms like
bacteria. In Part II, we use the multi-functional smart scaffold to control neural stem cell
growth /differentiation and simultaneously monitor Dopamine released from the cells. In
Part III, we use the centrifugal microfluidic platform to optimize the incubation of multiple
bacteria species. We then use the same platform to develop a sample-to-answer phenotypic
antibiotic susceptbility test that successfully identifies resistance in 11 different species of E.

Coli in under 2 hours.
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Part 1

A bit of motivation



In 1959, Richard Feynman invited scientists to enter a new field of physics in his now famous
talk titled, “There’s plenty of room at the bottom” [35]. Inspired by the complexity and
remarkable efficiency of biological systems, Feynman described the new science of miniatur-
ization and set the stage for decades of advances in nanotechnology and Microelectromechan-
ical systems (MEMS). Taking inspiration from how DNA stores billions of pieces of cellular
information, Feynman talked about fitting all of the literary works of human history on a
cube the size of the smallest speck of dust discernible by the human eye. Fascinated by how
small cells could maneuver and accomplish intricate tasks in laminar flow environments, he
envisioned tiny robotic machines that could perform complex surgical procedures and, like
the human brain, make critical decisions and judgements on the fly to accomplish their task.
He even described the exciting advances in biology that would come about from developing
an electron microscope 100 times more powerful than any light microscope existing at the
time or the advances in chemical synthesis that could be accomplished by fabricating any
molecule one can think of from the ground up by selectively rearranging the very atoms it

consists of.

Since then, a lot of time and research effort has focused on miniaturization in the area of
integrated circuits and computing. In accordance with Moore’s law, scientists have roughly
doubled the amount of transistors that fit on a single chip every 18 months since the 1950s,
and consequently have decreased the footprint of a computer down from the size of a large
classroom [44] to the portable smartphone most of us hold in our hands. To accomplish this,
there have been incredible advancements in the fields of scalable manufacturing, material

physics, microfluidics, and electrochemistry.

While the science of miniaturization has, up to now, primarily focused on computational
and hardware applications, these advancements have also recently found exciting and rev-
olutionary applications in biological systems, the original inspiration for Feynman’s talk.

The advances in MEMS and nanoelectromechanical systems (NEMS) has provided a unique
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Figure 1: Scaling in MEMS devices and interaction with biological systems.

toolbox for the development of engineered microsystems to study and manipulate molecules,
cells, tissues, and microorganisms. Figure 1 shows a small subsection of the unique engineered
environments that have been developed in this domain, including nanopores for sequencing
DNA [20], carbon scaffolds for directing differentiation of stem cells [144], microstructures
that trap bedbugs, and lab-on-a-chip systems that grown entire miniature organs for drug

development and analysis [199)].

During my academic career, I have had the great fortune of working in this highly interdis-
ciplinary and exciting field. While this work is not comprehensive enough to include all of
the projects I have worked on or been exposed to, I have focused on two main projects I
have worked on throughout my graduate career: developing nanomaterial MEMS scaffolds
for the study of stem cells and developing a comprehensive CD microfluidic-based platform

for the study of microorganisms, like bacteria. The remainder of this work is separated into



these two main projects. Each section has an introduction that describes the main theory
contributing to the development of the MEMS platform and delves into how each tool has

been used to study and/or control the biological organisms in question.

In Part II, we use the multi-functional smart scaffold to control neural stem cell growth /differentiation
and simultaneously monitor Dopamine released from the cells. In Part III, we use the cen-
trifugal microfluidic platform to optimize the incubation of multiple bacteria species. We
then use the same platform to develop a sample-to-answer phenotypic antibiotic susceptbility

test that successfully identifies resistance in 11 different species of E. Coli in under 2 hours.



Part 11

Multi-functional smart scaffolds for

stem cell-based regenerative medicine



Chapter 1

Introduction

Engineered materials play a pivotal role in stem cell-based regenerative medicine. In addition
to providing physical and chemical cues that guide stem cell growth and differentiation,
new, multi-functional smart scaffolds (MSS) are being developed for simultaneous sensing
and detection of cell metabolites [117, 18, 38, 48]. One especially promising application
is using MSS for neurodegenerative disorders like Alzheimer’s disease, spinal cord injuries,
and Parkinson’s disease, which require targeted cell organization, electrical or mechanical
stimulation, and non-destructive monitoring of released neurotransmitters like Dopamine
(DA) to identify cells ready for transplantation [6, 83, 102]. However, fabricating scaffolds

capable of both functions in an efficient and scalable manner remains very challenging.

Conventional methods to control stem cell differentiation using only chemical cues, growth
factors, and cytokines have shown limited success in achieving selective differentiation [83,
102, 202]. As a result, scientists are developing additional biophysical cues to guide growth.
For example, the surface topography of a scaffold can not only promote cellular adhesion
and influence differentiation toward neuronal lineages but can also facilitate alignment of

cellular cytoskeletons, critical in spinal cord injuries where aligned axons are required to



Spinal cord injury
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Figure 1.1: Schematic diagram depicting how a scaffold can be used at the site of spinal cord
injury to facilitate alignment and growth of stem cells to bridge nerve gaps..

bridge nerve gaps and to form new neural networks [158, 183], see Figure 1.1.

Once cells are ready for implantation, a critical step to avoid complex immune responses and
to ensure effective therapy is the robust characterization of the cells grown on scaffolds. Tra-
ditional characterization methods such as immunocytochemistry (ICC), polymerase chain
reaction (PCR), and high-performance liquid chromatography (HPLC), are labor intensive
and generally require destruction of the cell membrane through cell fixation or lysis. An at-
tractive alternative is to use highly sensitive electrochemical sensors, detecting cell metabo-
lites in real-time. For example, one could use an electroactive sensor to verify the production
of sufficient quantities of the redox species, Dopamine, a critical neurotransmitter lacking in
patients diagnosed with Parkinson’s disease, where the degeneration of dopaminergic neurons
results in deteriorating motor function [11]. Unfortunately most available electrochemical
sensors use expensive noble metals or require time-consuming functionalization or activation
that fades over time [155, 123, 194]. No commercially available electrochemical sensors exist

that are also capable of simultaneously supporting and guiding stem cell growth.

To tackle these challenges, we developed a carbon multi-functional smart scaffold (MSS)

(see Figure 1.2 with a biomimetic macrostructure that guides cell orientation and growth,
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and with a nanostructure that enhances electrochemical performance, enabling sensitive,
non-invasive and real-time detection of redox active neurotransmitters. Furthermore, the
nature of the carbon MSS material makes it suitable for both electrical stimulation, due to
its conductive properties, and mechanical stimulation, due to its flexibile and non-brittle
nature. In the following chapters, we describe the background and theory behind the carbon

MSS and demonstrate the ability of the carbon MSS to:

1. Enhance growth and differentiation of mouse neural stem/progenitor cells (mNSPCs)

derived from different regions of the developing brain.

2. Simultaneously detect dopamine from a dopaminergic cell line (rat adrenal PC12 cells)

growing on the carbon MSS.

3. Act as a simultaneous mechanical cell stimulation system for application of different

mechanical forces during stem cell growth.
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Figure 1.2: Schematic diagram depicting fabrication and application of the carbon multi-
functional smart scaffold (MSS) for growth and monitoring of cells. (a) MWCNTSs are mixed
with polyacrylonitrile (PAN) polymer solution, templating and aligning PAN polymer chains
around CNTs. (b) The solution is electrospun into a nanofiber mat and compressed to further
organize polymer chains. (c¢) Immediately upon pyrolysis of the mat into carbon, stem cells
are seeded onto the scaffold and (d) allowed to differentiate. (e) The carbon MSS is used as
an electrode to detect cellular metabolites, such as dopamine.
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Chapter 2

Background and Theory

2.1 The stem cell niche

In ecology, the term niche refers to a habitat where an organism can grow and reside. An
organism’s niche refers to both its role in an ecosystem and the conditions necessary for the
persistance of it’s species. In this sense, the niche is a dynamic environment both influencing
the fate of an organism and also being influenced and redeveloped by the organism itself.
While this active symbiosis between organism and environment has long been understood in
regards to organisms, it has only recently been applied to investigating individual cells, and

in particular, stem cells in the body [159].

In 1978, Schofield first proposed the hypothesis of the stem cell niche as an in-vivo microenvi-
ronment where stem cells not only reside but also receive external stimuli that influence their
behavior, identity, and self-renewal ability [162]. The first experimental evidence in support
of the active niche hypothesis occurred by examining stem cell populations in the invertebrate

model of Drosophila melanogaster and Caenorhabditis elegans gonads [203, 22, 73].
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For example, C. elegans has a stem cell population that resides in a niche created by one
single cell, called the distal tip cell. This cell emits signals through long fibrils that surround
the niche and prevents stem cells from turning into eggs for the worm. If the cell is destroyed
or removed from the area, the stem cells differentiate into eggs. If the cell is moved to a
different location, the nearby cells receive signals to turn into stem cells. Examination of
systems such as this in less complex animals has led to crucial insights into niche structure in
more complex animals. Over the years, researchers have found that fundamental components
and pathways in the niche environment are conserved among species, making it possible to

identify common niche components associated with similar functions in different animals.

Since Schofield’s original concept, researchers have expanded the concept of the stem cell
niche and identified the following common features that are shared between different niche

environments [129, 97|, illustrated in Figure 2.1:

1. Direct interactions between stem cells and neighboring cellular components.

2. Physical factors such as shear forces associated with fluid movement, tissue stiffness

and elasticity, and mechanical stresses
3. Extracellular matrix topography and composition.
4. Secreted and membrane-bound factors
5. Environmental signals such as hypoxia, metabolism, and circadian oscillations.

6. Inflammation and scarring.

2.1.1 Active and passive forces in the stem cell niche

One of the more exciting and less understood aspects of the stem cell niche, is the effect of

physical forces present in the extracellular matrix, such as substrate stiffness and topography.
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Figure 2.1: Schematic diagram depicting the stem cell niche microenvironment, including
the factors that influence and regulate cell fate. Reprinted from [97] with permission from

Springer Nature.
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Up until recently, the ECM was considered to be an inert supportive scaffold for cells to
adhere to. However, it has since been shown that cells can “sense” the elasticity or stiffness
of the extracellular matrix and transduce that information into morphological changes in
cell structure and directed lineage [120]. One of the most famous experiments in this area
was done by Engler in 2006, who demonstrated lineage-specific differentiation of stem cells

when cultured on substrates with stiffness corresponding to native tissues [33].

Every extracellular matrix has a characteristic Young’s modulus, E, which is a ratio between
the tensile stress of a material to its strain and defines the instrinsic elasticity or stiffness of

a material, see Equation 2.1.1:

o F/A

e  AL/Lg

(2.1)

where o is the stress of a material, defined as the force exerted on an object (F') per cross-
sectional area (A), and € is the strain of the material, defined as the change in length (AL)
divided by the initial length of the object (Lg) . The young’s modulus of a material can be

found by taking the slope of the stress vs. strain curve for each material.

In Engler’s famous experiment, he found that mesenchymal stem cells (MSCs) cultured in
identical serum conditions and on substrates with elasticities mimicking brain tissue (Epqqin ~
0.1-1 kPa) differentiated toward neurogenic lineages, those cultured on substrates with elas-
ticities mimicking striated muscle tissue (E,,suce ~ 8-17 kPa) differentiated toward myogenic
lineages, and those cultured on substrates with elasticities similar to bone (Epppe ~ 25-40

kPa) differentiated toward osteogenic lineages, see Figure 2.2.

Since this study, there has been a wealth of investigation into the effect of different active and
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Figure 2.2: a) Schematic diagram depicting elasticities (E) of different tissues. b) Repre-
sentative light microscopy images of MSCs differentiated on matrices with different Young’s
moduli. Reprinted from [33] with permission from Elsevier Inc.
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passive forces on stem cells using a variety of methods, illustrated in Figure 2.3 [149, 108, 135].

One of the directions by researchers was to mimic morphogenic processes, which often involve
cells and tissues undergoing critical deformations such as twisting, bending, and stretching.
For example, to mimic forces induced during embryo development, magnetic twisting cy-
tometry was used to apply torque-based deformation to a bead attached to cells. This has
been shown to push embryonic stem cells toward cardiomyocyte and smooth muscle cell
fates [40]. To mimic the stretching that occurs in blood vessels or the muscle tissues of the
beating heart, researchers have used cyclic strain, induced by seeding cells onto a deformable
membrane that is periodically stretched using an automated device. This has been shown
to induce proliferation of MSCs [103], guide ESC cells toward differentiation into cardiomy-
acytes [49], and improve maturity and alignment of stem cells in the direction of the stretch

[56).

To generate passive forces, where a stem cell simply responds to its surroundings, a number
of new scaffold and substrate materials have been developed, similar to the substrates used
by Engler with different Young’s moduli. Substrate geometry and topography has been
shown to encourage alignment of stem cells and differentiation toward different lineages.
Researchers developed microprinted islands with different membrane curvatures—-MSCs on
smaller curvatures differentiated toward adopogenic lineages and MSCs on larger curvatures
toward osteogenic lineages [107, 180]. However, even with passive forces, we know that the
stem cell niche does not represent a static environment-rather, the properties of the niche
change with both space and time. For example, stiffness can vary between three to six orders
of magnitude in-vivo in different tissues [28, 189]. This can also vary with the onset of disease.
To mimic spatial gradients, researchers have changed gel thickness, crosslinking density, or
micropost length, finding that stem cells tended to migrate preferentially toward stiffer
regions, even when they were still uncommitted [182, 190]. To mimic temporal gradients,

researchers have used sequential crosslinking of biomaterials or have used methods to degrade
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Figure 2.3: Forces can be applied to cells using multiple experimental techniques and through
creation of different biomaterial scaffolds. (a) Substrate deformations and external forces,
such as shear forces and cyclic stretch, can be used to modulate cell response. (b) Bioma-
terials can also be used to apply forces to cells by varying substrate stiffness and substrate
topography. (c) Biomaterials can also be used to apply temporal and spatial gradients.
Temporal gradients can be created by crosslinking scaffolds at different times and spatial
gradients can be created by changing the thickness of a material in different locations.
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and soften crosslinks to induce stress relaxation [16, 87]. Researchers have found that the
effects of these changes are significantly dependent on when during the life cycle of the cells
they are introduced. For example, there exists a short window of time in which altering

stiffness signalling can dramatically impact neurogenesis [146].

2.1.2 Mechanotransduction: converting physical stimuli into bio-

chemical responses

In order for cells to respond to the different active and passive forces present in the extracel-
lular matrix and subsequently induce morphological changes, two conditions must be met:
1) To sense passive matrix forces, such as elasticity or different topographical gradients, the
cell must be able to pull against its substrate at a molecular level, and 2) In order to create a
morphological change, a cellular mechano-transducer must exist that sends out signals based
on the force the cell generates to deform the matrix material. Once the force felt is converted
by the cell into a biochemical signal, the cell can modulate protein expression and enzymes

can be triggered to modulate activation energy for reactions to proceed.

Several mechanisms have been investigated as mediators for this mechano-transduction to

take place, including:

1. Actin and myosin regulation which creates a contractile force on the cell cytoskeleton.
This mechanism was implicated in the case of matrix elasticity and topographical
sensing, where it was found that several of the cell’s cytoskeletal motors (nonmuscle
myosin II isoforms) bind to and create tension along the thin filaments of cortical actin
structures in the cytoskeleton [33, 74, 121, 124]. These in turn act on focal adhesions
(see mechanism (2) below), and their associated signaling molecules, to transmit forces

from inside the cell to the ECM matrix.
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2. Focal adhesion proteins, which connect the cytoskeleton of the cell to extracellular
matrix receptors, contain transcription factor binding sites that have been shown to
modulate cell fate when exposed to ECM stress. Several focal adhesion sensors have

been identified, such as vinculin, a tension-based strain sensor [59].

3. ECM binding integrins are heterodimeric transmembrane receptors composed of a com-
bination of o and  subunits. The extracellular head region of the integrin binds differ-
ent components of the extracellular matrix, such as laminin glycoproteins, fibronectin
collagens, and even neighboring cells. The specific combination of o and £ subunits
that make up each integrin, defines the affinity of the receptor for different ECM
components. In the case of mechanosensing, extracellular mechanical stimuli induce a
conformational change in the integrin which is then transmitted via the cytoplasmic tail

to cytoskeletal actin and couples to intracellular signal cascades [69, 164, 197, 31, 165].

4. Stretch-activated channels, such as Piezo-1, a mechanically sensitive cationic ion chan-
nel, transduce physical stimuli through induced changes in the concentration of ions,
like Ca?* [137]. Piezo-1, for example, has been found to mediate cell-generated traction

forces and influence differentiation towards neuronal and glial lineages [147, 143].

This deeper understanding about the interplay between stem cells and their niche forms
the basis for designing functional stem-cell therapeutics. In the early days of stem cell
transplantation, it was only possible to transplant cells that could be harvested from tissues
such as blood or bone marrow. However, by controlling the forces, signalling molecules, and
other factors that influence and guide stem cell fate, it is increasingly possible to direct cells
to differentiate into potentially any cell type and with the desired cellular configuration.
With the development of induced pluripotent stem cell (iPS) technology, which allows the
de-differntiation of adult somatic cells back into pluripotent stem cells, patients can even be
treated using their own cells, avoiding issues with immune response [139, 206]. Even more

attractive is the possibility to manipulate stem cells in-vivo through the use of implantable,
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multi-functional scaffolds that simulate the biochemical cues and both passive and active

forces that make up the stem cell niche.

2.2 Carbon as a foundation for stem cell scaffolds

Carbon is one of the fundamental building blocks of life and is the fourth most abundant
element in the universe. Its flexibility to form polymers and bond with other elements at
temperatures typically encountered on earth enables it to be present in all known living or-
ganisms. Due to its ability to hybridize and bond with itself, carbon comes in many versatile
forms and allotropes, from diamond, one of the hardest bulk materials and an electrical insu-
lator, to graphite, which has a soft structure and very high electrical conductivity [113]. The
widely differing morphologies and crystalline structures of carbon have enabled development
of materials and devices with vastly differing chemical, mechanical, and electrical uses. For
example, hard carbons like graphite have long been used in lithium-ion battery applications
due to their ability to intercalate Lithium, and amorphous, or glassy, carbons have been used
frequently as electrochemical sensors due to their ability to form three dimensional shapes
from polymer precursors and their wide electrochemical stability windows [123]. Another
critical aspect of carbon is its biocompatibility and chemical inertness, making it an ideal
material for biological applications, such as biosensors, biomimetic scaffolds, and for the

development of implantable devices.

2.2.1 Carbon from polymer precursors

The use of traditional manufacturing processes to shape carbon allotropes into microdevices
is difficult due to the hard and brittle nature of most pyrolytic carbons. Similarly, technology

derived from integrated circuits, such as the use of focused ion beam milling or reactive ion
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etching is expensive and time consuming, making it unpractical for the development of carbon
microfeatures. However, rather than machining the final carbon itself, polymers containing
carbon can be machined or patterned to create desirable microfeatures and miniature devices

and then converted into carbon through a process known as pyrolysis.

During pyrolysis, an organic material or polymer is thermally decomposed in an oxygen-
free environment into its carbon backbone. While most polymers change directly into a
form of carbon that retains their original morphology without passing through a plastic
phase, this process does lead to shrinkage of the polymer due to the decomposition of non-
carbon molecules from its structure. This shrinkage is generally isotropic and consistent
(repeatable), allowing for reproducible patterning and tight dimensional tolerances in the

final product [193].

Typically, carbon derived from pyrolysis is known as ”glassy” carbon due to its glass-like
appearance when polished [163]. While the exact structure of glassy carbon is still under
debate, it is generally believed to have a fullerene-like structure, with discrete fragments of
curved carbon sheets interspersed with pentagons and hexagons [53]. This structure trans-
lates to its electromechanical properties. For example, glassy carbon exhibits good electrical
and thermal conductivity, and has both low porosity and low permeability, making it chem-
ically very inert and able to be etched at high temperatures under an oxygen atmosphere.
These properties, combined with the carbon’s wide electrochemical stability window and
low background noise, makes it excellent for electrochemical applications, especially when
the polymer precursor can be patterned into unique three-dimensional and high aspect ratio

structures that improve its electrochemical kinetics [60],[123].

One of the most common methods for generating unique three-dimensional glassy carbon
structures is through photolithography, or patterning of either a positive or negative poly-
meric photoresist. Multi-step lithographic processes can also be used to make complex

structures and devices, shown in Figure 2.4. By controlling the photoresist composition,
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Figure 2.4: A two-step photolithography process for fabrication of carbon micropillars as a
stem cell scaffold is shown.

lithography conditions, the soft and hard bake times, and the pyrolysis ramping rates and
temperature, a number of unique structures can be fabricated with different geometries,

mechanical properties, and chemical properties [118],[192].

Figure 2.5 shows some of the unique structures that have been developed, including high
aspect ratio carbon micropillars [6], suspended carbon wires [191], carbon fractals [141],
and self-assembled carbon flowers [66]. For example, a two-step photolithography process
was used by Wang et. al. to produce high-aspect ratio carbon micropost arrays [191]. The
researchers further used the diffraction effect of UV light and different exposure rates to create
suspended wires between the carbon posts. This unique structure yielded a high lithium ion
charge discharge capacity and proved to have excellent electrochemical properties. Park et.
al. created a carbon pillar with a high surface area, biomimetic, fractal-like structure by
doping an epoxy-based negative photoresist, SU-8, with carbon nanofibers that include iron

catalysts [141]. This growth was retained following pyrolysis.
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Figure 2.5: Unique MEMS structures created using photolithography: a.) carbon micropil-
lars with suspended nanowires, b.) self-assembled carbon flowers, c.) fractal-like carbon
micropillar made with doped photoresist, and d.) close up of fractal structure on micropil-
lar. Reprinted from [111] with permission from Taylor & Francis Group LLC.
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2.3 Electrospinning for cell scaffolds

The behavior or liquid jets in electric fields was first observed by Raleigh in 1882 [148] and
later studied in detail by Zeleny [208]. Critical contributions to the theoretical framework
for electrospinning were made by Taylor, who calculated the conical shape from which a
jet leaves the surface of a liquid drop [178] and determined the critical voltage to initiate
the jet in the electrospinning process [179]. Since then, increasing interest in the field of
nanotechnology and biomimetic structures, has led to the revival of electrospinning for a
broad range of applications, including tissue engineering [172, 98], water filtration [63, 115],

battery technology [196, 75, 188], sensing [198, 76, 19, 60], and drug delivery [209, 62].

Nanofibers made using electrospinning are one of the most promising substrates for tissue
engineering applications due to their ability to mimic the architecture of the natural extra-
cellular matrix (ECM). Nanofibers exhibit high mechanical strength, high porosity, and large
surface-to-volume ratio, which increases the contact area between cells and fibers and has
been shown to facilitate cellular adhesion. Furthermore, nanofibers can be fabricated from
both synthetic and natural ECM mimicking materials and can even be coated with different
adhesion proteins, such as laminin or fibronectin, to further improve cell adhesion on the

scaffold.

Electrospinning depends on the complex interplay of surface tension, fluid mechanics, and
electrical charge, which interact to create electrified jets of polymer solutions [205]. The
typical electrospinning setup, shown in Figure 2.6, consists of a (1) high voltage source,
which creates an electrical field between the tip of a (2) syringe needle containing a charged

solution, and a (3) grounded target onto which the fibers are deposited.

Before electrospinning, a droplet at the tip of the syringe is held together by surface tension
forces. As a voltage is applied between the syringe tip and the collector, the metal needle

of the syringe electrically charges the polymer solution. At low electric fields, the surface
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Figure 2.6: Schematic diagram depicting the electrospinning process. Reprinted from [111]
with permission from Taylor & Francis Group LLC.

tension forces in the solution are dominant. As the intensity of the electric field is increased,
charges induced in the polymer solution repel each other, acting in opposition to the surface
tension of the fluid, and create shear stresses. Coulomb repulsion between charged ions in
the solution deforms the droplet into a conical shape known as the Taylor cone. At a critical
voltage, V.., the Taylor cone serves as the initiating surface for a charged polymer jet, which
emanates from the tip of the conical drop and accelerates toward the collector, see Figure
2.7. As the solvent evaporates during the electrospinning process, electrostatic repulsion
elongates the jet and thins it out into a uniform nanofiber, which then gets deposited onto

the collector.

To determine at what voltage electrospinning begins to occur, we can look at the critical
voltage model developed by Taylor [178]. Taylor suggested jets are formed from the tip of
a charged droplet in the nozzle when the sum of the surface forces in the Taylor cone of

the droplet equal the sum of the applied electrostatic forces, defined as the derivative of the
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Figure 2.7: Time lapse images showing the formation and structure of the Taylor cone
during electrospinning following application of the critical voltage. Reprinted from [151]
with permission from Elsevier Ltd.
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stored electrical energy in the distance between the nozzle and collector (since the droplet is

relatively small, we neglect both the mass of the droplet and any pressure forces).

To calculate the electrostatic force, we utilize the semi-infinite cylinder model developed by
Taylor and shown in Figure 2.8. In this case, the surface force can be calculated from the

capillary rise method for solution in a cylinder tube and is given in Equation 2.2

F, = 2nrocos(¢) (2.2)

where r is the radius of the nozzle, ¢ is the surface tension of the drop, and ¢ is the angle

the fluid makes with the nozzle as it leaves the rim.

The electrostatic force is based on theoretical and experimental calculations by Van Dyke
([179]), who used the method of images to calculate the attractive force between a needle
and a perpendicular plane when a voltage was applied between them. This force is given in

Equation 2.3.

V2L2

F p—
P4z (In(3E) - 3)

(2.3)

where V is the applied voltage, z is the distance between the tip of the nozzle and the
collector, and L is the length of the nozzle. Setting the surface and electrostatic forces

equation, we obtain Equation 2.4 for the critical voltage required for an electrified jet to
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Figure 2.8: A model for approximating the electric field between a needle and a collector.
The model assumes the electrospinning setup can be approximated as an infinite cylinder
positioned a distance, z, above a grounded parallel plane.
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Once the electrospinning process is initiated, it is governed by three polymer instabilities.
The first instability, known as the Rayleigh instability, occurs at low electric field strengths
or at low solution viscosities. The Rayleigh instability acts axisymmetric to the jet and
is governed by surface tension in the solution, which tends to minimize the surface area
of the solution by breaking up the jet into individual droplets. This phenomenon, called
electrospraying, can be used to create material geometries that include both droplets and
nanofibers. Researchers have taken advantage of this instability to create various bead-
on-fiber morphologies, whose geometries can be tuned to create scattering and diffraction
effects that selectively reflect light and lead to structural colors, such as the colors present

on butterfly wings or peacock tail feathers [106, 175].

At high electric fields, or high concentrations of polymer in solution, the Rayleigh instability
is suppressed and two other instabilities dominate: the axisymmetric bending instability and
the non-axisymmetric whipping instability [204, 169]. These instabilities occur due to the
electrostatic charge-charge repulsion present in the jet as the solvent begins to evaporate
during the electrospinning process and cause the jet to bend and stretch in an inverse-cone
structure, shown in Figure 2.9. At even higher electric fields, the non-axisymmetric whipping
instability is enhanced even further, thinning and elongating the jet and depositing micro-
to nano-scale fibers onto the conductive ground plate. The application of this process has
successfully produced various geometries of electrospun fibers with diameters ranging from
a few microns down to tens of nanometers in over 40 different types of organic polymer

materials [161, 64, 169].
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Figure 2.9: Schematic diagram depicting the electrospinning process, including the different
instabilities that form at various points of the jet. Reprinted from [151] with permission
from Elsevier Ltd.

29



2.3.1 Electrospinning to influence scaffold microstructure

Despite the simplicity of the electrospinning process, control of fiber diameter varies both
temporally and spatially and is based on a number of parameters. In order to understand
how to best create electrospun scaffolds with fiber diameters that mimic the extracellular

matrix of cells, We will look at the different equations governing control over fiber diameter.

We can look at the main parameters controlling fiber diameter at three different locations
in the electrospinning process ([37]): near the nozzle (in a regime known as near-field elec-
trospinning), a terminal fiber diameter attributed to the growth of the whipping instability,

and at larger distances from the nozzle (in the regime known as far-field electrospinning).

Near the vicinity of the nozzle, the fiber diameter can be determined by the density and
kinematic viscosity of the polymer solution (u), the distance from the nozzle (z), the polymer
flow rate (@), the electric current (I), and intensity of the external electric field (£), shown

in Equation 2.5.

6 2\ 1/2

g — [ OnrQ (2.5)
mlE2?

At far distances from the nozzle, Fridrikh et. al. modeled the fiber diameter as a function

of the dielectric permittivity and superficial tension of the polymer, the flow rate, and the

electric current, see Equation 2.6. This model predicted the existence of a terminal jet

diameter achieved during thinning of the jet due to the growth of the whipping instability.

- Q? 9 1/3
= (i) 0
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Between these two extremes, the fiber diameter for far-field electrospinning can be expressed
as a function of the density of the solution, the flow rate, the electric current, and intensity

of the electric field, shown in Equation 2.7.

(e V!

Since the current is generally hard to measure, we can modify Equation 2.7 to be a function
of the solution conductivity, an easily measured parameter. We express the current, I, in
terms of the applied voltage, V, and resistance, R, defined as R = —*5, where z is the length

of the jet, o, is the solution conductivity, and S is the section of the jet (77(%)2). Therefore,

2
I = Vv _ Vocrd
R

7% Substituting this into Equation 2.7, and rewriting the electric field in terms

of the voltage dropped over a distance, £ = ¥, we obtain Equation 2.8 for the fiber diameter:

PR

d = ( 20" )1/6 (2.8)

o m3IV?

This theoretical calculation is used in Section 3.1 to electrospin nanofiber mats with desired

terminal fiber diameters.

The choice of collector can also be used to influence the final electrospun material. By using
a rotating drum as a target [70], and rotating at a high enough RPM, nanofibers can be
produced that align parallel to the direction of rotation, shown in Figure 4.1. Rotating
at a low rotational speed will produce nanofibers with randomly aligned orientations. By
combining photolithography with different electrospinning parameters, structured nanofiber

arrays, such as those shown in Figure 2.10 and Figure 2.11 can be fabricated [111].
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Figure 2.10: Control of electrospinning parameters to create patterned structures: a,b.)
electrospun lines, c¢,d.) patterned nanofiber pillar arrays, and e,(f.) connecting nanofiber
squares and valleys. Reprinted from [111] with permission from Taylor & Francis Group
LLC.
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Figure 2.11: Cross-sectional views of a porcine urinary bladder matrix (top) and an elec-
trospun urinary bladder matrix mimicking scaffold composed of cellulose acetate (bottom).
(Reprinted from [52] with permission from Elsevier Inc.)
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2.3.2 Electrospinning to influence scaffold nanostructure

While tuning the microstructure of electrospun nanofibers is fairly well characterized, some
applications can also require the ability to tune the internal polymer structure of the nanofiber
mat. This is especially important when the nanofiber mat will be used in sensing applica-
tions, such as in electrochemical sensing. In this case, the nanofiber mat is generally made
from carbon precursor material and carbonized via pyrolysis (see Section 2.2.1). The final
carbon structure is dependant on a number of factors, including pyrolysis ramp rate and
temperature, precursor composition, and any kind of mechanical stretching or stress placed

onto the polymer prior to or during pyrolysis.

Electrospinning is also able to change the microstructure of the final pyrolized carbon as
well, creating more graphitic or electrochemically favorable carbon than that found in pho-
tolithography derived glassy carbon [168]. The large shear forces during electrospinning pull
on the coiled polymer chains in the jet, orienting them in the outermost diameter of the jet
[41]. This process can be enhanced using a rotating drum as the target to physically pull the
nanowires following deposition and increas the alignment of the polymer chains within the
nanofibers. Another critical way to enhance this mechanical effect is through the addition
of carbon nanotubes or similar structures, such as graphene nanoribbons, to the polymer

before electrospinning.

The addition of CNT's into polymeric fibers has been shown to affect their physical structures,
enhance tensile properties, reduce fiber thermal shrinkage, improve chemical resistance, in-
crease electrical and thermal conductivities, and lead to higher polymer thermal transition
temperatures. There are several mechanisms attributed for these improvements in polymer

properties.

In non-graphitizable polymer precursors, such as the commonly used precursor, polyacry-

lonitrile (PAN), polymer chains are generally coiled, as shown in Figure 2.12. Several groups
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Figure 2.12: Schematic showing different polymer chain configurations in a solution of poly-
acrylonitrile polymer doped with multi-walled CNTs. TEM image analysis of the final
graphitized polymer shows the differences between normal PAN polymer chains, CNTs, and
templating along axis of the CNT.
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Figure 2.13: Representative configurations of PAN on the surface of (5,5) CNT based on
the angle of PAN nitrile groups The configurations show one lying-down (L1) configura-
tion, which was energetically favorable, and two standing-up (S1, and S2) configurations.
Reprinted from [101], with permission from Wiley.

have shown both experimentally and using density functional theory calculations that when
CNTs are added to the polymer solution, the highly polar PAN nitrile groups tend to linearly
align along the axis of the CNT surface in a lying-down configuration (L1 in Figure 2.13)

that minimizes interface energetics, even at very low temperatures [101].

This process of uncoiling the PAN polymer chains is further improved through electrospin-
ning with the interplay between molecular drag forces in the polymer and CNTs and the
external electrostatic forces. Within the electrospun jet, a dielectrophoretic force exists,
which was determined to be negative for PAN molecular chains and is generally positive
for CNTs [41]. Therefore, this force will drag CNTs in opposite directions from the PAN
moleuclar chains in the flowing jet, generating more shear surfaces and greater interactions

between highly polar PAN nitrile groups and CNTs and further enhancing templating of
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polymer along the CNT [114],[177]. During pyrolysis, these uncoiled chains are retained,
yielding a fragmented graphitic nanofiber structure. This fragmented graphitic structure
comes with an abundance of electrochemically active edge planes, which translate directly

into the electrical and chemical properties of the nanofiber mats.

2.4 Monitoring neural cell metabolites using electro-

chemistry

2.4.1 Factors determining electrodes utility toward neurotrans-

mitters

When developing electrode systems for monitoring neurotransmitters in biological environ-
ments, there are a number of factors that determine their usefulness in these applications

including selectivity, sensitivity, detection limits, stability, and response time [122].

Selectivity is the ability of an electrode to detect an analyte of interest in the presence of other
interfering analytes with similar peak potentials. With neurotransmitters like Dopamine,
there are a number of interfering ions, including ascorbic acid (AA) and uric acid (UA), and
even other interfering neurotransmitters such as Epinephrine. Figure 2.14 shows the peak
redox potentials of different neurotransmitters and other important chemicals in the brain.
Often, even if the redox potentials are slightly separate, voltammetric peaks can be quite
broad, creating overlap from different components and decreasing selectivity. Therefore, one
of the best ways to enhance selectivity is by improving the electrochemical kinetics of the
electrode for the species in question. A fast heterogenous electron transfer constant, k°,
will yield a sharper and larger voltage peak, allowing species with overlapping potentials to

be discerned. Another method to enhance selectivity is by taking advantage of adsorption.
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Table 2.1: Applied potentials for different electrochemical methods
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Adsorption of certain molecules to the surface preconcentrates them, enhancing signal for
the adsorptive species over nonadsorbed species. For example, Dopamine is high adsorptive
onto electrode surface, while ascorbic acid, a common interfering substance for Dopamine,
is not. Therfore, DA can be selectively detected by allowing it to adsorb onto the surface.
Another method researchers have used to enhance selectivity is by coating electrodes selec-
tive substrates, like Nafion, a fluoropolymer which selectively allows cations like DA and

norepinephrine to pass through while repelling anions like ascorbic acid [91, 154].

Another important aspect for electrochemistry is sensitivity, which is related to the slope
of the current versus the concentration of a species near the electrode. One way sensitivity
can be improved in neural systems is by increasing adsorption of certain species to the
electrode surface. In adsorbed systems, the peak current is related linearly with the scan
rate. Meanwhile, in diffusion limited species, current is proportional to the square root of
the scan rate. Therefore, by increasing the scan rate, we can increase the peak current

significantly more for an adsorbed species over a species dissolved in the solution [85].

Similarly, the limit of detection is critical for neural electrodes and is determined as the
lowest detectable concentration level that is at least three times higher than the background
noise. To improve detection limits, electrodes should have high sensitivity combined with

very low background noise.

Other critical factors for neural electrochemistry are electrode stability over time, particularly
since biological systems often contain molecules that can corrode or passivate electrodes, and
response time, critical when dealing with biological events with fast time scales [153]. In
neural electrochemistry, time scales can range from milliseconds, such as during the release
and reuptake of neurotransmitters by synapses, to several seconds, during the conversion
of Dopamine-o-quinone to aminochrome (.15/s), to several minutes when dealing with drug

response times.
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2.4.2 Dopamine electrochemistry on carbon surfaces

Dopamine is a neurotransmitter that modulates critical functions of the central nervous
system and its depletion is associated with diseases like Parkinson’s, Alzheimer’s, and even
Depression. It is found in several regions throughout the central nervous system and is
also released at the synaptic cleft between two neurons. DA is oxidized in a two-electron

oxidation process:
Dopamine === Dopamine-o-quinone + 2e + 2H"

Dopamine electrochemistry on carbon electrode surfaces is complicated by its propensity
toward adsorption on these surfaces. Depending on the nature of the carbon, adsorption can
occur in different ways. For polished carbon surfaces containing large amounts of oxides,
the oxides act as favorable sites for adsorption of cationic species, such as DA, whose amine
side chain is protonated at physiological pH. In the case of pyrolized carbon containing H-
terminated carbons, DA oxidation is catalyzed through hydrogen bonding of surface carbonyl
groups to adsorbed DA molecules. There has also been research looking at adsorption
of DA and other catechols onto pristine glassy carbon, absent of surface oxides, due to
dispersion interactions between the carbon surface and the phenol ring in catechols [122].
This mechanism yields a certain selectivity for cations over common interferon’s like ascorbic
acid (AA), where dispersion interactions are suppressed. However, dispersion forces are the

same for both anions and cations at carbon surfaces and therefore offere limited selectivity.

For in-vivo electrochemical measurements, adsorption due to oxides is of particular interest
because of the enhanced selectivity this mechanism affords in distinguishing DA from other
anionic interferon’s, such as AA and DOPAC. As described in Section 2.4.1, increasing the
scan rate enhances the measurement even further since the response to the adsorbed species

begins to dominate even at high concentrations of anionic interferon’s.
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Chapter 3

Materials and Methods

3.1 Material Fabrication

Polyacrylonitrile (PAN; MW 150,000 u) (Millipore-Sigma, Catalog Number 181315) and
multi-walled carbon nanotubes (MWCNTs) (Millipore-Sigma, Catalog Number 659258) were
dissolved with anhydrous dimethylformamide (DMF; Fisher Scientific). Briefly, PAN was
dissolved in DMF at 60 °C using a stirred-hot plate. Once a homogenous solution was
obtained, MWCNTs was added and stirred overnight (~12 hours) until evenly dispersed.
For 8% /1% w/w (PAN/MWCNT), 0.40 g of PAN and 0.05 g of MWCNTSs were dissolved
in 4.55 g of DMF. For 8%/4% w/w (PAN/MWCNT), 0.4 g of PAN and 0.2 g of MWCNTs
were dissolved in 4.4 g of DMF.

A custom-built electrospinning setup with a rotating drum collector was used to produce
the nanofibers, see Figure 3.2. The solution was loaded into a 1 mL syringe equipped with a
conductive, 21-gauge needle (Jensen Global, Catalog Number: JG21-1.0X). A high potential
(+18 kV) was applied at the needle to the grounded collector with a fixed needle-to-collector

distance of 15 ¢cm using a commercially available high voltage source (Analog Technologies
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Figure 3.1: The electrospinning setup consists of a high voltage source, which applies a
high voltage between the tip of a syringe and a rotating drum collector. The flow rate of
the polymer solution is controlled by a programmable syringe pump. The entire setup was
automated using a Raspberry Pi and control written in python.

Inc, Catalog Number: AHVAC30KVR5MABT). A syringe pump (New Era, USA) was used
to pump the solution (0.5 mL/hr) to maintain the steady Taylor cone. The collector rotation
speed was set at 500 rpm to obtain randomly oriented fibers and 3000 rpm to obtain aligned
fibers.

The nanofiber mats were mechanically compressed (Dayton’s DC Speed Control Roller) five
times and stabilized at 280° C in air for 6 h. Following stabilization, the nanofiber mats
were pyrolyzed in a tube furnace (Lindberg Blue M1100) with N2 (9,000 SCCM) at 1000° C
(ramp rate of ~ 2.5° C/min) for 1 h and allowed to naturally cool to obtain the final carbon

nanofiber material.

The resulting carbon nanofiber mats were cut (1 cm x 1 cm) and secured onto glass coverslips
(12 mm) using PDMS. For electrically active scaffolds, a small amount of carbon paint was

used to join a copper wire to the MSS. The junction was passivated with a sufficient amount
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of PDMS ensuring that the carbon paint and copper wire did not contribute to any obtained

electrochemical signals.

3.2 Material Characterization

Raman spectroscopy was performed using a Renishaw InVia Raman Microscope. Raman
spectra was obtained using a 532 nm excitation laser and fit to Lorentzian peaks for analysis.
The Ip /I ratio was calculated from the absolute peak intensities of the I, and Iz Raman

bands. SEM analysis was performed using an FEI Magellan 400 SEM.

3.3 Cell Culture and Seeding

Mouse neural stem cells (mNSPCs) were harvested from the medial ganglionic eminance
(MGE) and neural cortex (CTX) of 12-day-old mouse embryos (E12). The mNSPCs were
proliferated in suspension using Temple (4) consisting of Dulbecco’s Modified Eagle Medium
(Life Technologies, Cat. 17504) supplemented with 1X B27 (Life Technologies, Cat. 17504),
1X N2 (Life Technologies, Cat. 17502), 1 mM sodium pyruvate (Life Technologies, Cat.
11360070), 2 mM L-glutamine (Life Technologies, Cat. 25030), 1 mM N-acetylcysteine
(Millipore-Sigma, Cat. A7250), 10 ng/mL b-FGF (Life Technologies, Cat. PHG0026), 20
ng/mL EGF (Life Technologies, Cat. PHG0311), and 2 ug/mL heparin (Millipore-Sigma,
Cat. H3149). Cells were passaged using NeuroCult (Stemcell Technologies, Cat. 05707)
dissociation reagent. Prior to cell seeding, the scaffolds were sterilized with 70% ethanol
and washed with Ultrapure DI. To coat the scaffolds with Laminin (Life Technologies, Cat.
23017015), PDL (VWR, Cat. 1C15017510) dissolved in Ultrapure DI (1:50) was applied to
the scaffold for 5 min, washed two times, then incubated with Laminin dissolved in Minimum

Essential Medium (Life Technologies, Cat. 11095) overnight. Differentiation media, Temple
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(-), consisted of the same formulation without b-FGF, EGF, or heparin. Experiments were

conducted using cells between passages 3 to 5.

The MGE and CTX cells were seeded onto the scaffold at a density of 150,000 cells/scaffold
and cultured for 6 days with Temple (-) media. The differentiation media was replenished

and diluted every 2 days.

PC12 cells (Millipore-Sigma, Cat. 88022401-VL) were proliferated as suspension cultures us-
ing RPMI 1640 (Life Technologies, Cat. A1049101) with 10% heat-inactivated DHS (Atlanta
Biologicals, Cat. S12150) and 10% FBS (Life Technologies, Cat. 10437010). PC12 cells were
passaged using NeuroCult Dissociation reagent. PC12 cells were seeded overnight as adher-
ent cultures using proliferation media to promote growth and adhesion. The proliferation
media was replaced with RPMI 1640 with 1% FBS and 100 ng/mL NGF (Millipore-Sigma,

Cat. N0513) and replenished every 2 days.

3.4 Cell Viability and Analysis

To assess biocompatibility of mNSCs on the carbon MSS, a Live/Dead Viability /Cytotoxicity
assay (Thermo Fisher, Cat. 1.3224) was performed 1 and 5 days following seeding at the
proliferation stage. Live/Dead assays are typically composed of two fluorescent compounds:
Calcein acetoxymethyl ester (calcein AM), which is permeable to the cell membrane and
Ethidium homodimer-1 (EthD-1), which is impermeable to the cell membrane and fluoresces
after entering broken or damaged cell membranes. Cells were first washed with D-PBS and
incubated for 30 min with 2 uM calcein AM and 4 uM EthD-1. Coverslips were then inverted
onto a glass slide with a drop of fresh calcein AM and EthD-1. Fluorescent imaging was

performed using an inverted Nikon Eclipse TI-2.
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3.5 Cell Fixation and Processing for Microscopy

For SEM analysis, samples were fixed using 2% paraformaldehyde and 0.01% glutaraldehyde
for 10 min and washed three times with PBS. Cells were dehydrated using a series of ethanol
washes (10%, 30%, 50%, 70%, 90% and 100%) for 10 minutes each. The 100% ethanol was
replaced with 100% acetone and dried using a Leica CO2 critical point dryer. Finally, 4 nm

was platinum was sputtered onto the samples using a Leica Sputter Coater 200.

For immunocytochemistry, cells were fixed using 4% paraformaldehyde for 10 min, washed,
permeabilized with 0.3% Triton X-100 for 10 min, washed, and blocked with 5% bovine serum
albumin (BSA) (RMBio, Cat. BSA-AAF) for 1 h at room temperature. The samples were
then incubated overnight with primary antibodies, GFAP (1: 200) (Millipore-Sigma, Cat.
G3893), TulJ-1 (1: 200) (Millipore-Sigma, Cat. T2200), and/or MAP2 (1: 200) (Fisher Scien-
tific, Cat. NBP1927118SS) diluted in 1% BSA at 4 °C. Primary antibodies were detected with
secondary antibodies (Jackson ImmunoResearch, Cat. 715-545-151/711-585-152) diluted in
1% BSA (1: 200) at RT for 2 h. Nuclei were stained with NucBlue”™ Live ReadyProbes”™
Reagent (Life Technologies, Cat. R37605) for 5 min and mounted with Prolong Antifade

Gold Mountant. Fluorescent imaging was performed using the Keyence BZ-X710.

3.6 Immunocytochemistry Analysis

Images obtained from ICC were split into their respective channels (red, blue, and green) for
analysis. Neuron angle measurements were obtained by selecting an arbitrary axon in the
image and measuring all other angles with respect to that axon. Alignment was measured
on a scale from 0 to 1, with 1 indicating highly aligned neuronal axons and 0 being highly
unaligned axons. To evaluate astrocyte solidity and circularity, background noise was first

removed by thresholding each image, then edges were found and the shape of each astrocyte
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Figure 3.2: Representative images demonstrating how neural axon alignment, astrocyte
cytoskeleton circularity, and astrocyte cytoskeleton solidity were calculated.

was outlined. Circularity measures the deviation of each astrocyte from a perfect circle,
where 1 represents a perfect circle and values closer to 0 represent more elongated astrocytes.
Circularity was evaluated after calculating the area and perimeter of each astrocyte using

Equation 3.1, where A is the area and P the perimeter.

C=4r— (3.1)

Solidity was measured as the ratio between the area of each astrocyte and the area of the
convex hull of each astrocyte, see Equation 3.2, where A is the area and A¢ is the convex

area. All cells were evaluated and tabulated for each field of view.
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Figure 3.3: The equivalent circuit for three-dimensional carbon nanofiber mats, where a CPE
(constant phase element) replaces the double layer capacitance (Cy used in flat electrodes
and a Warburg element is added in series to the charge transfer resistance, (Rcr), to model
the effects of diffusion on the system. The solution resistance is modeled as a resistive
element, Rg.

3.7 Electrochemical Detection

Electrochemical tests were carried out using a Princeton Applied Research VersaSTAT 4 Po-
tentiostat. To calibrate electrochemical measurements, the surface area of the electrode must
be calculated. For simple, 2-dimensional electrodes, this is typically done using the Randles-
Sevick equation [14]. Since the electrospun carbon MSS was a complex, 3-dimensional mate-
rial, electrochemical impedance spectroscopy (EIS) was used to find the double layer specific

capacitance and calculate the electroactive surface area of each electrode using Equation 3.3:

I
Sac ive — — 3.3
' Car v (3.3)

where Cy; is the double layer capacitance [uFem™2, I¢ is the capacitive current [A], and v
is the scan rate [V em™2] [41, 131, 100]. EIS was performed (10,000 Hz—0.1 Hz) in a blank
electrolyte solution (PBS 0.1 M). The EIS Nyquist plot was fit with the equivalent electrical
circuit shown in Figure 3.3 and the resulting capacitance was normalized with the geometric

surface area of the electrode. I and v were found using cyclic voltammetry.
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AL, was obtained by measuring the potential separation between the oxidation and reduc-
tion peaks at a scan rate of 50 mV/s. After verifying the linearity between the peak current
and square root of the scan rate, ky was calculated according to the Nicholson method

[14, 131, 100] by relating it with a dimensionless kinetic parameter, ®, using Equation 3.4

1
DonFov\ 2
0_ g ( THontv 4
k ( =T (3.4)

where ® is a dimensionless parameter obtained from literature in which the values of ® were
tabulated for various peak-peak separation values in one-electron step processes [131], Dy
is the diffusion coefficient [cm? s7!], calculated from the Randles-Sevick equation (Equation
3.5), n is the number of electrons transferred, v is the scan rate [v s7!], F is Faraday’s
constant (96,485 C mol™!), R is the universal gas constant (8.314 J mol™! K™!), and T is

the temperature [K]. The Randles-Sevick equation at 25° C is given below:

2.69 x 107% >
Dy = < 3 1) (3-5)
n2S5,4C Doz

where i is the peak current [A], Sy is the active surface area of the electrode [cm?] (calculated

from Equation 3.3), C'is the bulk concentration of the diffusing species [mol cm™3], and D,

is the diffusion coefficient [cm? s1].

The sensitivity of each electrode was calculated by taking the slope of the DPV calibration
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plot and the limit of detection was calculated using Equation 3.6:

LOD = == (3.6)

where o is the standard deviation of the background current signal in PBS (0.1 M) and S is

the sensitivity of the electrode.

Cells (PC12 and CTX) were seeded on the electrode surface (150,000 cells/cm2) and incu-
bated for 7 days to allow for robust attachment with media replacement every other day.
Prior to detection, cell media was removed and the cells were incubated with L-DOPA (100
uM) (Millipore-Sigma, Cat. D9628) dissolved in cell media for 2 h. Following incubation,
the electrode with cells was used as the working electrode and directly connected to the
potentiostat along with a Pt wire counter electrode and an Ag/AgCl (1M KCI) reference
electrode. The L-DOPA medium was replaced with PBS (0.1 M) with KCI (5 mM) to release
dopamine from cells. Cyclic voltammetry (CV) was previously optimized and performed (-
0.2 V10 0.6 Vvs. Ag/AgCl) at four scan rates (0.01 V/s, 0.03 V/s, 0.05 V/s, and 0.5 V/s).
DC potential amperometry (DCPA) was performed at the observed oxidation potential of
DA from the CVs (200 mV) and monitored for 500 seconds. During DCPA, KCI (100 mM)
was injected to obtain the final KCI concentration in order to observe the DA release and

subsequent current.

3.8 Mechanical stimulation

For mechanical stimulation, a custom setup was built that applied different surface wave stim-

ulation to cells grown in a 12-well cell culture plate. A 20 mm diameter hole was cut into the
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bottom of each well in the 12-well culture plate using a laser cutter. Gold piezoelectrics were
attached to the bottom of the culture plate using an adhesive. Finally, polydimethylsiloxane
(PDMS) was poured into the top of the culture plate to form a thin, liquid impermeable layer
isolating the piezoelectric cell from the culture well. A custom printed circuit board (PCB)
was developed that supplied voltage and ground to each piezoelectric cell. The unaligned
carbon scaffold was then fixed to the bottom of the PDMS covered culture well using silicon
grease. CTX cells were seeded into each well using the procedures described in 3.3. Finally,

the whole device was placed into a stem cell incubator.

Mechanical stimulation was accomplished by using a Model 3800 8-Channel Programmable
Stimulator (110V, 60Hz) from A-M systems, which was attached to the custom PCB using
a flexible ribbon cable. Cells were allowed to adhere to the scaffold for one day before a 25
Hz, 10 V sine wave was applied to the custom PCB for the duration of the culture period

(5 days).
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Chapter 4

Results and Discussion

4.1 Scaffold Characterization

Unlike other highly sensitive, electrochemical biosensors which require expensive and labo-
rious fabrication techniques, we fabricate carbon MSS by simply electrospinning an inex-
pensive polymer precursor solution consisting of polyacrylonitrile (PAN) and multi-walled
carbon nanotubes (MWCNTSs). The resulting polymer nanofibers are then pyrolyzed into
carbon, known to be an ideal stem cell scaffold material due to its biocompatibility and
macrostructure tunability [6]. While carbon electrodes have a wide electrochemical sta-
bility window, their sensitivity and electrochemical performance are highly dependent on
their nanostructure. For example, while highly oriented pyrolytic graphitic (HOPG) carbon
performs more similar to platinum, glassy carbon obtained from the pyrolysis of polymer
precursors (like PAN), generally functions as a poor electrocatalytic, electrochemical sensor

[142, 24].

Several key steps in the fabrication process of carbon MSS contribute to its improved elec-

trochemical sensitivity for DA detection. The addition of MWCNTs to PAN templates and
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uncoils the PAN polymer chains, leading to a more conductive and fragmented graphitic
nanostructure [41, 114, 60]. Stirring the PAN-MWCNT solution further enhances this pro-
cess by generating microscopic drag forces between the surface-attracted polymer chains and
the bulk polymer solution [177, 101]. During the subsequent electrospinning process, shear
forces between the MWCNTs and polymer chains, traveling at different velocities within the
fiber jet, continue to unwind the polymer. Compression of the material, followed by stabi-
lization at the glass transition temperature (300 °C), preserves the templated PAN molecules

in their uncoiled state [41].

Finally, pyrolysis of PAN in an inert environment, at relatively low temperatures (1000 °C),
retains native nitrogen within the carbon nanofiber matrix, creating additional electrocat-
alytic sites for DA-enhanced adsorption and electrochemical activity [10]. The fabrication
process permanently embeds the favorable electroactive sites into the carbon nanostructure,
an advantage over the typical carbon electrochemical sensor, which requires tedious surface
functionalization or mechanical exfoliation to temporarily activate sites for detection. Since
carbon MSS does not require any additional activation processes and exhibits an inherent
electrochemical detectability, it is naturally advantageous for simultaneous stem cell growth
and detection, where an electrode is required to retain active sites following several days or

weeks in cell culture.

To tailor the scaffold’s macrostructure for neural stem cell growth, we optimized several
electrospinning parameters to obtain a post-pyrolysis fiber diameter of 300-500 nm, similar to
the diameter of a typical neurite [99]. We also electrospun two different types of carbon MSS
geometries (unaligned and aligned, Figure 4.1) to determine the effects of fiber alignment on

stem cell differentiation and organization.

To tune the carbon MSS nanostructure, we tested the effect of MWCNT loading on the
material properties and electrochemical performance toward DA detection. We fabricated

three different carbon scaffolds with varying MWCNT loading amounts: (i) Pure PAN, (ii)

53



Figure 4.1: SEM images of two macrostructure fiber organizations Unaligned (left) and
Aligned (right) with fast Fourier transform (FFT) insets depicting fiber alignment. Scale
bar = 10 pm.

1% MWCNT/PAN;, and (iii) 4% MWCNT/PAN. X-ray photoelectron spectroscopy (XPS)
analysis was performed to verify that a high percentage of nitrogen groups were retained on
the surface across all three types of scaffolds (Figure 4.3a). Although nitrogen defects do not
directly contribute to the redox activity towards DA, they promote adsorption of DA onto

the electrode surface [10].

We used Raman spectroscopy to evaluate the composite carbon nanostructure by comparing
the Raman intensity between the D and G band (Ip/lz). The D band (~1380 cm-1) in
Raman spectra represents defects in sp? hybridized carbon, commonly found in amorphous
carbon, while the G band (1580 c¢m-1) is associated with the ordered sp? C-C vibrational
mode [34]. As shown in Figure 4.3c, an average Ip/Ig ratio of 1.115 +/- 0.077 found for
pure PAN indicates an isotropically amorphous carbon (i), while the addition of 1% MWCNT
showed an average Ip /I ratio to 1.026 +/- 0.109, resulting in a less uniform carbon structure
with regions of graphitic carbon embedded in bulk amorphous carbon (ii). Increasing the
MWCNT content to 4% further lowered the average Ip /I ratio to 0.596 +/- 0.315 indicating

a further increase of the graphitic carbon content (iii). Raman mapping of the Ip /I ratio
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Figure 4.2: Representative XPS distribution of the nitrogen groups found in the pyrolyzed
carbon with table listing elemental composition.

Ip/Ig ratio
Pure PAN 1.22 +/- 0.077

1% MWCNT/PAN | 1.026 +/- 0.109

4% MWCNT/PAN | 0.315 +/- 0.315

Table 4.1: Ip/Ig ratios for averaged raman spectra of each nanofiber material.

show a highly non-uniform, carbon nanostructure with 4% MWCNT loading (Figure 4.4).

4.2 Carbon MSS as an electrochemical sensor

However, despite their graphitic nature and enhanced electrical properties, pure MWCNTs
are generally not suited for electrochemical applications due to the predominance of inactive
basal planes over the electrochemically more favorable edge planes [123, 60]. To enhance
electrochemical kinetics, one needs sufficient MWCNT loading to unwind PAN polymer
chains and to feature enough graphitic edge planes while minimizing MWCNT agglomeration
and basal planes. Therefore, we hypothesized that the inherently fragmented graphitic
structure of the 1% MWCNT/PAN electrode detects DA more sensitively than either the

pure PAN electrode, with little to no graphitic edge planes, and the 4% MWCNT/PAN
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Figure 4.3: (a) Schematic illustrating the corresponding carbon nanostructure obtained from
pyrolysis of (i) PAN, (ii) 1% MWCNT/PAN, and (iii) 4% MWCNT/PAN. (b) Average
Raman spectra of the resulting carbon structures obtained after pyrolysis of (i) PAN, (ii)
1% MWCNT/PAN, and (iii) 4% MWCNT /PAN.

56



1138

.9750

]

Figure 4.4: Raman map of ID/IG ratio for carbon obtained from (a) Pure PAN, (b)
1%CNT/PAN, and (c) 4%CNT/PAN showing the carbon structure distribution (scale bar
=1 pm).

electrode, that might contain too many basal planes in agglomerated MWCNTSs [41, 60].

4.2.1 Electrochemical kinetics

To determine the electrochemical performance of the three different carbon fiber nanostruc-
tures, we tested the electrode materials using chemically synthesized DA. Cyclic voltammetry
allowed us to determine the reaction kinetics of each material and its response to DA (Figure
4.5 and Figure 4.6). The separation between the reduction and oxidation peaks at different
scan rates provides insight into the reversibility and kinetics of our system. In an ideal
situation, the peak separation will remain constant regardless of the scan rate. The largest
peak separation is observed for the 4% MWCNT and pure PAN electrodes (301 mV and 265
mV separation, respectively) and the lowest is observed for the 1% MWCNT electrode (60
mV separation), indicating more sluggish kinetics for the 4% MWCNT and pure PAN mate-
rials over the 1% MWCNT electrode. To quantify the electrode kinetics, the heterogeneous
electron transfer rate, kg, was estimated for each system using the procedure described by
Nicholson [131, 100]. As hypothesized, the ko for the 1% MWCNT/PAN electrode yielded
the most favorable electrochemical kinetics, with ko values 4 times that of the pure PAN

electrodes and more than 10 times that of the 4% MWCNT/PAN electrodes (Table 4.2).
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Figure 4.5: CVs of the three electrode materials with 1 mM Dopamine vs Ag/AgCl (50
mV/s). b) DPVs of the electrode material performance. Insets of linear correlations between
concentration (x-axis, M) and current density (y-axis, pA cm-2).

AE, (mV) | ky (cm s™1) | Sensitivity pA cm™2 | LOD (pM)
Pure PAN 301 0.00381 1.99 1.17
1% MWCNT /PAN 60 0.0091 5.57 0.393
4% MWCNT/PAN 265 0.0021 9.58 9.7
Pure MWCNT 0.00133

Table 4.2: Comparison of electrochemical kinetics for four electrode materials.
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Experimental parameter | Range varied | Optimized value
Pulse width 25-100 mV 100 mV
Pulse height 0.025-0.1 s 0.1s
Step width 0.05-0.2 s 0.2s
Step height 2.5-20 mV 5mV

Table 4.3: Optimization of DPV parameters using Taguchi method.

4.2.2 Sensitivity and Limit-of-detection

To quantitatively analyze the sensitivity and limit of detection of each electrode material,
we used differential pulse voltammetry (DPV), a highly sensitive voltammetric technique
that can yield high signal-to-noise ratios at low concentrations of analyte by decoupling
the capacitive, double-layer charging from the faradaic response. DPV was performed while
gradually increasing the concentration of dopamine and measuring the resulting peak current
(Figure 4.7). To optimize our electrochemical parameters for DPV, we used the Taguchi
method to vary the experimental parameters in Table 4.3 over a defined range. A total of
9 separatee experiments were performed at concentrations ranging from 0.1 uM to 500 M

and optimal values for DPV were chosen.

The calibration plots calculated from the DPV (insets Figure ??b) show a highly linear
relationship between analyte concentration and the current peak height (R2 > 0.995 for all
electrode materials) allowing us to calculate the sensitivity and limit of detection of each
electrode from the slope of the calibration plot and background standard deviation, (Table
4.2). The 1% MWCNT/PAN electrode exhibited a limit-of-detection (LOD) of 0.134 M
(134 nM), comparable to the detection limits observed on highly sensitive electrodes such
as graphene nanoflakes (170 nM) [166], nitrogen-doped graphene (930 nM) [105], carbon
nanotube-modified gold electrodes (200 nM) [210], and gold nanocup array electrodes (100
nM) [83]. The LOD on the 1% MWCNT/PAN electrode was also an order of magnitude
lower than the LOD of pure PAN electrodes and 4% MWCNT /PAN electrodes (1.17 pM and

9.7 uM, respectively). The excellent performance of the 1% MWCNT/PAN electrodes over
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the 4% MWCNT /PAN electrodes suggests the 1% loading yields a high ratio of atomic edge
planes over basal planes, creating a highly reactive and electrochemically favorable carbon
surface. As a result, we used a carbon MSS with 1% MWCNT loading to demonstrate its

multi-functional capacity to promote cell growth, adhesion, and metabolite detection.

4.3 Cell adhesion and viability

We utilized mNSPCs derived from both the medial ganglionic eminence (MGE) and dorsal
cortex (CTX) of a developing, embryonic mouse brain, see Figure 4.8. We also used PC12
cells, adrenal pheochromocytoma tumor cells, that can be stimulated to generate dopaminer-
gic neuron-like cells [201]. We hypothesized that mNSPCs, which typically require a binding
substrate to be either charged or coated with extracellular matrix (ECM) proteins, would
not adhere to the fiber surface. We coated the surface of the scaffold with laminin, an ECM
protein known to enhance adhesion, growth, and neuron differentiation, to identify whether
ECM substrates are necessary for the cells to adhere and integrate to the scaffold. Surpris-
ingly, the mNSPCs adhered well to the scaffold surface both with and without additional
protein coating and exhibited a high degree of viability on all carbon MSS surfaces (Figure
4.9 and Figure 4.10).

We believe that the native nitrogen groups, along with the physical characteristics of the
carbon MSS macrostructure, promote this improved mNSPC adhesion. SEM images show
the topography is similar in size and geometry to the self-assembled fibrils found in the extra-
cellular matrix (ECM) of the mature central nervous system (Figure 4.11 and Figure4.12).
However, strong adhesion on the untreated MSS was not observed with PC12 cells, which
commonly require a surface coating for adhesion. Consequently, for consistency between
experiments, all electrode materials were coated with laminin. Interestingly, PC12s, which

typically prefer a collagen coating, showed robust adhesion and spread on the laminin-coated
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Figure 4.8: Schematic depicting where the two wildy type mNSPCs used in this experiment
were derived from in the brain.

Aligned

Coated

Uncoated

Figure 4.9: Representative fluorescent images of MGE differentiated on coated and uncoated
glass, Unaligned MSS, and Aligned MSS. Cells were immunostained for two different neuronal
markers, Beta-tubulin III (TuJ-1) and Microtubule Associated Marker 2 (MAP2). There
were no visible cells on uncoated glass slides. On the other hand, cells adhered well to both
the Unaligned MSS and the Aligned MSS.
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Figure 4.10: Fluorescent images (top) and quantification (bottom) of the Live/Dead assay
showing little toxicity on the laminin-coated carbon MSS.
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fibers compared to the laminin-coated glass (Figure 4.13), suggesting surface topography

plays a critical role in guiding cell adhesion and growth.

4.4 Cell differentiation and morphology

Various biophysical cues have recently been shown to influence neural stem cell growth,
behavior, and differentiation, including substrate stiffness and topography. We hypothesized
that changing the nanofiber orientation (comparing unaligned and aligned topographies)

would significantly alter cell fate and allow us to align cells on the carbon MSS.

4.4.1 Analysis of cell differentiation

To test our hypothesis, MGE and CTX-derived mNSPCs, were spontaneously differentiated
by growth factor withdrawal on the carbon MSS for 6 days. We used immunocytochemistry,
a technique that utilizes protein/antigen specific antibodies to bind and label a cellular
target, to fluorescently visualize these differentiated mNSPCs towards neuronal (beta-tubulin
IIT; TuJ-1) and astrogenic (glial fibrillary acidic protein; GFAP) specific markers [136], see
Figure 4.14a. In general, quantification indicated a significant shift in the percent cells
that formed astrocytes and neurons (Figure 4.14b) after differentiation on either the carbon
MSS compared to the laminin-coated glass surface. For MGE and CTX cells, those grown
on aligned and unaligned carbon MSS, showed a significant increase in TuJ-1 expression
compared to glass controls ( 1.5-fold increase on unaligned carbon MSS and 2-fold increase
on aligned carbon MSS). More notably, GFAP expression in CTX cells was suppressed more
than 2-fold on both aligned and unaligned carbon MSS, while GFAP expression in MGE

cells was only significantly suppressed on aligned carbon MSS.
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Figure 4.11: Pseudo-colored SEM images of astrocyte and neuron on aligned carbon MSS.
Arrow points to axon integration into the MSS. Scale bar = 10 pm.
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Figure 4.12: Pseudo-colored SEM images of CTX cells differentiated on Glass, Unaligned
MSS, and Aligned MSS showing integration of the cytoskeleton into the nanofiber matrix.
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Unaligned MSS Aligned MSS

Figure 4.13: F-actin-stained (red) fluorescent images of PC12 cells showing improved adhe-
sion and spread on the MSS surfaces compared to the glass surface.

4.4.2 Analysis of cell morphology

Further analysis revealed differences in differentiated cell morphology. The most apparent
difference was observed in the organization of the cellular cytoskeletons for both neurons
and astrocytes (Figures 4.15). Fast Fourier Transform (FFT) analysis is used in image
processing to convert an image from the space domain to the frequency domain, allowing
extraction of valuable information, such as the degree of alignment in an image. FFT
analysis of the fluorescent images (inset for Figures 4.15) showed a preferential orientation
of cell cytoskeletons along the nanofiber axis, agreeing with the alignment observed in FFT

analysis of the SEM images in Figure 4.1 (insets for Figure 4.1).

Neuronal alignment, astrocyte roundness, and astrocyte solidity were used to evaluate cy-
toskeleton organization in more detail (see Materials and Methods). For both MGE and
CTX cells, TuJ-1 expressing neurons exhibited a high degree of axonal alignment on the
aligned carbon MSS compared to both glass controls and unaligned carbon MSS (p < 0.01,
Figure4.16). Astrocyte circularity analysis, illustrating cell spread and coverage, shows sim-
ilar behavior, where the aligned carbon MSS promoted cytoskeleton organization along the
fiber axis, resulting in greater deviations from a circle (perfect circle = 1) when compared

to the glass surface and the unaligned carbon MSS (Figure 4.17a and Figure 4.17b).
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Figure 4.14: (a) Representative fluorescent images of CTX differentiated on the Unaligned
MSS, Aligned MSS, and Glass. Distinct morphological observations are apparent between
the figures. (b) Quantitative comparison of GFAP (left) and TulJ-1 (right) expression from
CTX and MGE mNSPCs differentiated on Glass, Unaligned MSS, and Aligned MSS. (One-
way ANOVA and Student’s t-test with error bars representing mean +/- s.e.m, n = 3, *p <
0.05, **p < 0.01.)
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Figure 4.15: (a) Fluorescent images of mNSPCs differentiated on the unaligned MSS (left)
and aligned MSS (right) with fast fourier transform (inset, rotated for clarity) performed on
the cytoskeletons of astrocytes and neurons. Scale bar = 50 ym. b.) The underlying scaffold
geometry, unaligned (c) and aligned (d), is shown below each fluorescent image for clarity.
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Tukey post-hoc test, n > 20, **p < 0.01). (b) Representation of how alignment of neuron
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In addition to morphological differences, astrocyte solidity can be used to evaluate cell de-
velopment [126]. Astrocyte solidity on the glass surface was highly spread (Figure 4.18a),
indicating a large variation of cells at different developmental stages of differentiation from
early stage, protoplasmic to late stage, fibrous astrocytes (Figure 4.18¢). Interestingly, lower
values of astrocyte solidity with a smaller variation on both types of carbon MSSs suggest
highly uniform differentiation of fibrous astrocytes (p < 0.01, Figure 4.18). This analysis not
only illustrates the significance of how biophysical cues can promote cellular organization but
also highlights the importance of topography on cell development. Our results indicate that
tuning the macrostructure of carbon MSS can play a significant role in stem cell organization

and differentiation and can potentially be exploited for more effective cell therapy.

71



*%

' -+ i Area: 1151 um
Perimeter 893 um

Circularity

0.0 4

Figure 4.17: Quantitative analysis of (a) astrocyte circularity (One-way ANOVA with Tukey
post-hoc test, n > 20, **p < 0.01). (b) Representation of how circularity is calculated by
calculating the area and perimeter of each split channel astroctye.

4.5 Cell metabolite detection

Finally, we highlight how the current carbon MSS functions as a simultaneous cell culture
platform and sensor by detecting DA from PC12 cells grown directly on the electrode surface
for 7 days (Figure 4.20e). Prior to electrochemical experiments, cells were treated with L-
DOPA (100 pM), a precursor converted to DA by DOPA decarboxylase in dopaminergic
neurons. Following incubation, DA release was triggered by adding KCI (5 mM) for cell

exocytosis.

To determine the electrochemical integrity of carbon MSS and an optimal cell seeding density
onto the carbon MSS surface, we performed several experiments detecting DA released from
four different PC12 cell densities (0 cells cm™2, 50,000 cells cm~2, 150,000 cells cm ™2, and
300,000 cells cm™2). A cell density of 150,000 cells per square centimeter was finally chosen

since it maximized the current produced (I,.) while preventing cell death from overcrowding.

72



1.0
+
+
{
o Area: 1151 um
P ’ Convex Area: 3394 um
Sos{ |3 T
@]
7
0.0 + (;; lrl '?‘
CTX
c.)
Fibrous
astrocyte
Protoplasmic
astrocyte

Figure 4.18: Quantitative analysis of (a) astrocyte solidity. (One-way ANOVA with Tukey
post-hoc test, n > 20, **p < 0.01). (b) Representation of how solidity is calculated by
calculating the ratio between the area and convex hull of each astrocyte. (e) Fibrous and
protoplasmic astrocytes depicted schematically side-by-side with corresponding fluorescent

images.
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current signal

preventing diffusion into the bulk medium allowing efficient electrochemical detection.
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Following 7 days of culture on the carbon MSS in minimum maintenance media and L-DOPA
pretreatment (2 hours), cyclic voltammetry showed distinct oxidation peaks at all scan rates
(0.01 V/s-0.5 V/s). However, no reduction peaks were observed at scan rates below 0.5 V/s,
likely due to cellular reabsorption of the oxidized DA (Dopamine-o-quinone) at a rate faster
than the reverse sweep [67, 157]. Once the scan rate was increased to 0.5 V/s, a reduction

peak was restored, allowing for analysis of the electrochemical kinetics (Figure 4.20a).

We compared AE, values for the carbon MSS when used as a simultaneous cell culture
platform versus the bare carbon MSS electrode and surprisingly, only observed a minor
increase in AE,, from 60 mV to 74 mV (Figure S2d), significantly less than that observed
with other stem cell sensor platforms (e.g. an increase of 100 mV between bare gold and cell-
covered gold electrode surfaces) [83]. We compared the CVs of DA released by PC12s grown
on carbon MSS versus those grown on glassy carbon electrodes. PC12 cells on the carbon
MSS electrode yielded peak current densities of over 20 pA while current densities on glassy
carbon electrodes barely reached 1 pA (Figure 4.20c). This peak current was also an order of
magnitude higher than current state-of-the-art cell metabolite sensors, such as pyrolyzed 3D
glassy carbon scaffolds [6] or large-scale gold nanocup arrays [83]. While the same density of
PC12 cells was seeded onto the carbon MSS and GC surface, the clear and detectable signals
on the carbon MSS show the efficiency of the nanofiber matrix in capturing, retaining, and
preventing DA molecules from diffusing into the bulk solution, schematically illustrated in
Figure 4.20d. The linear relationship observed between the scan rate and current density
(R2 > 0.999, inset for Figure 4.20a) indicates adsorption-based kinetics, verifying that DA

is trapped in the nanofiber matrix and potentially increasing the current signal.

To further verify our results, we used DC potential amperometry (DCPA), where a current
is continuously monitored at the oxidation voltage of DA, determined from the CV (4200
mV vs Ag/AgCl) (Figure 4.20b). Following membrane depolarization by the addition of KCl

(100 mM), a spike in current was observed, indicating the release and immediate oxidation of
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DA from PC12 cells grown on the carbon MSS surface. We also compared CVs and DCPAs
of CTX cells cultured on both carbon MSS and GC substrates. For both CV and DCPA
experiments, we found no detectable current levels compared with no cell controls, indicating
no DA was released from these cells (Figure 4.21). The results were corroborated using an
ELISA assay (Figure 4.22) which verified that DA was released from PCI12 cells and not

from CTX cells.

Despite substantial surface coverage by cells, our results show that electrochemical perfor-
mance is not inhibited on the carbon MSS scaffold, likely due to the abundance of elec-
trochemically active sites deep within the carbon MSS nanofiber matrix. This thorough

investigation shows the versatility of carbon MSS as a simultaneous cell scaffold and sensor.

4.6 Mechanisms behind alignment

As discussed in Section 2.1.2, the response a cell has to passive forces in its environment
requires a mechano-transducer to transform the force felt by the cell into a biochemical
signal. The differences in cytoskeletal morphology associated with cells grown on aligned
MSS compared with those grown on unaligned MSS (see Section 4.4) led us to question what
mechanotransduction mechanism might be mediating the mNSPCs reaction to the scaffold
topography. While there were many potential mechanisms that might contribute to this

effect, we hypothesized this effect came from one or both of the following mechanisms:

1. The Piezol mechanosensitive ion channel: The Piezol mechanosensitive ion channel
is a pore-forming membrane proteins that gates in response to mechanical stimuli
exerted on the cell membrane. Mechanically sensitive ion channels function by allowing
ions or other solutes to flow across cell membranes by switching from open to closed

conformations. This channel is considered one of the main molecular force sensors in
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Figure 4.21: a-d) Cyclic voltammagrams obtained following 2 hr L-Dopa pre-treatment and
cell exocytosis from CTX and PC12 cells grown for 6 days on the carbon MSS and the Glassy
Carbon substrates. e,f) DC amperometry graphs performed on CTX and PC12 cells on the
MSS at 200 mV.
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Figure 4.22: ELISA assay to verify dopamine released by PC12 cells (A) after 2 h of L-
DOPA incubation after dilution (5-fold). ELISA (BioVision, Cat. K4219) was performed
to verify dopamine released by PC12 cells and not CTX cells. Prior to electrochemical
detection (Experimental Section G), sample (1 mL) was collected to analyze if the L-DOPA
pre-treatment and subsequent exocytosis contained dopamine. Dopamine conversion of L-
DOPA was verified from the sample collected from PC12 cells grown on the MSS while
sample collected from the CTX cells showed no trace of dopamine (OD450 >> 2).
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Figure 4.23: Representative fluorescent images of MGE Piezo-1 knockout cells on aligned
and unaligned scaffolds.

mammalian cells [156].

2. Laminin-binding integrins: Cells bind to the ECM via integrins, transmembrane pro-
teins that form a bridge between components of the extracellular matrix and intracel-
lular focal adhesions that connect to the cell’s actin cytoskeleton. Previous research
has shown that laminin ECM coatings play a role in mediating both cyclic forces and
migration of mouse NSPCs, suggesting laminin-binding integrins might be mechan-

otransducers for mouse NSPCs ([8, 36]).

We sought to determine the role of Piezol on cell alignment by comparing Piezol knockout
(KO) to wild type (wt) mNSPCs grown on aligned and unaligned scaffolds, see Figures 4.23
and 4.30. Analysis of neural alignment shows no significant difference between alignment of
nueral axons in Piezol knockout and wild type mNSPCs grown on aligned scaffolds. However,
both Piezol KO and WT mNSPCs exhibited significant axonal alignment on aligned scaffolds
when compared to alignment on unaligned scaffolds. This indicates that Piezol ion channel

is not responsible for the alignment we see on the scaffold.

The next thing we wanted to test was the whether the mechanism for mechanotransduction

might be due to laminin binding integrins, since most of our scaffolds were coated with
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Figure 4.24: Quantitative analysis of alignment of Piezo-1 knockout and wild type MGE
mNSPCs. (One-way ANOVA with Tukey post-hoc test, n = 50, ***p < 0.001).
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Figure 4.25: Representative flourescent images of mNSPCs grown on aligned scaffolds with
and without Laminin coating.

laminin. Before the experiment with laminin, we first ascertained that there was sufficient
adhesion even on uncoated scaffolds (see Figure 4.9). We compared growth of mNSPCs on
both aligned and unaligned scaffolds coated with and without laminin, see Figures 4.25 and
4.26. While analysis of neural alignment was significantly different on unaligned vs. aligned
scaffolds coated with laminin, there was no significant difference in alignment on uncoated
scaffolds. These results indicate that laminin binding integrins might play a role in mediating
cell alignment on the aligned scaffolds. However, to understand whether this effect is actively
due to laminin binding integrins rather than a passive effect from better adhesion on the
scaffold, the experiments should be repeated with a different type of coating on the scaffold,
such as fibronectin. Since fibronectin similarly facilitates adhesion on the scaffold, it could
be used to test whether the lack of alignment on the uncoated aligned scaffold might be due

to insufficient adhesion by the cell cytoskeleton.
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Figure 4.26: Quantitative analysis of mNSPCs grown on aligned scaffolds with and without
Laminin coating. (One-way ANOVA with Tukey post-hoc test, n = 50, ***p < 0.001).
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Figure 4.27: Image of bending pyrolized carbon MSS.

4.7 Stimulation on the carbon MSS

4.7.1 Mechanical stimulation using piezoelectric effect

One of the goals when developing the nanofibrous carbon MSS was to use the scaffold for me-
chanical stimulation as well as for electrical stimulation. Generally, conductive materials are
not ideal for mechanical stimulation since they tend to be hard and brittle. Electrospinning
of polymer nanofibers has the added benefit of creating a flexible, material-like structure

that is excellent for applications that require constant mechanical stress, see Figure 4.27.
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To show that the scaffold was also able to accomplish mechanical stimulation, we built a
piezoelectric stimulation device into a 12-well cell culture plate, see Figure 4.28. To build
this, a hole was cut out in the bottom of the culture wells and gold piezoelectric actuators,
covered in thin PDMS membrane, were attached. This created a liquid tight barrier while
still allowing cells to experience the waveform. The carbon MSS was then attached to the
bottom PDMS membrane and cells seeded accordingly. The setup was then rested on a cus-
tom fabricated electronic circuit (Figure 4.29 which attached to an 8-channel programmable
stimulator via a flat ribbon cable. The stimulation device was placed inside a stem cell
incubator while the programmable stimulator remained outside. The circuit was fabricated

such that different stimulation conditions could be applied to each set of culture wells.

After seeding, stem cells were allowed to attach onto the scaffold for one day. The second
day of culture, a 25 Hz, 10 V sine waveform was applied to the piezoelectric device for the

duration of the culture period (5 days).

Figure 4.30 shows representative fluorescent images of the cells on the unaligned scaffolds
following 5 days of mechanical stimulation. The images indicate significant morphological
differences between cytoskeltons of GFAP and Tuj expressing cells. In particular, astrocyte
processes appeared significantly longer and more fibrous on stimulated scaffold. To analyze
this more quantitatively we applied similar analysis described in section 4.4 and looked at
astrocyte cytokeleton circularity and solidity. Circularity gave an indication of the length of

astrocyte processes and solidity gave an indication of astroctyte type.
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Figure 4.28: Top view of piezoelectric stimulator device with 12-well plate for stem cell
culture attached. Each well has a separate gold piezoelectric device attached to the bottom.
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Figure 4.29: Bottom view of the circuit for the piezoelectric stimulator device. Each stimu-
lator for all 12 wells is attached to a single input.

¥

UNALIGNED - STIMULATED UNALIGNED - UNSTIMULATED

Figure 4.30: Representative fluorescent images of stimulated and unstimulated mNSPCs.
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Figure 4.31: Quantitative analysis of cell circularity on stimulated and control mNSPCs.
(One-way ANOVA with Tukey post-hoc test, n = 50, ***p < 0.001).
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Figure 4.32: Quantitative analysis of cell solidity on stimulated and control mNSPCs. (One-
way ANOVA with Tukey post-hoc test, n = 50, ***p < 0.001).
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Chapter 5

Conclusion and future work

Developing material solutions for different aspects of stem cell therapy (including cell growth,
organization, characterization, and monitoring) is a multifaceted challenge requiring a holis-
tic insight across different areas of science, ranging from materials engineering to cell biology.
In this study, we introduce carbon MSS as a tunable, effective, and biocompatible platform
with the desired nanofibrous topographies for cell growth and an inherent capability to elec-
trochemically monitor cell metabolites, such as dopamine. Three different cells, including
two wild type cells mNSPC and one dopaminergic cell line, were successfully grown on the
scaffold. The biophysical cues of the carbon MSS topography, which could be tuned to yield
different degrees of fiber alignment and organization, were shown to effectively promote cel-
lular adhesion, cytoskeletal alignment, and astrocyte development in both CTX and MGE
wild type mNSPCs. The carbon MSS also demonstrated selective differentiation toward
neuronal lineages over glial lineages, important for targeted stem cell therapy. Finally, the
carbon MSS was able to sensitively and continuously monitor DA produced from a model
dopaminergic cell line grown directly on the scaffold, preserving cell function and integrity
while providing valuable information regarding cell phenotype. Carbon MSS not only acts

as a traditional scaffold, providing a favorable topography for stem cell growth, but explores
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its more practical application as a smart, integrative platform for in situ stem cell charac-
terization and monitoring. The multi-functional carbon platform presented in this study
paves the way for developing future integrated stem cell scaffolds, where growth, physical

and electrical stimulation, and characterization take place concurrently.
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Chapter 6

Introduction

Antibiotics save lives every day by treating severe infections and allowing medical practi-
tioners to perform life-saving surgical and medical procedures. However, antibiotic abuse
has contributed to selection pressure and the emergence of new drug resistant and untreat-
able strains. On top of this, only two new classes of antibiotics have been developed since
1962 [21], resulting in a global healthcare crisis, see Figure 6.1. According to the WHO,
antibiotic-resistant infections currently claim at least 50,000 lives each year across Europe
and the US, with several hundred thousand more dying in other areas of the world [167]. In
the US alone there are currently 23,000 deaths, 2.0 million illnesses, and $20 billion worth
of direct extra costs. If antibiotic resistance continues to increase, microbial infections could

kill 10 million people every year by 2050 [152].

The immediate solution is proper antibiotic stewardship, which could control antibiotic re-
sistance and prolong the effectiveness of our current antibiotics for generations to come [186].
A critical component to antibiotic stewardship is rapid and effective antibiotic susceptibility
testing (AST). Currently, it is estimated that up to 50% of antibiotics prescribed are not

needed or are not optimally effective as prescribed. Typically, clinicians use broad spectrum
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Antibiotic adopted

Resistance Identified

Glycopeptides, Nitroimidazoles, Streptogramins - 19563
Macrolides - 1952

Pleuromutilins - 1950
Cephalosporins - 1948

Polymyxins, Phenicols - 1947
Nitrofurans - 1946

Tetracylcines - 1945
Aminoglycosides, Bacitrin - 1943
Sulfonamides - 1932
Penicillins - 1928

Penicillin R-Staph. - 1940

Cycloserine, Novobiocin - 1955
Rifamycins- 1957
Trimethoprim- 1961
Quinolones, Lincosamides, Fusidic acid- 1962
Fosfomycin - 1969
Mupirocin - 1971
Carbapenems - 1976
Oxazolidinones - 1978
Monecbactams - 1979
Lipopeptides - 1987
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Penicillin R-Pneumo. - 1965

Erythromycin R-Strep. - 1968

Methicillin R-Staph. - 1972
Gentomycin R-Entero. - 1979
Ceftazidime R — Entero. - 1987
Vancomycin R- Entero - 1988
Levofloxacin R-pneumo. - 1996
Imipenem R-Entero. - 1998
XDR tuberculosis - 2000
Linezolid R-Staph - 2001
Vancomycin R-Staph - 2002
PDR Acineto & Pseudo. - 2004
Ceftriaxone R- N. gonorr.- 2009
PDR Entero. - 2009

Ceftaroline R-Staph - 2011

Figure 6.1: Graphic comparing discovery ofgintibiotics and the development of resistance

mechanisms from early 1900s to today.



antibiotics and best guess methods for immediate antibiotic prescription due to the long

turnaround times of conventional AST [32].

Traditional phenotypic AST methods, such as broth dilution, agar disc diffusion, or ellip-
someter test, are the gold standard in providing relevant diagnostic information on suscepti-
bility since they look at the real-time growth and metabolic response of a bacterial popula-
tion to an antibiotic. However, these tests are limited by the time it takes for visible colony
growth to appear, with incubation times ranging from 18 to 24 hours. Furthermore, they
require high starting volumes, involve sample transportation to a central lab, and require
several intermediate handling steps performed by trained laboratory technicians, increasing
costs and delaying accessibility to diagnostic information for days. State of-the-art geno-
typic ASTs utilize amplification techniques to create a genome sequence map and identify
resistant genes. While they eliminate the need for lengthy bacteria culture and have been
implemented commercially, they have not been widely adopted for clinical practice. The
main limitations include their inability to identify multi-drug resistance, and predominance
of both false positive results, caused by non-pathogenic microorganisms that contaminate the
test, and false negative results, caused by new or unknown resistance mechanisms.[176, 26]
As a result, phenotypic ASTs remain the most appropriate and reliable diagnostic tests for

antibiotic prescription.

While microfluidic, lab-on-a-chip systems have significantly improved accessible diagnostics,
successful integration of phenotypic AST in a point-of-care system has remained challenging
due to the complex and lengthy nature of the sample preparation. Since the rate limiting
step for traditional AST is the incubation of bacteria with antibiotics, many research groups
attempt to circumvent this by using techniques such as microfluidic confinement, digital
microfluidics, electrokinetics, and agarose microchannels to look at the response of individual
cells to an antibiotic within the first few hours of incubation [81, 12, 145, 104]. For example,

Pitruzzelo et. al. looked at the morphology and hydrodynamic interactions between single E.
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Figure 6.2: The spinbox design and components.

Coli cells and microfluidic traps to determine the bactericidal response to antibiotics within
1-3 hours after the onset of incubation [145]. However their system is only compatible
with motile bacteria species and requires traditional off-chip incubation. Furthermore, most
single-cell trapping techniques are optimized based on a small number of pathogens and are
unable to perform AST on polymicrobial samples [145]. Liet. al. attempted to address these
issues by developing a microfluidic chip that can identify and sort individual bacteria species
within a complex sample and rapidly incubate bacteria with antibiotics on-chip. However,
the system is costly and bulky, requiring an expensive microscope capable of simultaneous
incubation, high resolution imaging, and complex image analysis. Furthermore, separating
the different bacterial species prior to incubation may provide unreliable AST results that
don’t account for the codependent interactions among different species in a polymicrobial

sample [104] .

To address these issues, we developed a portable, sample-to-answer CD microfluidic car-
tridge and instrument (SpinBox) that automates all sample processing steps to determine
susceptibility results in under 2 hours while maintaining the standard phenotypic-based

AST. Unlike other reported microfluidic AST prototypes, the SpinBox provides clinicians
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with a completely automated, point-of-care diagnostic tool capable of running the following
assay steps: sample dilution and metering, bacteria incubation, cell lysis, sample mixing and

neutralization, washing steps, and detection, see Figure 6.2.

By utilizing ribosomal RNA (rRNA) as a unique assay target, the SpinBox is able to pro-
cess complex, polymicrobial samples much faster than traditional AST methods. There are
several advantages of using TRNA over genotypic targets or single cell analysis techniques

26]:

1. TRNA has been shown to be an excellent indicator of bacterial growth and cellular

metabolism, and responds rapidly to the presence of antibiotics [127, 51].

2. In ideal incubation conditions, the number of rRNA copies per cell increases signifi-
cantly (between 10* — 10° copies), removing the need for further target amplification

and shortening assay time, see Figure 6.3 [211, 51, 140].

3. TRNA has both universal and species-specific sequences that are highly accessible to
hybridization by probe pairs, enabling simple bacteria identification and analysis in

polymicrobial samples [174, 109].

In order to accommodate the different bacteria found in complex clinical samples, we devel-
oped a universal cell lysis method capable of extracting rRNA from both gram-positive and
gram-negative microbes. We show lysis on six unique gram- positive and negative species
with lysis efficiency comparable to commercial lysis systems, such as the Omnilyse [13, 55].
We also developed a never reported, small-volume bacteria incubation technique in a mi-
crofluidic CD that rapidly enhances bacterial growth. By controlling incubation chamber
materials, geometry, temperature, and spin protocol, we demonstrate the ability to enhance
bacterial incubation (>200% increase in rRNA copies) compared with normal laboratory

plate shakers for multiple species of bacteria, including 13 different isolates of E. Coli. Fi-
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Figure 6.3: Data points show RNA growth as a function of time for a representative bacteria,
E. Coli.
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nally, we demonstrate the use of our sample preparation system in diagnosing antibiotic

resistance in 11 isolates of E. Coli incubated with 5 different antibiotics in under 2 hours.
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Chapter 7

Background and Theory

7.1 CD Microfluidics

Over the last decades, centrifugal microfluidics has emerged as an advanced diagnostics plat-
form for point-of-care assays. A centrifugal microfluidic device typically takes the shape of a
compact disc (CD) and incorporates interconnecting fluidic channels and chambers that are
fabricated into the device. These microfluidic discs are capable of performing complex assays
ranging from in-vitro diagnostics to water quality analysis. Furthermore, advancements in
microfabrication, optics, and low-cost computers have allowed CD microfluidic technology
to become increasingly portable, low cost, and easy to use, making it an ideal system for

applications at the point-of-care.

Centrifugal microfluidic devices, also called lab-on-a-disc (LoD) systems, comprise a subcat-
egory of lab-on-a-chip (LoC) devices. The broad category of LoC platforms have advantages
such as reduced cost, the use of smaller amounts of materials and reagents, faster reaction
times due to small liquid volumes and diffusion distances, portability, and programmability,

see full list in Table 4.8. While LoD systems incorporate the same advantages as minia-

100



Table 7.1: Characteristics of LOC Systems

Advantages Disadvantages
e Reduced material cost e Difficulty handling large volumes
e Time and labor saving e External tubing for pumping
e Smaller diffusion distances e Mixing difficult (Low Reynold’s regime)
e Portable and Programmable e Bubble formation
e Reduced reagent volume and cost e Difficulty multiplexing

ture chip-based systems, their superiority lies in their inherent simplicity. A simple motor

generates several pseudo forces on the platform:

1. The centrifugal force, which acts as a liquid pump and generates a force gradient

affecting fluids differently at varying radial positions
2. The Coriolis force, which allows for direction-specific liquid pumping control

3. The Euler force, an inertial force that can be used to create turbulence during mixing

or incubation.

The disc rotation facilitates multiplexing of several assays on a single disc, separating compo-
nents of a sample by density, eliminating trapped bubbles, and allowing liquids to be pumped
without direct contact with external hardware (see expanded list in Table 7.2). A single cen-
trifugal disc, combined with a motor for spinning and detection system, can substitute for
many aspects of a biomedical laboratory. By using the unique physics available on a rotat-
ing platform, along with a small number of active, off-disc components integrated into the
spinstand, the CD platform can act as a microscope, a centrifuge, a cell lyser, a sample con-
centrator, a vortexer/mixer, an x-y positioning stage, a cell incubator, a spectrophotometer,

an extractor, and even a PCR thermocycler, see Figure 7.1.
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Table 7.2: Characteristics of LOD Systems

Advantages

Disadvantages

e Closed system (motor for pumping)
e Pumps fluids regardless of physical properties
e Multiplexing ability
e Handles wide range of fluid volumes
e Ability to mix and meter
e Density-based separation
e Eliminates trapped bubbles

e unidirectional nature of liquid flow
e Difficulty with small volumes (<1 nL)
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Figure 7.1: The CD as a biomedical laboratory. With only a simple motor and active
components, a microfluidic disc can be used to replicate several devices found in a typical
biomedical laboratory, for a fraction of the cost. The figure compares the cost of common
benchtop equipment versus the components you would need to replicate these systems on a

microfluidic platform.
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7.1.1 Physical framework for Lab-on-a-Disc

The LoD platform utilizes centrifugal, Coriolis, and Euler forces to manipulate liquid flow on
the disc (see Figure 7.2). These three forces are pseudo forces—fictitious forces with respect

to a rotating frame of reference and are given in Equation 7.1.1:

—

L L d
Ftot:FC—i-FCOT—l—FE:pJJ’X((Dxr)—Qprﬁ—pd—o;><F (7.1)

where p is the liquid density, 7 is the average distance of the liquid from the center of the
disc, & is the angular velocity in rad/s, and « is the velocity vector of the particle moving

on the disc.

Although each of the pseudo forces has its respective characteristics and applications, the
main driving force for fluids on a disc is the centrifugal force, which propels liquid radially
outward from the center of the disc, forcing it through channels and chambers. The centrifu-
gal force per unit volume acting on a particle is represented by the first term in Equation
7.1.1, pid x (& x r). The Coriolis force is perpendicular to the velocity vector of the mov-
ing particle, shown in Figure 7.2. The force per unit volume is given by the second term in
Equation 7.1.1, 2pdd x w. The Coriolis force is used in applications for particle separation and
in flow-switch techniques [128, 78]. The Euler force is perpendicular to the centrifugal force
and opposite to the direction of angular acceleration. This force is only generated when the
angular velocity changes with respect to time, and the force per unit volume is given by the
third term in Equation 7.1.1, pcé—‘f x 7. The Euler force is mainly used in mixing applications
to speed up sample homogenization and is uniquely used in this work for enhancing bacteria

incubation.
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Figure 7.2: Graphic of the psuedo-forces present on a rotating platform, where F, is the
centrifugal force, F}, is the coriolis force, and F is the Euler force.
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Liquid flow characteristics are dependent on the liquid’s properties (e.g. density and viscos-
ity), its radial location on the disc, the angular velocity of the disc, and the geometry of the
microfluidic features. This flow rate, derived from basic centrifuge theory, was characterized
by Madou et al. and Duffy et al. [112, 30]. The average velocity of the liquid on a spinning

platform is given by Equation 7.2:

. D2puwFAr
U="2 _— 7.2

32uL (7.2)
where Dj, is the hydraulic diameter of the channel (dened as 4%, where A is the cross-sectional
area and P is the wetted perimeter), p is the liquid density, ¢ is the angular velocity of the
disc, 7 is the average distance of the liquid in the channels from the center of the disc, Ar

is the radial extent of the liquid, u is the viscosity of the liquid, and L is the characteristic

length of the liquid column in the microchannel.

Using this theory, a volumetric flow rate (Q) is defined as Q = U - A. Flow rates achieved
experimentally by Duffy et al. had no systematic deviation from the theoretical model and
ranged from 5 nl/s to 0.1 ml/s depending on a combination of factors including rotational
speeds of the disc (400-1600 rpm), channel widths (20-500 gm), and channel depths (16-340
pum). Since this early work, higher rotation speeds and greater variation in channel width and
depth have been used to achieve flow rates that are significantly higher [29]. Furthermore,
Duffy et al. tested flow rates for a variety of different liquids to verify the effectiveness
of the centrifugal pumping mechanism when pumping liquids with varying physicochemical
properties such as pH, ionic strength, and conductivity, demonstrating the CD as a universal

pumping mechanism for use with a variety of different chemical and biological samples [30].
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Figure 7.3: The prototype discs used in this work are typically made from several layers of
milled plastic and double sided adhesives..

7.1.2 CD Fabrication

Successful adoption and utilization of LoD systems depend on inexpensive and reliable man-
ufacturing solutions for the disposable CD. Common materials used for microfluidic discs
include, but are not limited to, polycarbonate, poly(methyl methacrylate) (PMMA), cyclic
olefin polymer (COP), polydimethylsiloxane (PDMS), and polyurethane. Often, optical de-
tection requires optical grade materials, which can be costly. These materials can be used
for rapid prototyping by molding, 3D printing, laminating, and CNC machining, and some
can be injection molded for mass production. For rapid prototyping purposes, microfluidic
discs are generally made from layers of adhesives and hard plastics (see Figure 7.3). Features
can be cut into polycarbonate, PMMA, or COP sheets using a milling machine [72, 171].
For prototyping, PDMS and polyurethane features can be molded using, for example, a wax
or SU-8 mold [30]. PMMA can be cut using a laser, while COP and other polymers in thin

sheet form can also be embossed or microthermoformed [171].
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Other bonding techniques, such as laser bonding [79], solvent bonding [17], thermal bonding
[4], or ultrasonic bonding [181], have been used to bond CD layers together, and these ap-
proaches can be scaled up for mass production. Most materials utilized for CD microfluidics
are sufficiently hydrophobic for use in hydrophobic burst valves, which are spin frequency
controlled valves. In certain cases where the disc surfaces need to be more hydrophilic, the
material must be surface treated using oxygen plasma or a surfactant. However, oxygen
plasma treatment adds to the cost of fabrication and both plasma or surfactant treatment

in general result in devices with short shelf lives [15, 187, 207].

7.1.3 Valving Techniques

Effective valving technologies lie at the heart of sample-to-answer assays, keeping a liquid
volume isolated from the rest of the sample handling. Valving techniques on centrifugal
microfluidic platforms can be classified into three different categories: passive, active, and

semi-active.

Passive valves do not utilize any forces besides those present on the spinning disc, and are
actuated by the rotation of the disc itself. The actuation of a passive valve is dependent on
the interplay between surface tension and centrifugal force acting on the liquid in the disc.
The most common passive valves are burst or capillary valves, see Figure 7.6 [96]. When the
angular velocity is sufficiently high, the centrifugal force overcomes the surface tension of the
liquid, allowing it to burst into the next chamber. For this reason, the angular frequency at

which the valve breaks is called the burst frequency.

Some passive valves are actuated by decreasing the rotational speed of the disc, such as the
pneumatic pump or the siphon valve, see Figure 7.6. A siphon valve, connected to a liquid-
containing reservoir, again exploits the interplay of capillary forces and centrifugal forces.

At initial high angular velocities of the disc, the liquid level in the channel remains below
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Figure 7.4: Two common passive valves are shown. The siphon valve is actuated at low
RPMs, when the capillary force in the siphon is higher than the centrifugal force from
rotation. The capillary valve is actuated at high RPM when the centrifugal force overcomes
the surface tension in a liquid plug.

the crest of the siphon. When the rotational velocity is sufficiently reduced, capillary forces
dominate and the solution fills the siphon, priming the valve. When the angular velocity is
increased again, the hydrostatic pressure difference now aids in the complete emptying of

the original reservoir.

Another type of passive valve, the Coriolis valve, is actuated by changing the direction
of disc rotation [78]. Although passive valves are simple to fabricate, some types require
a hydrophilic surface treatment step, usually plasma treatment. This surface treatment
is reversible and generally limits the shelf-life of the device to a range of days to weeks
[207, 187, 15], while current diagnostic devices remain on the shelf for many months before
use. In addition, variations in the manufacturing process can change the burst frequency

from device to device, making it difficult to implement a reliable protocol [86].

The complexity of many of today’s assays cannot be handled by passive valves alone due
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to reliability issues associated with their burst frequencies. Additionally, passive valves are
generally not vapor-tight barriers. This characteristic makes the passive valve unsuitable
for reagent storage due to the loss or exchange of vapors over time. As a result, active or
semi-active liquid-handling techniques must often be used in conjunction with passive valves

to achieve a higher level of fluidic control.

Active valves require an external actuation mechanism, resulting in higher reliability and
robustness than passive valves. The operation of these valves is independent of or only
partially dependent on the angular velocity of the disc. Examples of external actuators
include heat sources, lasers, and magnets. The main disadvantage of active valving is the

need for additional hardware, adding complexity and cost to the platform.

One of the most famous active valves is the paraffin wax valve, a phase-change valve requiring
only a heat source to be turned on to open a paraffin wax valve. Abi-Samra et al. used an
infrared lamp to serially open valves made of different temperature paraffin waxes on a CD
[2]. The advantage of this technique is that all valves on the same radius of a disc can be
actuated at the same time during spinning by positioning the heat source above the desired

radial location of the disc.

Another variation on the active valve is the thermo-pneumatic pump valve, which involves
heating a ventless chamber of air on a disc. As the air volume thermally expands, it pushes
out liquid in an adjacent chamber [1]. The angular velocity of the disc needs to be kept low
enough to allow the force generated through thermal expansion to overcome the centrifugal
force exerted on the liquid being pumped, while high enough to create a uniform meniscus
in the liquid reservoir on which the expanding air can exert pressure. The pumping ability
is characterized by the following factors: the amount of temperature change of the air (in
accordance with Charles” Law), the size of the ventless chamber, and the location of the
liquid on the disc. A heat source, such as an infrared lamp, is the only required piece of

external hardware needed for thermo-pneumatic pumping.
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We also define another type of valving: semi-active valving. Semi-active valves are RPM-
dependent valves that offer a higher level of control than passive valves, yet are simple to
fabricate and do not involve surface treatments. They usually integrate additional, inexpen-
sive materials, such as paper, in order to perform valving tasks. Although only a limited
number of approaches have been demonstrated in the category of semi-active valves, these
valves can be highly practical due to their low cost and ease of implementation. Passive
valves, such as capillary valves, may have a spectrum of possible burst frequencies instead of
one absolute burst frequency. Semi-active valves reduce the dependence on the reproducibil-
ity of the native surfaces of devices by using an alternative material or a delay mechanism.
In systems where the fluid-handling tasks become more complex, semi-active valves can be

added to achieve more robust control than passive valving techniques alone.

One of the most well researched semi-active valves uses biocompatible dissolvable films [45].
In this approach, two chambers are connected with a pneumatic chamber containing a com-
mercially available dissolvable film tab in between. Under low rotational speeds, a trapped
air pocket prevented the liquid in the upstream chamber from entering the pneumatic cham-
ber and wetting the dissolvable film. Once a high enough rotational speed was reached,
liquid entered the pneumatic chamber, dissolved the dissolvable film, and passed on to the
downstream chamber. The pneumatic chamber equipped with the dissolvable film allowed
for more control over the bursting event since the angular frequency of the disc must be
sufficiently high for liquid from the upstream chamber to enter the pneumatic chamber and
begin the valve-opening process by dissolving the film in that chamber. Although this valve
is not vapor tight, it provides considerably more control than capillary valves and is tunable

in that films with different dissolution rates can be chosen.

Another type of semi-active valving is established by using paper strips inserted into the
CD to perform the function of hydrophilic siphons. Although this type of valving is RPM-

controlled, the wicking ability of the paper offers more fluidic control than traditional passive
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Figure 7.5: (A) The paper siphon was used by Godino et al. to separate blood plasma from
red blood cells in whole blood. The blood was aliquoted to minimize contact with the paper.
(B) The disc was spun at 6000 rpm for 2min to pellet blood cells and to reduce absorption of
blood by the paper. (C) The disc was then spun at 375 rpm to let the paper siphon absorb
the blood plasma for 5 minutes until saturation. (D) A spin frequency of 2250 rpm was used
to extract plasma from the paper. Then, the two latter steps are repeated until 10 L of
plasma has accumulated. (E) The extracted plasma was then used for a colorimetric assay
off-disc. (F) The graph shows calibration points as black squares and a patient’s triglyceride
level as outline circles.

valving. The principle of paper microfluidics on a CD is based on the interplay of capillary
forces that allow liquid to wick through the paper and centrifugal forces that push liquid
only toward the outer edge of the disc. As shown in Figure 7.5A-E, Godino et al. utilized
chromatographic paper in a siphon to achieve a high level of control of blood plasma flow

[43].
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7.1.4 The CD as a centrifuge

While all three pseudo forces shown in Equation 7.1.1 are proportional to the mass per unit
volume of liquid, the centrifugal force is proportional to the square of the angular velocity,

making it the strongest acting force in a rotating frame of reference.

Centrifugation takes advantage of this force to rapidly separate a heterogenous mixture into
its component parts. In a normal laboratory centrifuge, a sample is placed in a centrifuge
tube a certain radial distance and angle from the center of a rotating platform. The sample
is spun at a high rpm, separating out components based on their density. The technician
decants the supernatant using a pipette. This process is not fully automated and is therefore

affected by user error.

The CD has been successfully used to completely automate a centrifuge by using special
chambers in which a sample is centrifuged and the supernatant automatically removed by a
valve. In 2006, Haeberle et. al. used a rotating CD to separate plasma from whole blood
[50]. The setup uses a decanting chamber to sediment whole blood cells in a centrifugal field.
A shock interface is created between the blood plasma and whole blood. Once the decanting

chamber is completely filled, the plasma overflows into an adjoining chamber.

A further improvement on this design by Amasia, et. al. uses a siphon valve to remove
supernatant from the disc [5]. In this design, the disc consists of a primary chamber for large
volume blood plasma separation. Hydrophilic surface treatment of the disc allow a separate,
siphon valve to transfer the entire plasma supernatant to an adjoining chamber. Siphon
valves have an added advantage over volume-dependant chambers since they are actuated

by changing the angular velocity of the disc.

Apart from blood-plasma separation, centrifugation has been used on disc to separate cells,

clarify lysed samples (see section 7.1.6), and for separation of microscopic particles.
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7.1.5 The CD as an Incubator

Incubation uses a combination of growth media, turbulent mixing, temperature and gas
control, and other stimuli to trigger growth and metabolic changes in organisms, cells or
bacteria. For infectious diseases, phenotypic assays require an incubation step to evaluate
the response certain viruses or bacteria to a particular drug or environmental condition.
Conventionally, incubation is a several hours to days long process done in petri dishes or
agar plates. This long wait time between sample and answer can have drastic consequences
in infectious disease diagnostics. For example, with antibiotic susceptibility tests, lack of
quick testing leads to overprescription of broad spectrum antibiotics and contributes to
overtreatment with broad spectrum antibiotics, one of the contributors to the global antibi-
otic resistance crisis. Furthermore, while these processes can be high throughput, they are
generally slow and complicated, requiring significant sample preparation, transportation to
a central lab, and outside instruments such as robotic shakers and microplate readers that

tremendously increase cost.

Centrifugal microfluidics is an ideal platform to handle the necessary sample preparation,
temperature conditions, and mixing for rapid incubation of bacteria and cells. The disc can
be made of biocompatible disposable plastic such as polydimethylsiloxane (PDMS), which

is gas permeable for proper aeration and transparent to light for easy detection.

In this work, we utilize the disc for rapid incubation of bacteria with antibiotics in antibiotic

susceptibility testing.

7.1.6 The CD as a Mixer

Mixing of reagents and samples is a critical step in many assays. In most microfluidic systems,

mixing is challenging due to the low Reynolds numbers and laminar flow regimes present in
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microfluidic devices [71, 57]. In microfluidic chips, liquid streams are generally confined to
narrow channels, allowing for only diffusive mixing. On the other hand, in microfluidic discs,
separate liquid streams are usually flowed into a large chamber, inducing both convective
and diffusive mixing. While this phenomenon makes the centrifugal microfluidic platform in-
herently better for mixing, various passive and active mixing techniques have been developed

to further speed up the process.

Researchers have further optimized on-disc mixing by incorporating special micromixers onto
microfluidic devices. While passive micromixers utilize special microchannel geometries to
induce advection during liquid handling and minimize diffusion times, active micromixers
utilize additional hardware or integrated structures to homogenize liquids. One of the sim-
plest passive mixers on a CD is the modified centrifugal force-based serpentine micromixer
(CSM) first simulated by La et al. [93] and further optimized by Kuo and Li [92]. A serpen-
tine channel was incorporated into a microfluidic CD design, and the combination of Coriolis
force and the channel geometry induced chaotic advection and diffusion in the sample, ef-
fectively mixing it. Kuo and Li used the CSM method to mix reagents with plasma after
separation by sedimentation, demonstrating the potency of this mixing technique in sample
preparation. In Figure 7.6, the 5-second time point from the simulation of this micromixer,

with different channel widths, is shown.

Other passive mixing methods utilize droplets as microreaction chambers [3] or bubbles to
promote chaotic advection [39]. Droplet formation on a disc, where the small diameter of
the microreaction chambers significantly reduces the diffusion distance of any reactants, has
been realized by Haeberle et al [50]. Bubble mixing using T-junctions has not yet been
integrated on a disc, possibly due to the constraint of the disc’s footprint size, but could be

implemented in the future.

A more effective passive mixing technique is flow reciprocation, which utilizes less on-disc real

estate than serpentine channels and can be used for sample hybridization. In 2009, Noroozi
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Figure 7.6: Kuo et al. conducted computer-simulated studies on the effects of a serpentine
geometry for a microchannel on a microfluidic compact disc (CD). In this model, the CD
platform was simulated to spin at 2200 rpm for 5s while mixing plasma and deionized (DI)
water. The center of the disc is located to the left, and the liquids flow to the right into a
waste chamber. The mixing of plasma (red, top inlets) with DI water (blue, bottom inlets)
increases as channel width (around the bends) increases. Best mixing is observed in the
third simulation where the final product is an intermediate color, or green, to represent a
well-mixed solution.
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et al. designed a reciprocating flow mixer which utilized both centrifugal force and the
pneumatic pressure generated in a ventless compression chamber to effectively and quickly
mix two liquids together [133]. This technique can handle significantly more liquid sample
volume than droplet and serpentine mixing. In 2011, Noroozi et al. was able to integrate
this technology into a multiplexed LoD immunoassay to improve Burkholderia detection,

illustrating the impact this mechanism can have on sample preparation [134].

While effective, some drawbacks to passive mixing for more complicated assays include in-
efficient use of on-disc real estate, long mixing times, and ineffective mixing of very viscous
samples. Active mixing techniques include electro-osmotic mixing, ultrasonic manipulation
of a piezoelectric diaphragm, and magnetic mixing. The simplest of these techniques is us-
ing magnetic beads as an active mixer [46]. In this technique termed batch-mode mixing,
a series of permanent magnets were placed at alternating radial distances underneath the
mixing chamber, while magnetic microbeads were placed inside the mixing chamber. As the
disc was spun, the beads moved inside the chamber, inducing turbulent mixing by means
of the Stokes drag force. To further increase mixing, a shaking protocol was implemented,
periodically changing the frequency of rotation to induce phases of acceleration and decel-
eration. This technique takes advantage of Euler forces to stimulate an advective current
during acceleration and deceleration of the disc. This alteration between spinning speeds
induces lateral movement of the magnetic beads in the mixing chamber, increasing the mix-
ing area of the beads and drastically reducing mixing time from seven minutes via diffusive
mixing to less than one second. The mechanical lysis component of the universal lysis system
developed in this work uses the same principle as the batch-mode mixing technique 11. In
addition to lysis, it also performs mixing in the same chamber, and has been applied in a

nucleic acid extraction system developed by Siegrist et al [170].
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The CD as a Particle Separator

Particle sorting is required when there is a low quantity of a target cell type amongst a
population of cells. Such cases include separation of fetal cells from the mother’s whole
blood or rare cancer cells from a tissue sample prior to nucleic acid analysis [64]. The size
range of particles that can be separated is inherently limited by the radial size of the disc.
Even so, effective particle separation on a disc is possible, and is preferred because motor

for rotating the CD uses a small amount of power compared to any benchtop system.

Particle separation can use either passive methods that take advantage of the centrifugal force
or active methods that incorporate external components. Aguirre et al. used Dean forces
in serial serpentine flow-focusing channels to separate cell-bead complexes from blood [3].
Morijiri et al. separated particles of different densities and sizes using a rotational movement
combined with a technique called pinched-flow fractionation. The fluidic structure was filled
with a bulk buffer solution before the particles were introduced. As the disc rotated, the
pinched segment focused particles onto the upper wall, while the centrifugal force drove the

sedimentation of particles by their respective sizes and densities [128].

Besides utilizing pseudo forces present on a rotating platform, additional active components
may be integrated for more effective particle separation. Recently, Kirby et al. utilized a set
of three magnets on a CD platform to successfully simulate the isolation of rare bioparticles
from background tissue cells [84]. A mixed particle suspension, including magnetic and
non-magnetic particles of different sizes, was sent through a focusing channel where the
centrifugal force, along with three permanent magnets located at different radial distances,
separated particles according to their density, size and magnetic properties. Nearly 100
percent separation was achieved. This technique was used to separate MCF-7 cells with as
low as 1 target cell in 1 pL of whole blood with capture efficiencies of up to 88% 104. A

total of 18 ul. of sample was processed on a disc within 10 minutes.
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Glynn et al. used geometric designs, termed “size exclusion rail”, to separate cells of different
sizes [42]. Whole blood, spiked with HL60, colo794 and sk-mel28 cells, was sorted on the
microfluidic disc. The different size-gaps in the geometric design allowed the passing of the
appropriate sized cells into several bins. Each bin received cells of a certain size range,
including components of blood, making this technique a simple and label-free manner for

cell sorting.

Schaff et al. demonstrated sedimentation-based particle sorting, where two different beads
types (different size and different density), each type functionalized with a different capture
antibody, sediment into distinct layers when passing through a density medium. This process
also separated the beads from the red blood cells in the case that they are present, and
provided a washing step for the beads [160]. Koh et al. performed a similar sedimentation
step with only one bead type for the detection of botulinum toxin and achieved a lower limit

of detection of 0.09 pg/mL [88].

The CD as a sample concentrator

The detection of low concentration components in many biological or chemical assays may
require an initial step to concentrate or isolate the sample. Examples of components that
require such a process include proteins, environmental pollutants, and nucleic acids. The
method of choice for concentration or purification often involves the use of a solid phase
extraction column. We introduce here several methods used to extract compounds: the use
of monolith in a micro-column [130], in-situ detection following collection of samples in the
column [94, 95|, and the use of hydrophobic membranes and dissolvable films for reagent

flow control in silica bead-based RNA purification [27].

Moschou et al. discussed the implementation of such a unit on a microfluidic disc for the

extraction of proteins [130]. The disc contained a micro-column for separation, a fraction-
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ation channel to isolate the proteins from the rest of the sample volume, and an isolation
chamber for optical detection of the proteins. The group prepared a monolithic column using
in situ polymerization by microwaves for efficient sample extraction. Fluorescent analysis of
the isolated analyte showed that at least 80 percent of the original 12.4 pmol sample was

recovered.

Works from another group used a different microfluidic disc design to detect and quantify
elements in water samples and an environmental pollutant [94, 95]. Instead of elution using
organic solvents, the authors analyzed the sample directly in the stationary phase in the
column. Direct analysis of the column reduces loss of sample by wall adsorption and the
amount of harmful organic solvents used for sample extraction. Using laser ablation, Lafleur
and Salin found the limits of detection to be between 0.1 and 12 ng for Ni, Cu, V, and Co
[95]. Lafleur et al. analyzed the column for fluorescein by fluorescence and absorbance and
for anthracene by fluorescence. The limit of detection of fluorescein was 50 ng using both

detection methods, and that of anthracene was 20 ng [94].

Dimov et al. introduced the use of hydrophobic membranes and dissolvable films for liquid
reagent control in silica bead-purification of RNA samples [27]. Although the system yielded
considerably RNA than benchtop methods, it was capable of purifying both mammalian and
bacterial RNA.

Mamaev et al. built a fully contained and fully automated system that performs NA isolation
and purification on up to 24 samples. The system incorporates lyophilized reagents, leak-
proof inlets for sample input, outlets with standard micro test tubes for sample recovery,
and hardware components that deliver heat, pressure, and spinning of the motor to perform
valving and pumping. Experiments confirmed that the system was capable of isolating
genomic material from Bacillus thuringiensis and Mycobacterium tuberculosis cells that were
in the concentration range of 102 to 108 cells/mL and from hepatitis B and C viruses with

concentrations of 102 to 107 particles/mL in plasma. Quantitative PCR was performed using
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the obtained B. Thuringiensis DNA, and the results amongst the replicates did not vary by
more than 10%. The NA obtained from the automated system was compared to those
obtained from the manual method, and the two sets of data were almost identical. These
experiments confirmed that the platform was reliable for performing NA purification, and
the authors project that when integrated with low-density hydrogel microarray technologies,
the platform will be capable of analyzing viral and bacterial DNA and detecting genetic

point mutations association with cancer or other conditions [116].

Despite the effectiveness of solid phase extraction for sample purification and concentration,
a few challenges still prevent its widespread implementation on centrifugal microfluidic sys-
tems. One challenge is the requirement for liquid reagent storage for a fully automated assay.
In the multi-step elution assays described, the reagents had to be manually introduced into
the disc after each step [27, 130]. A second challenge is the incompatibility of the reagents
with the materials used to make the disc. For example, Moschou et al. observed that glycidal
methacrylate and hexane, components used to create the microcolumn monolith precursor,
caused deformation of the disc’s PDMS layer [130]. In other cases, organic solvents, such as
acetone or methanol, are sometimes the standard reagents for an assay. These solvents etch

certain polymers such as polycarbonate or acrylic, limiting material choices.

The CD as a cell lyser

For many biological samples, lysis is necessary for retrieving genomic or proteomic material
from cells. The process usually involves breaking the outer membrane of the cells using one
of two methods: physical means [77, 72|, such as laser-induced thermal shock or sonication
[50], or chemical means, which generally involves the use of detergents [45]. Many of these
processes can also perform sample homogenization to ensure that the biological sample is

uniform in size and texture throughout.
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Although a variety of methods can be used for sample lysis on the CD, bead beating, de-
veloped by Kido et al., remains the most universally effective method, capable of lysing
even the toughest samples [72]. The bead beating setup, shown in Figure 7.7, consists of
several permanent magnets located under the disc at alternating radial distances. A small
ferromagnetic disc is free to move inside a radial chamber on the CD. As the CD spins, the
ferromagnetic small disc moves toward the permanent magnets as it passes them, sliding
back and forth in the chamber. Glass beads are added as a grinding media to enhance
lysis. This method was used to effectively lyse Saccharomyces cerevisiae cells, considered

notoriously difficult to lyse.

7.1.7 The CD as a sensor or detector

Optical detection

The typical CD or DVD optical head contains a number of high-quality, precision com-
ponents, including a collimated laser, beam splitters, high-quality lenses, and mirrors. A
standard CD or DVD player uses the laser optical setup to read a binary series of tiny
bumps and pits on a disc. The difference in the scattering angle of the light as the laser
bounces off the bumps and pits on a disc is then converted into a code for playing music or
video. By adding a minimal number of modifications, this same technology has been adapted
into low-cost microscopes and spectrophotometers for imaging of cells and other biological

components.

For example, absorbtion measurements, based on changes in optical density, are amongst
the most commonly used on the lab-on-a-disc platform. In absorption diagnostics, analyte
concentration is determined by measuring the absorbance of specific wavelengths of light
through a sample. According to the Beer-Lambert Law (A = cel), absorbance (A) is linearly

proportional to the concentration of an analyte in a solution (c¢), the molar absorptivity
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Figure 7.7: A schematic of the bead beating setup is shown. Magnets are placed at two
different radial distances. As the disc is spun, a ferromagnetic disc moves back and forth in
the disc.

122



PAARAA
Sample

| ! Detector
I —

Figure 7.8: A schematic shows how the principle of total internal reflection can be used to
increase the path length and enhance absorption in the disc by milling v-shaped grooves in
a chamber on the disc.

of the sample (¢), and the optical path length through the detection chamber (I). In a
microfluidic device, this optical path length is typically very short, and thus the sensitivity

of these measurements can be compromised severely.

To account for this, Grumann et al. used a total internal reflection (TIR) mirror-based
system to increase the on-disc optical path length to make sensitive glucose measurements
from human blood [47]. Figure 7.8 shows a proposed schematic that utilizes a set of parallel
milled, angled trenches in the disc which would be covered with a reflective, foil adhesive
to bounce laser light through the solution and direct it onto the photodiode. In accordance
with Snell’s law, the critical angle (., of the milled trench can be calculated to produce
total internal reflection throughout the sample (ag.; = sz’n‘l(%. Similarly, Nwankire
et al. used a 3D-printed portable spin stand with integrated absorbance measurements to
implement a six-parameter liver assay panel from whole blood [138]. Absorbance is also
widely used in environmental monitoring [23, 65]. Colorimetric measurements methods have

also been used for this application [90].

Fluorescence is amongst the most widely-used detection methods in biomedical diagnostics

and has been demonstrated on-disc for applications, such as fluorescent immunoassays [96,
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54] by building a low cost fluorescent microscope into the system itself. Fluorescent detection
methods, unlike colorimetric detection, do not depend on the optical path length of the
sample, contributing to the enhanced lower limit of detection of the method. For example,
Duffy et al. used fluorescence to detect 2000 times lower concentration of a substrate, p-
nitrophenol phosphate, than using colorimetry in the same sample volume. Fluorescence
has been used successfully in conjunction with the centrifugal microfluidic platform for a
wide range of applications, including solid phase extraction analysis of PCR assays and

immunoassays [82, 173, 61].

Fluorescent detection is generally done with a stationary disc, forcing the user to stop the disc
and manually align it to the camera to perform detection. To solve this problem, Ukita and
Takayama developed a stroboscopic optical setup to image fluorescent objects on a spinning

platform [185].

Electrochemical Detection

Electrochemical detection is an attractive alternative to optical detection because of its low
cost, small equipment footprint, high sensitivity, specificity, and portability [111, 195]. The
most common type of electrochemical detection used in microfluidic systems is amperometric
detection. In amperometric detection, the current produced with either the reduction or

oxidation of an electroactive species is monitored.

Amperometric detection has been successfully integrated onto the LoD platform using a slip
ring-and-brush setup, shown in Figure 7.9 [132] or a low-noise slip ring with liquid mercury
for moving electrical contact [7]. In this detection scheme, three electrodes are typically used:
a working electrode, a reference electrode, and an auxiliary electrode. An electrical potential
is applied between the working electrode and the reference electrode. At the appropriate

potential, a redox reaction occurs, and a current is generated. This current, measured
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Figure 7.9: Progression of centrifugal microfluidic technology platforms towards stand-alone
POC systems from different research groups. System 1 shows the original spin stand structure
[110]. System 2 illustrates the addition of a slip ring to the spin stand set-up [119]. System 3
shows the implementation of an inductive power transfer system, reproduced in part from [58]
with permission of the Royal Society of Chemistry. System 4 illustrates energy harvesting
through the rotating motion of the disc [68].

between the working and auxiliary electrode, is directly proportional to the concentration
of analyte being measured, and the voltage potential, measured between the working and
reference electrodes, can be used for inferring the presence of a specific analyte in the system

[9].

One application of this method is the detection of proteins or antigens in bodily fluid based
on the redox reaction of a substrate bound to the target proteins or antigens. Kim et al.
recently used this method to detect C-reactive protein (CRP) [82]. This electrochemical
method can be used to replace the optical component of standard ELISAs, reducing the

footprint of the system.
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For POC applications, bulky and expensive external instrumentation is not desirable, limit-
ing some optical set-ups for these applications. Therefore, electrochemical detection meth-
ods, which are inexpensive, portable and have a low equipment footprint, are becoming an
increasingly favorable option for extreme POC settings. Additionally, fluorescent sensing
on CD-based platforms often requires more expensive optical-grade polycarbonate discs, a
parameter that does not affect electrochemical detection. The latest electrochemical sensors,
such as amperometric sensors featuring redox amplification [184], have sensitivities and very
low limits of detection (LODs) that are comparable to optical detection schemes, making

them an attractive option for application in future POC systems.

To accomodate this move towards more portable detection methods, centrifugal system set-
ups or spin stands have progressed over time in terms of functionality and sophistication.
Figure 7.9 illustrates the progression of centrifugal microfluidic technology platforms towards
stand-alone devices for extreme POC applications stemming from a number of different
research and development institutions. In addition, CD-based systems implementing energy-

harvesting techniques have also been developed [68].
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Chapter 8

Materials and Methods

8.1 Platform Instrument Fabrication

The portable platform consists of two key components: 1) The spinbox, or instrument (Fig-
ure 6.2), and 2) disposable microfluidic cartridges (Figure 8.3). The instrumentation auto-
mates the sample processing in the microfluidic cartridge and was assembled primarily from
modified off-the-shelf components and 3D-printable parts. The code controlling the various
aspects of the instrumentation was written in Python 3, loaded into a Raspberry Pi 3B+
running NOOBS, and interfaced using a 7”7 Raspberry Pi Touchscreen. An in-house PCB
was prototyped to distribute power to various components. The Python repository, CAD

assemblies, and PCB drawing can be found at XXX.

The enclosure was assembled from laser-cut PMMA (McMaster Carr) and secured to t-slot
extrusions (McMaster Carr). The touchscreen and Raspberry Pi holder were 3D-printed
in polycarbonate material on a Stratasys Fortus 450MC material extrusion printer. For
experimental testing, a custom spinchuck was machined in aluminum and uses two spring

loaded balls to hold the microfluidic cartridge in place. For the portable unit, a world-to-chip
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Figure 8.1: The heater consists of a u-shaped, 3D printed housing, resistive coil, and fan.

microfluidic spinchuck was prototyped and 3D printed using a Raise 3D N2 Plus printer.

The environmental control system consisted of a custom fabricated heater and PID temper-
ature controller. The heater was made from a 3D printed, u-shaped housing into which a
NiCh resistor coil and micah holder were inserted, see Figure 8.1. A fan was placed on one
side of the holder to blow air over the heated resistive element. A thermocouple was placed
below the disc and delivered temperature measurements to a PID controller, which regulated

the temperature of the resistive element.

Another critical feature of the Spinbox was the development of a fluorescent microscope
in the system. The optics component consists of a Mako G-507B monochromatic CMOS

camera, an excitation LED, a set of custom arranged filters and focusing lenses, including a
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Figure 8.2: The detection system we implemented in the Spinbox includes a monochrome
camera, a set of lenses and filters for Cyb detection, a set of LEDs at 625 nm, a focusing
lens, and an adjustable mount.

Cyb excitation filter, a Cyb camera emission filter, and a dichroic mirror, and an adjustable
camera mount that allows the user to manually change the focal plane of the camera, see

Figure 8.2 and Figure A.4.

The camera, combined with an image processing algorithm written using OpenCV was able
to take a series of images and perform background subtraction, image smoothing, noise
thresholding, spot identification, and intensity quantification, see image processing for rep-

resentative spots of cyb. The final output was a text file of spot size and intensity.

Details about the rest of the components, assembly, and operation of the platform are in-

cluded in Appendix A.
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8.2 Microfluidic Disc Fabrication

Three different types of microfluidic discs were fabricated in this work: prototype Cyclic
Olefin Copolymer (COC, TOPAS) discs manufactured using a CNC machine at microfluidic
Chipshop GmbH (Jena, Germany), prototype Poly(methyl methacrylate) (PMMA) discs
fabricated using a laser cutter (Trotec Speedy 360), and Cyclic Olefin Copolymer (COC,
TOPAS) injection molded discs obtained from microfluidic Chipshop GmbH (Jena, Ger-
many). NaOH was stored in a groove machined in the center of the lysis chamber and sealed
using wax. A metal disc that facilitates cell lysis was placed on top of the wax seal to pre-
vent premature release of NaOH. Equal quantities of lysis beads were dispensed into the lysis
chambers using a slurry of silica-zirconia beads mixed with polyvinyl alcohol. The disc was
then placed into a vacuum heater at 40° C for 30 minutes. Dried down phosphbate buffer
(1X) and detector probes were dispensed into the neutralization chamber prior to assembly.
Finally, the COC inner feature layer was placed on an alignment jig and sandwiched be-
tween two transparent, gas-permeable, single-sided adhesives (MP Biomedicals 097640205)
that were cut to shape using a polyvinyl cutter (Silhouette Cameo 2). A double-sided ad-
hesive (3M 300 LSE) was affixed to the cutout on the bottom of the detection chamber of
the disc, creating a fluidic seal between an optional, modular microarray and the detection

chamber of the disc.

8.3 Bacteria, antibiotics, and media

E. coli clinical urine isolates were obtained from the University of California, Los Ange-
les (UCLA) Clinical Microbiology Laboratory with approval from the UCLA and Veterans
Affairs Institutional Review Boards and appropriate Health Insurance Portability and Ac-

countability Act exemptions. Bacteria was inoculated into Mueller-Hinton (MH) broth with

130



— Top gas permeable membrane

Microfluidic cartridge (COC)

Microarray w/DNA probes

Bottom gas permeable membrane

Screw top

Conical geometry for
easy emptying into

sample introduction
\) chamber
w

Figure 8.3: The microfluidic disc design. a) The disc consists of 3 layers: an inner feature disc
made from COC with disc chambers and channels milled on both sides, and 2 laminating,
gas-permeable adhesives that seal in the features. An optional microarray can be inserted
for hybridization of rRNA with capture probes, b) A photo of the assembled disc, with all
components inside, is shown, ¢) A cross section schematic of the world-to-chip interface is
shown, d) The fully assembled cartridge, including the disc and world-to-chip interface.
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12% glycerol (Becton, Dickinson, Sparks, MD) and stored at —80° C.

Experiments were conducted from the frozen isolates. Bacteria was defrosted and cultured
overnight by inoculating 5 pL of freezer stock bacteria into 5 mL of cation-adjusted Mueller
Hinton (MHz) broth (Sigma, St. Louis, MO) and incubating in a shaker incubator at 37
C. The following day, working samples were prepared by diluting the overnight culture with
MH,; broth to ~ 6 x 10° cfu/mL. The prepared cultures were pipetted into the incubation
chamber on the disc or 96-well plate and immediately sealed. Bacteria was also plated on

LB agar (MOBIO Laboratories Inc., Carlsbad, CA) to verify the colony forming units (cfu).

For rapid incubation experiments, either 75 ul or 200 L of prepared cultures were pipetted
into each chamber of the disc or 96-well plate and placed in the appropriate spinstand
incubator or shaker incubator. Bacteria was incubated at 37 C and oscillated at 1 Hz through
an angle of 180 on the spinstand or 400 rpm on the tabletop shaker. After the designated
incubation period, sample was collected for plating or lysed for Luminex analysis. Serial
dilutions (107%) were performed prior to triplicate plating and were incubated overnight
prior to counting the following day. For Luminex readings, 70 pl. of sample was removed
from the chambers and mixed with 35 pulL of 1M NaOH for 5 minutes. The sample was
neutralized by adding 105 pL of phosphate buffer solution. 150 ul. of neutralized lysate was
collected and characterized using a Luminex MagPix assay instrument with custom capture

probes designed to hybridize with oligonucleotides on Luminex MagPlex-TAG microspheres.

In certain growth experiments, cultures were spiked with one of the following antibiotics
diluted in (MHsy) broth before incubation in the disc: 4 pg/ml ciprofloxacin (Sigma, St.
Louis, MO), 32 pg/ml ceftriaxone, 512 pg/ml ampicillin, g/ml nitrofurantoine, or pg/ml

cefazolin.

For cell lysis experiments, bacteria was spun down from the incubation chamber into the cell

lysis chamber following sample entry.
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Chapter 9

Results and Discussion

9.1 Microfluidic CD design and operation

9.1.1 CD forces and principle of operation

We take advantage of the psuedo-forces present on a rotating platform to tackle challenges
in laminar flow systems that have limited their use in AST microfluidics. There are three
main psuedo-forces on rotating platforms: the Fuler force, Coriolis force, and Centrifugal
force.[89] The SpinBox predominantly takes advantage of the Euler and Centrifugal forces

to guide sample through the multiple assay steps in the microfluidic disc.

The Centrifugal force, shown in Equation 9.1, acts radially outward, providing unidirectional
liquid pumping. The many chambers and channels milled into the disc create barriers to
fluid flow. A narrow channel coming out of a chamber creates a pressure barrier that must

be overcome before fluid can pass. By rotating the disc above a critical speed, the centrifugal
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force can overcome the pressure force and the fluid is free to burst to the next chamber.

B = pid (& x ) (9.1)

The Euler force, perpendicular to the Centrifugal force, is proportional to the change in
angular velocity per unit time and can be used to generate vortical flow and provide uniform
mixing within a microfluidic chamber. The Euler force, per unit volume, is expressed in

Equation 9.2

B, ds
Fp=—por X7 (9.2)

where s is the liquid density, Ccll—f is the change in the angular velocity per unit time, and 7" is

the mean distance of the liquid from the center of the disc.

This force dominates when the disc is subject to changes in velocity, such as cycles of uni-
directional acceleration-and-deceleration or changes in the direction of rotation. Turbulent
mixing, and bacterial incubation, is thus dependent on chamber geometry (height and inner
and outer chamber radii,  and 7o in Figure 9.1), acceleration/deceleration rate, and angular
span of the mixing chamber [150]. Oscillation is accomplished by cycling between two angles
of the disc at a specific frequency. This motion takes advantage of the Euler force to create

chaotic advection within the sample, effectively mixing it.
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Figure 9.1: The microfluidic disc design is shown with assay steps on right corresponding
to fluidic chambers labeled on the disc. The middle column highlights critical features of
important fluidic geometries on the disc.

9.1.2 CD design and fluidic steps

To take advantage of the multiplexing capacity of the microfluidic disc, each disc consists of 6
multiplexed, fluidically identical, but separate sections of the disc. Each section was used to
test a different bacteria and antibiotic combination. In practice, each section would be used
to test the patient sample for susceptibility of different antibiotics. The testing sequence

begins with sample loading into the first chamber of the microfluidic disk.

Table 9.1 demonstrates the fluidic sequence for the microfluidic disc. To simplify sample
loading, we prototyped a world-to-chip (WTC) interface to dispense liquid into the first

chamber of each section of the disk simultaneously. The sample is loaded into the main
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Table 9.1: Microfluidic Disc Sequence

Step Protocol Details
Incubation Oscillation 2 Hz, 180°
Valve 1 Laser+Spin 2000 RPM
Cell Lysis Spin 200 RPM
Valve 2 Laser+Spin 2000 RPM
Neutralization Oscillation 1 Hz, 180°
Valve 3 Laser+Spin 2000 RPM
Hybridization  Oscillation 1 Hz, 180°
Valve 4 Laser+Spin 4000 RPM
Wash 1 Spin 1000 RPM
Wash 2 Spin 1000 RPM
Detection Position + Camera 0 RPM

compartment, designed to store liquid buffer, and the centrifugal disk is secured using the
self-sealing “top-piece”. Baffles were incorporated at the bottom of the WTC to improve
mixing during oscillation. By spinning at a critical RPM (;5000), the centrifugal force drives
the mixed sample up the inner walls of the WTC and through the outlet holes connected
to each incubation chamber. Metering is accomplished by taking advantage of chamber
geometry and having overflow channels, shown in Figure 9.1. The volume of the sample
entry chamber dictates the amount of sample used in the disc and the rest runs off to the

waste chamber via an overflow channel on the bottom of the disc.

An oscillation protocol is used to incubate bacteria once in the incubation chamber (Figure
9.1). The incubation chamber is subject to cycles of rapid acceleration/deceleration at
an angular span of 45° to generate vigorous mixing. The robust mixing provides even
distribution of macromolecules (e.g. antibiotics and nutrients) and ensures sufficient sample
aeration, required for bacterial growth. Oscillation is also used in the neutralization chamber

to resuspend dried down phosphate buffer.

The lysis chamber utilizes a combination of mechanical and chemical lysis to effectively
release genomic data from a number of bacterial pathogens. As the microfluidic disc is

rotated at a low angular velocity (j500 RPM), the metal disc interacts with the array of
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permanent magnets, moving back and forth in the lysis chamber and mixing the sample
with the silica-zirconia beads and the chemical lysis reagent (1 M NaOH). The mechanical
forces generated between the metal disc and beads provide shear forces that break open cell

walls.

The neutralization chamber contains dried down PBS and fluorescently labeled detector
probes, which are resuspended during oscillation of the disc. The PBS neutralizes the NaOH
from the lysis chamber, preventing degradation of rRNA sequences. At this point, the sample
can be either removed from the disc, for detection on a separate system (e.g. Luminex Mag-
Pix or other fluorescent microscope), or can continue on for hybridization and detection

directly in the disc if a microarray is inserted into the detection chamber.

The hybridization and detection chamber contains a sticky adhesive on one side, allowing
a glass or polymer slide functionalized with detector probes (microarray) to snap into the
back of the disc. A 9 x 5 mm window exposes the detector probes to the rest of the cham-
ber. Following neutralization, neutralized lysate slowly and completely fills up the chamber.
Diffusion, combined with oscillatory mixing, allows rRNA to hybridize and bind with the
complementary detector probes. Following hybridization, two wash buffers are released,
flowing through the chamber to wash away any unbound rRNA into a waste chamber, elim-
inating false positive results. After these washing steps, the detection chamber is imaged

using the camera and fluorescent lenses present in the SpinBox.

A series of active valves are used as gates between different chambers connected by narrow
fluidic channels, see Figure 9.2. Since the inner feature disc is fabricated from a black COC
polymer, these valves are made by milling half of a channel on one side of the feature disc,
and the subsequent half on the other side of the disc, leaving a 0.25 mm thick piece of COC
overlapping the two half-channels, see Figure 9.2a. To open a valve, a laser is focused on
the valve position (Figure 9.2b), melting away the plastic covering (Figure 9.2c and allowing

free flow of liquid between the adjacent half-channels (Figure 9.2d). The energy required for
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c.) Laser valve is opened. d.) Free flow of fluid can resume.

Figure 9.2: The sequence for opening one of the six laser valves on the disc is shown: a)
Liquid in channel 1 (top side of disc and located at smaller radius than channel 2) is blocked
from passing to channel 2 (bottom side of disc and located at larger radius than channel 1)
by the black COC polymer, b) A laser is focused on the valve location, c¢) the COC polymer
melts, creating an opening between channel 1 and 2, and d) Liquid is free to flow from
channel 1 to channel 2.

opening each valve is nearly 1 Joule, estimated using equation 9.3.

Qtot = QT + QF + QV = meAT + mLF + mLV (93)

where ¢, is the specific heat of our material, AT is the change in temperature needed to melt
the material, m is the mass of the valve, Ly is the latent heat of fusion for our material,
and Ly is the latent heat of vaporization for our material. With our 1 W laser, and an
estimated efficiency of 20%, we require 5 seconds to open each valve. Positioning of the laser
is accomplished in two ways: 1.) the radial position is set by a servo motor and linear rail
onto which the laser is mounted and 2.) the angular position is set by moving the motor to

a specified angular position.
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9.2 Universal Cell Lysis

The bacteria cell wall has evolved to become one of the most resilient barriers against harsh
environmental conditions filled with toxic contaminants. In fact, the origin of antibiotic
resistance stems from this evolutionary response. For example, gram-negative bacteria are
naturally more resilient to antibiotics than gram-positive bacteria due to their dual-layered
cell envelope. The additional outer-layer, absent in gram-positives, consists of an asymmetric
lipid membrane formed by exterior-facing lipopolysaccharides and interior-facing phospho-

lipids.

Due to the thicker cell wall of gram-positive bacteria, a combination of mechanical and
alkaline chemical lysis is needed to release rRNA from cells. The mechanical component
of our lysis system helps puncture and tear open the tough outer cell membrane of gram-
positive bacteria by causing shear and friction forces between the cell wall and 100 pm sized
silica/zirconia beads (Figure 9.3b). Once the cell wall is obliterated, NaOH denatures the
ribosomal complex, allowing the 16s rRNA fragment to be recovered (Figure 9.3c). Finally,
the sample is neutralized with PBS to prevent rRNA hydrolysis by prolonged NaOH exposure
(Figure 9.3d).

To optimize the lysis protocol for bacteria, we varied a number of parameters, including
lysis time, spin speed of the disc (which determined the oscillation of the metal disc in
the lysis chamber), silica/zirconia bead slurry amount (which determined the amount of
grinding material for mechanical lysis), and lysis puck geometry. The results are shown for
gram positive isolate Staphylococcus aureus (SA15-21-08) in Figure 8 and expressed as a
percentage of the Luminex signal obtained using the Omnilyse commercial lysis system. As
a control, chemical lysis (1 M NaOH) is shown as well. The results of the optimization
experiments were used to determine an optimal universal lysis system, with characteristics

summarized in Table 9.2.
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Figure 9.3: Universal lysis schematic: a) The thick cell wall of gram-positive bacteria means
both chemical and mechanical lysis are required, b) Mechanical lysis with metal discs and sil-
ica/zirconia beads punctures cell walls, releasing genomic data, c¢) Alkaline lysis (1M NaOH)
denatures ribosomal complex, allowing target rRNA fragmets to be recovered, d) PBS neu-
tralizes NaOH, preventing further RNA hydrolysis.

Table 9.2: Lysis Characteristics

Characteristic Optimal Value
Lysis Time 6 min

Spin Speed 100 RPM
Bead Amount 120 pL

Puck Geometry Double
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Figure 9.4: Optmizing lysis efficiency. Both chemical lysis and chemical4+mechanical lysis of
E. Coli were tested against the Omnilyse cartridge for a series of parameters. All measure-
ments are shown as a percentage of the omnilyse cartridge signal, which has been normalized
to 100% (dotted green line). a) Total lysis time was varied from 4-10 minutes. b) Total spin
RPM was varied from 50-400 RPM. ¢) Total Silica/Zirconia bead slurry was varied from 90-
120 pL pipetted into the lysis chamber. d) Several puck geometries were tested, including a
single or double thin steel disc, a magnetic stir bar, or a spherical steel disc.

141



Finally, to demonstrate our universal lysis system, we lysed several gram-positive bacteria,
including 2 strains of Staphylococcus aureus (SA), a strain of Coagulas negative staphylococ-
cus (CNS), a strain of Streptococcus agalactiae (Sagal), and a strain of Enterococcus (EFs),
see Figure 9.5. While lysis efficiency on the disc varied, all strains showed lysis efficiency at

least 75% of the Omnilyse system.

9.3 Rapid Bacteria Incubation

For liquid bacterial cultures, rapid and healthy growth depends on three main parameters:
1.) Sample aeration: A bacteria sample needs to have plenty of access to fresh oxygen for
growth, 2.) Nutrient availability: A sample needs to be thoroughly mixed in order to provide
nutrients equally to all parts of the culture, and 3.) Prevention of biofilms and clumping:
Shaking and agitation can prevent bacteria culture from settling to the bottom of a chamber

and forming biofilms or clumps that hinder reproduction.

The low Reynold numbers in microfluidic systems exhibit laminar flow regimes, which are
dominated by viscous, rather than inertial forces. The absence of turbulence makes healthy
and rapid bacterial growth particularly challenging and forces microfluidic devices to rely
on either passive molecular diffusion or external energy sources for mixing [200, 125]. Fur-
thermore, the small enclosed volumes characteristic of microfluidic systems restricts access
to fresh oxygen, making sample aeration difficult without bulky or complex external pumps

that bubble oxygen through a sample [25].

To optimize incubation, while keeping within the available real estate of the portable disc,
the incubation chamber characteristics in Table 9.3 were chosen. The angular span was
maximized while still keeping 6 multiplexed sections on the disc, and r; and r were restricted

by the need for fitting all assay steps onto the chosen disc radius of 60 mm. The incubation
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Figure 9.5: 6 gram positive isolates were compared with chemical lysis alone and chemi-
cal+mechanical lysis, including 2 Staph. aureus (SA), 1 Coagulas negative staphylococcus
(CNS), 1 Strep. agalactiae (Sagal), and 1 Enterococcus (EFs). All measurements are shown
as a percentage of the omnilyse cartridge signal, which has been normalized to 100% (dotted
green line).
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Table 9.3: Incubation Chamber Characteristics

Characteristic Value
Inner radius (r1) 10 mm
Outer radius (rq) 15 mm
Acceleration/deceleration rate 240 rad/s
Angular span () 45°

chamber was also milled completely through the inner feature disc, allowing for a large

surface area of the chamber to be covered by a gas-permeable membrane.

9.3.1 Optimizing incubation time

We compared the growth using our chosen CD chamber design and oscillation protocol to
cultures grown in a 96—well plate and CD placed into a standard incubator shaker (BRAND
HERE) at 400 RPM. Observation of fluid within the different configurations showed more
turbulence and advection in the disc in the Spinbox than in either the 96-well plate or
disc in the SpinBox. Figure 9.6 shows a significant increase in TRNA growth of the disc
on the spinstand at both 60 and 90 minutes compared with the other configurations. At
90 minutes, an average 162% increase in rRNA was observed in the incubator spinstand
compared with a 96—well plate on the plate shaker incubator. The incubator disc in the
SpinBox showed an average 122% increase in rRNA after 90 minutes compared to the 96 well
plate, demonstrating that both the type of mixing and aeration have an effect on bacterial

growth.

9.3.2 Incubation of multiple species of bacteria

To ascertain that the effect was not isolated to a single E. Coli strain, we compared growth
on the disc and the 96—well plate in 14 different strains of E. coli, see Figure 9.7. The graph

compares cfu/mL on the disc (y-axis) vs. the 96—well plate (x-axis). The red dotted line
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Figure 9.6: Comparing E. Coli growth on the 96-well plate in the plate shaker incubator,
the disc in the plate shaker incubator, and the disc on the incubator spinstand. Growth is
shown as luminex signal intensity. Shading represents error bars.

has a slope of 1 (y = x) and represents bacteria growing equally on the plate and on the disc.
All data points above the red dotted line represent strains that grew better on the disc and
data points below the red dotted line represent strains that grew better on the 96-well plate.
The majority of the isolates tested showed more than 2x better growth on the disc than the
96-well plate. There were 2 strains of E. Coli that showed worse growth on the disc than on
the 96-well plate. This might be either an outlier or might represent bacterial strains that
favor alternative growth conditions. However, despite the growth characteristics of these E.
coli strains, the measured cfu/mL, compared with the 0 minute time point, is sufficient to

test antibiotic susceptibility.
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Figure 9.7: Growth for 14 different strains of E. coli in the disc on the incubator spinstand
are compared with growth on the 96—well plate in the plate shaker incubator. The dotted
red line (y = x) has a slope of 1, with data points above it showing greater growth on the
disc and data points below it showing greater growth on the plate. Growth is shown in
colony forming units per milliliter (cfu/mL).

9.3.3 Effects of the gas-permeable membrane

To isolate the effect of the gas-permeable membrane on growth, we looked at incubation
with and without a gas-permeable membrane. Figure 9.9 compares the disc in the spinstand
and 96-well plate in the plate shaker covered with either a gas-permeable membrane or a
gas impermeable foil. To make sure variability only came from the type of membrane used,
a prototype disc was used that isolated the incubation chamber. Half of each disc or plate
was covered with the gas permeable membrane and half was covered with an impermeable
membrane, see Figure 9.8. Therefore, the bacteria strain, shaking protocol, and material
conditions were the same for all chambers. As seen in the graph in Figure 9.9, the gas
permeable membrane allowed for significantly more growth than the nonpermeable foil for

both the disc and 96-well plate (;2x more growth for the 96-well plate, and ;4x more growth
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Figure 9.8: A prototype disc was fabricated that isolates the incubation chamber for testing
the breathable membrane. Half of the disc is covered with a non-permeable foil adhesive
and half is covered with the gas-permeable membrane.

for the disc).

9.4 Antibiotic Susceptibility Testing

To demonstrate our system was efficient in determining antibiotic susceptibility, 11 different
E. coli isolates were incubated with a total of five commonly prescribed, broad-spectrum

antibiotics using the microfluidic disc and compared to the 96-well plate. We chose three
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Figure 9.9: Results for growth of E. Coli in both the 96-well plate and disc both with and
without an air permeable membrane.

antibiotics whose mechanism of action inhibits the bacterial cell wall (ampicillin, cefazolin,
and ceftriaxone) and two antibiotics that target bacteria DNA functions, thereby preventing

replication (nitrofurantoin and ciprofloxacin).

Figure 9.11 shows the ratio from the rRNA signals of bacteria incubated with and without
antibiotics (Abx/No Abx) for both the disc (Figure 9.11a) and the plate (Figure 9.11b). If
the ratio is large (near or above 1), the bacteria is resistant since its growth is similar to
the no antibiotic control, see Figure 9.10. If the ratio is small (closer to or below 0), the
bacteria is susceptible since its growth is suppressed by the antibiotic and much less than
the no antibiotic control, see Figure 9.10. The red and blue lines in Figure 9.11 show the
average of all resistant or susceptible bacteria on either the disc or plate (error shown as
a gradient). While both the plate and the disc showed significant differences in average
ratios between the resistant and susceptible bacteria (p<0.01), the resistant bacteria showed

higher average ratios on the disc than the plate (p<0.05) indicating an improved ability to
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Figure 9.10: Conceptual drawing showing how the ratio is calculated for each signal. The
ratio of the signal from the bacteria incubated with antibiotics to the positive control, where
the same bacteria is incubated without antibiotics, is close to one for resistant bacteria and
close to 0 for susceptible bacteria.
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Figure 9.11: Ratios of signal intensity of each bacteria incubated with and without antibiotics
for the disc (a) and the plate (b). The blue and red lines represent the average of all ratios
for resistant (red) and susceptible (blue) bacteria.

distinguish antibiotic susceptibility on the disc.

In Figure 9.12, an average ratio for the response of multiple bacteria to each antibiotic was
determined. In all bacteria/antibiotic combinations, the average ratios from the disc incu-
bation were comparable to those on the 96-well plate. However, on the disc, susceptible
bacteria incubated with antibiotics showed very low uniform average ratios, with no sta-
tistically significant differences between antibiotic effectiveness. Interestingly, on the plate,
susceptible bacteria exposed to the three antibiotics that target the cell wall (ampicillin,
cefazolin, and ceftriaxone), showed a lower average ratio than those exposed to antibiotics
that target bacterial DNA functions (nitrofurantoin and ciprofloxacin) (<0.05). This uncer-
tainty could contribute to false positives when interpreting susceptibility data. Therefore,
results from the disc incubation provide clinicians more confidence in their prescription of

antibiotics.
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Figure 9.12: Average ratio of signal intensity of E. coli strains incubated with and without
each antibiotic. The graph on the right shows ratios for resistant and susceptible bacteria
grown on the plate and the left shows resistant and susceptible bacteria grown on the disc.
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Chapter 10

Conclusion

We demonstrated a never reported method for enhancing bacteria incubation on a microflu-
idic platform capable of determining bacterial response in the presence of five antibiotics.
Robust mixing of a liquid bacteria sample in the microfluidic chamber on the CD provides
rapid growth by ensuring adequate sample aeration, nutrient dispersion, and prevention of
biofilm formation. The well mixed sample is capable of determining bacterial response to
antibiotics quicker compared to the off-chip incubation when using rRNA as the detection
mechanism. The design of the incubation chamber on the CD was optimized to include
further downstream sample processing, including a universal gram positive and negative cell
lysis system, capable of lysing 6 different types of gram positive and negative bacteria, in-
terchangeable microarray detection chamber, two washing chambers, and waste chamber.
The CD was integrated with a custom designed SpinBox capable of automating all sample
processing steps after the initial sample dilution in the world-to-chip interface. The sys-
tem serves as a powerful step towards improving rapid AST PoC diagnostics by minimizing
sample handling. In reality, the rapid incubation on a microfluidic CD can be adapted and

combined with a variety of unexplored detection mechanisms to further improve AST.
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Part 1V

Concluding remarks and future work
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In this thesis I describe the development of two bioMEMS platforms and their use as tools

to study and control biological organisms.

In Part I1, I describe the development of a nanomaterial scaffold that can be used for studying
stem cells. This scaffold has important properties that make it ideal for the study and
control of neural stem cells including its biocompatibility, 3D microstructure tunability, and
its excellence as an electrochemical sensor. The scaffold is used to grow, stimulate, and
differentiate mouse neural stem cells. It is also used successfully as a sensor to monitor

Dopamine produced directly from cells growing on the scaffold.

In Part III, T describe the development of a centrifugal microfluidic platform that is used
for studying microorganisms like bacteria. This platform is able to significantly improve
bacterial incubation compared with incubation in a 96-well plate in typical plate shaker
incubators. This system is then used to develop a phenotypic antibiotic susceptibility test

that can rapidly identify resistance in 11 different species of E. Coli in under 2 hours.

After completing the projects outlined in this work, it begs the question: can these two
BioMEMS platforms be combined and used to study a variety of cells and microorganisms?

I am hopeful that my future work, or that of my colleagues, can accomplish this task.

One of the important things the microfludic platform can add is the addition of different
fluidic and mechanical forces. For example, by adding the nanofiber scaffold into a microflu-
idic disc, stem cells can be studied under different flow conditions. One experiment that can
be done is to use the disc to simulate the flow encountered in blood vessels to study how
this environment might effect stem cell differentiation toward lineages found in the lining of

blood vessel or arterial walls.

Another important force that can be simulated on the centrifugal platform is gravity. Re-
search from the Kepler Space Observatory suggests that there may be up to two billion

planets in our galaxy with Earth-like characteristics, yet the unanswered question remains:
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can these planets support life and if so, what would that life look like? Though these planets
are deemed “Earth-like”, actual conditions may drastically differ. One of the most unique,
unexplored aspects of these planets are its gravity, which can be several times larger than
earth’s one g. The centrifugal force can be used to create the synthetic conditions, such
as temperature, pressure, and hypergravity found on some of these Kepler planets on or-
ganisms in the disc. The viability, growth, and stress response of these organisms to these
different conditions can then be evaluated. This setup can further be extended to organized
communities of cells, stem cells, bacteria, or to model organisms such as C. elegans, which
have previously been cultured on a spinning microfluidic disc to study the effects of gravity

on aging [80].

The microfluidic disc can also be used as a sample preparation system to automate delivery
of nutrients to stem cells, bacteria, or other organisms, simplifying their incubation and
making experiments more reproducible. By integrating electricity onto the spinning system,
we can even use the nanofiber mat as an embedded electrochemical sensor during incubation.
The combination of these two MEMS platforms can allow for critical research and study of

organisms at the stem cell, bacteria, and whole organism level.
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Appendix A

Spinbox Design

The main mechanical assemblies of the spinbox are shown below, including the full list of
materials needed to build each assembly. The outer housing (not shown) is made from laser-
cut PMMA and is affixed to the outer shell. The touchscreen user interface, raspberry pi,

and electronics are also not shown below.
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ITEM NO.

DESCRIPTION

Subassembly, Housing

Subassembly, Molor

Subassembly, Laser

Subassembly, Oplics

|| alwlm| =

Subassembly, Rasberry Pi

Subassembly, Heater

Figure A.1: Full assembly of entire spinbox.
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[vEm O DESCRIPTION Qry]

1 Holder, Acylic T0.25in, Magnet 1
2 Panel, Acrylic 10.25in, Lid 1
3 | Hinge. Adjustable Friction, Black I 2
4 Screw, Pan Head, Phillips, Metric 1
5 | Separator, Acrylic 10.25in, Hinge Support I
(1} 6 Panel. Acrylic 10.25in, Top 1
v I 4 | {
7 Panel, Acrylic T0.25in, Main Platform 1
8 Panel. Acrylic 10.25in, Back 1
[ Panel, Acrylic 10.25in, Controller Mount (Nof Shown) | 1 |
10 Panel. Acrylic 10.25in, Heater (Not Shown) ]
11 Separator, Acrylic T10.25in, Front 1
. [2] Screw, Socket Cap, Button-Head, 188 55 IRER
— 5 13 Screw, Pan, Head, Phillips, 6-32
S’ 3 + + {
14 Guard, §5, 40mm ]
) 15 Nul, Hex, 6-32 4
2 ] 1
\&%/ 16 Panel. Acrylic 10.25in. Bottom 1
(21 7 | Feet. Swivel Leveling. Cushioned. NickelFlated. | , |
N/ L1.25in_Thread 1/4-20
N 18 | Extrusion, Aluminum Tlin. L&in | 4
(20} 19 Set Screw, Point, Cup, 18-8 5§ 4
{7) 20 Extrusion, Aluminum Tlin, L2in 4
\ / r .
g [ 21 | Screw.Flal Head, Hex Drive, Passivated 18-8 5 ]
P 2 Magnet, Neodynum, 8
(s | ] ! 1
./ 23 Spacer, Plasfic, White, 10.25in_ID6_OD10 ]
~~
18}
200 AL DA REV:
~ Subassembly,
— Housing
T e A3
17}
(7) 01-001

Figure A.2: Components of Spinbox housing.
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Subassembly,
Motor

01-002

Figure A.3: Spinbox motor design and interface with the disc.
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ITEM NO),| DESCRIFTION Qry.
1 | Comera, Mako-G,C-Mount | |

0| Holder, Camera, Mako
| Holder, Camera. Mako |
12 |Mount, Holder, Camera, Adjustable

-.\9: 2 | Adapter, Camera | 1
3 Adapter, Filter Cube 1

~ 4 Lens, Filter | |
D/ 5 Cube, Filter Holder 1

6 | Adapter, Filter Cube fo LED 1

7| PCB, LED, Excitation 1

=~ B Adapter, Filter Cube to Lens 1
,./ B Lens, Magnification I

1

1

1

13| Mount, Panel, Holder, Camera 1

%) 14| Screw. Socket Cap, Button Head | &
— 15 Screw, Head Cap, Socket, M2.5 4

16 | Screw, Head Cap, Socket, 1/4-20 | |

50 MO ICME ORANIG REV:
(&) (19 12) Subassembly,
& U8 \Z Optics

01-004 .

Figure A.4: Custom made fluorescent microscope in the Spinbox.
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ITEM NO. DESCRIPTION Qry.
Laser
Mount, Laser Holder

Camiage, Ball Bearing, Miniature

Camiage, Threaded Hole

Actuator, Linear, 50mm

Actuator, Linear, Stroke
Screw, Head Cap, Socket, M4

Screw, Head Cap, Socket, M2
Screw, Head Cap, Socket, M2.5

ol@| Nt a|win|l—

| === = ===

00 W st aamn. REV:

Subassembly,
Laser

01-003 -

=)

oatia CiCd

Figure A.5: Components of laser and linear rail used to open valves on the microfluidic disc.
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ITEM NO.| DESCRIPTION
Holder. Mica, Resistor, Coiled
Resistor, Coil, NiCh, 30G
Holder. Housing. Heater
DC Fan, 24VDC, W40mm_T2B8mm,
Screw, Pan, Head., Phillips, 6-32
Screw, Pan Head, 18-855, 6-32
Connector, Rivet, OD0.12in
Spacer, Aluminum, Unttveaded
Cover, Housing, Heater
Nut, Hex, 6-32

o| @[~ | |

=

SECTION A-A

J— | REV:

Subassembly,
Heater

01005~

T

Figure A.6: Components of heater subsytem used to create an environmental, temperature
control system in the Spinbox.
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ITEM NO.| DESCRIPTION QTY.
1 Screen, Touch, LCD, Raspbemy Pi7 | 1
2 Holder, Pi, Plastic, 3D Printed 1
3 Raspbermy Pi 3 1

4

e Ld REV:

&

Subassembly,
Rasberry Pi

01-006 -

otz emiorn

waro

Figure A.7: Components of Spinbox user interface. This includes the touchscreen, raspberry
pi, and 3D printed ergonomic housing.
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Appendix B

Software and programming for

SpinBox

The software that controls the Spinbox in Section III is based on a python3 program with a

set of libraries including pyqt4 as the graphical user interface. It has the following functions:

1. Controlling the movement of the main, brushless DC motor. This includes spinning at
a specified RPM, acceleration/deceleration (RPM/s), oscillation at a specified angle

and frequency (Hz), and angular positioning.

2. Controlling the linear actuator to move the laser to a certain radial position. A linear
actuator is used here to carry a 5W blue light laser diode. A PWM code is sent from
the raspberry pi to the actuator through GPIO pins on the Raspberry Pi. The motor
and linear actuator are moved correspondingly to target the laser at specific valving

position.

3. Controlling the laser with desired power. The laser is controlled by an PWM code to

adjust the power for fast and accurate actuation of the valve.
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4. Controlling the excitation led to light up the detection area. A GPIO code is integrated

to control a 1W led excitation source for the integrated fluorescent microscope.

5. Controlling the custom-built fluorescent microscope to take picture. Through an ether-
net cable, the camera is controlled through Pymba (https://github.com/morefigs/pymba),
a python wrapper for Allied Vision’s Vimba C API. The library enables control over

camera parameters such as exposure and gain.

6. Processing the image with OpenCV code. OpenCV-python is an open source computer
vision library that was used to detect and measure the fluorescence intensity of each
probe binding area. Pictures of the detection area before and after hybridization are
taken by the custom built fluorescence microscope camera for comparison. To process
the fluorescent image, each image is first background subtracted. Then the resulting
image is smoothed with a gaussian blurry algorithm. A threshold is then applied to
remove any spikes from the picture which may be falsely recognized as detection spots.
Finally, the findContours function is used to outline the perimeter of the fluorescent

spots and the intensity of each pixel is summed up as the total fluorescence intensity.
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