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ABSTRACT
Nicholas C. Dobes: The Isolation of Primary Canine
Satellite Cells Utilizing Microarray Technologies
(Under the direction of Nancy L. Allbritton)
The isolation of specific cell populations from a heterogeneous cell sample is of great
interest to the biomedical community, particularly in the areas of cell-based therapeutics.
These therapeutic techniques rely upon the use of pure cell populations for the treatment and
possible cure of a number of potentially lethal diseases. Current biological technologies
present limited utility for cell isolations, particularly when cellular identification methods
require destructive assays. To this end, it is imperative to provide techniques and
technologies capable of identifying, isolating, and collecting desired cells for future use.
Two microarray technologies, referred to as micropallets and microrafts, have
recently been introduced for the isolation and identification of adherent cells. Micropallet
arrays are micron-scale pedestals fabricated on glass substrates, while microrafts are of
similar design yet are held within an elastomeric polymer microwell array. Following the
culture of adherent cells on the microarray elements, individual elements possessing the
cultured cells can be detached and isolated from the array. These technologies have
demonstrated the successful sorting of cells from heterogeneous cell samples with high
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viability post-sorting. However, previous microarray technologies lacked the ability to
culture primary cells, limiting their utility to the biological community.
In this dissertation, microarray technologies are described that enabled the culture,
isolation, and identification of cells. First, the modification of micropallets is described for
the culture of primary cells. The addition of polymer coatings to micropallet surfaces
permitted the culture and sorting of primary canine satellite cells with no adverse effects to
cell physiology. Microwell arrays were then developed to enable the selective collection of
released micropallets using a laser-based release method. Through the detailed analysis and
optimization of micropallet release trajectories and travel distances, an efficient collection
system was developed enabling the isolation of hundreds of micropallets into desired
microwells and was demonstrated for cell sorting with high yield, purity, and cell viability.
Finally, a two-part micromolded array-based technology utilizing microrafts was
demonstrated for the culture, sampling, identification, and expansion of primary canine
satellite cells.
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Chapter 1: Introduction to the Isolation of Cells for
Duchenne Muscular Dystrophy Research
1.1 Duchene Muscular Dystrophy
Muscular dystrophy (MD) encompasses a family of genetic diseases resulting in the
loss of muscle strength and function.1 The most severe form of this genetic disease is known
as Duchenne muscular dystrophy (DMD). DMD arises from mutations in the dystrophin gene
caused by frame-shift mutations, duplications, or point mutations.2 The result of these
mutations is the loss of the protein dystrophin, a critical component in the dystrophinglycoprotein complex spanning the membrane enclosing a muscle fiber.3 The loss of this
essential protein begins a cascade of muscle damage leading to repeat cycles of muscle fiber
necrosis and repair. These repeated cycles result in the loss of muscle mass, as muscles are
replaced by connective and fatty tissue.

1.2 Animal Models of DMD
In order to study this genetic disorder, a number of animal models have been
developed.4, 5 While MD models have been developed using mice, hamsters, felines, and
canines, the two most prominent DMD models are the mouse and canine.5-8 The original
mouse model (muscular dystrophy X-linked, MDX) was discovered as an X-linked mutation
displaying similar physiological traits to the human form in terms of elevated plasma levels
in both muscle creatine kinase and pyruvate kinase, along with similar phenotypical traits
such as muscle lesions.6 The MDX mouse has engendered the development of numerous
other mouse models displaying various physiological traits, such as a mouse model

displaying a lack of both dystrophin and the dystrophin homologue utrophin.9 While many of
these mouse models help pinpoint various facets of muscular dystrophy and have added
benefits of short gestation times, short maturity times, and low costs, their use for the
advancement of therapeutic processes is limited due to the inability to scale-up between
mouse and human forms.10 Therefore, size-relevant canine models have been developed in
both the golden retriever (golden retriever muscular dystrophy, GRMD) and the German
short-haired pointer (GSHP).11-13 These models display the same severe phenotype as
humans, and offer the best phenocopy for the human disorder. For this reason, they are
considered a high benchmark to be used for preclinical studies.

1.3 Myogenic Cells and Markers of Myogenic Cells
The myogenic differentiation lineage consists of a number of cell types necessary to
form muscle.14 Believed to initiate with a muscle-derived stem cell (MDSC), these cells then
produce satellite cells. Satellite cells are said to be the major, if not the only, source of
myogenic progeny within muscle.14,

15

Named aptly for their location on the muscle

periphery and seen as a muscle stem cell, these cells are essential for the maintenance of the
stem cell pool and for muscle repair, as well as being believed to be the primary means of
adult muscle mass formation.16-19 It has been demonstrated that satellite cells remain in a
quiescent state until activated by muscle injury. At this point they enter the cell cycle and
begin asymmetrical division, a process of self-renewal that provides myoblast cells to
produce/repair muscle fibers while concurrently producing satellite cells to repopulate the
satellite cell pool.19-21 Upon proliferation, myoblast cells will begin to align and fuse together
to produce myofibers. This process of differentiation from satellite cell to myoblast to
myofiber is demonstrated in Figure 1.1.
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In order to identify the specific subsets of cells within the muscle lineage, a number
of cell-specific markers have been used. As seen in Figure 1.2, a variety of markers can be
utilized to identify each cell type, with some discrepancy present between various
publications.22 However, some consensus is seen in regards to the marker used for the
identification of satellite cells. The transcription factor Pax7 is believed to be the most useful
marker for identifying quiescent satellite cells, due predominately to the fact that a good
antibody exists.14, 23, 24 Yet challenges exist for this exemplary marker due to the fact that it is
an

intracellular

marker,

requiring

cell

fixation

and

permeabilization

for

Pax7

immunocytochemistry, leading to cell death. For this reason, as will be seen in the following
sections regarding muscle cell isolations, a large number of identification techniques must
use surrogate cell-surface markers to identify satellite cells if future use or culture is desired.
Yet it is important to note that while antibodies for these surrogate cell-surface markers exist
for most DMD models, an adequate repertoire of these antibodies does not exist for the
canine model, thus necessitating identification via destructive Pax7 analysis.

1.4 Potential Therapies for DMD
While no effective treatment for DMD currently exists, numerous strategies have
been proposed with great promise. These strategies have included pharmacological therapies,
gene therapies, and cell-based therapies.
Pharmacological approaches typically do not target the genetic sources of DMD.
Their main goal is to ameliorate the dystrophic phenotype and slow progression by
decreasing inflammation, boosting calcium homeostasis, upregulating compensating proteins,
increasing muscle progenitor cell proliferation or commitment to the myogenic lineage, and
increasing muscle mass.10 The use of antibodies has been demonstrated to deplete
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inflammation-causing T cells in dystrophic mouse muscle.25 Mast-cell stabilizers commonly
used to manage asthma have been shown to increase muscle strength in mice.26 Creatine,
commonly used by athletes for its performance-enhancing effects, has also been shown to
improve muscle survival and strength in dystrophic muscle.27, 28 The use of calcium-channel
blockers and calcium release inhibitors has shown benefits in improving calcium
homeostasis, reducing the intracellular calcium accumulation in muscle potentially
responsible for increased rates of protein degradation.29-31 Upregulation of the dystrophin
compensating protein utrophin has been demonstrated in vitro and in vivo with the use of
nitric oxide donors.32, 33 The use of corticosteroids, such as prednisone or other prednisone
derivatives, is the standard of care for DMD therapy and has shown promise in improving a
number of these phenotypical characteristics.34-36 Attempts to block negative regulators of
muscle growth, such as myostatin, using antibodies, have even demonstrated an improvement
in muscle mass.37 However, despite improvements through these various techniques, longterm benefits of these pharmacological approaches are questionable, and combinations of
such would be necessary to treat multiple facets of DMD.
Gene therapy approaches, on the other hand, attempt to correct or circumvent genetic
causes of DMD by repairing or replacing the defective DMD gene.3, 38-40 One popular gene
therapy strategy is exon-skipping. In DMD, the naturally occurring deletion of exons causes
a reading frame shift and results in the inability to produce the protein dystrophin. Exonskipping attempts to correct the reading frame and allow the production of a shortened but
functional version of the protein. This technique has been demonstrated to restore dystrophin
in mouse and canine models of DMD, along with DMD patient-derived muscle cells.41-44
Point mutations resulting in early stoppages during protein production are also a common
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cause of DMD. Many attempts to repair these genetic mutations have utilized chimeric
oligonucleotides composed of both DNA and RNA. These oligonucleotides can be combined
with gene sequences to induce endogenous repair mechanisms, effectively correcting the
point mutation in the targeted gene.45 This method has been demonstrated effective in both
mouse and canine models, providing evidence of potential usefulness for the correction of
human mutations.46,

47

Additionally, attempts have been made to altogether replace the

defective dystrophin gene. With the use of viral or non-viral vectors as vehicles to transport
genetic information, new genetic information can be input into cells.48 However, many of
these viral vectors have limited carrying capacity, a challenge for the very large dystrophin
gene. The solution was a shortened version of the dystrophin gene, referred to as minidystrophin, which has been demonstrated to restore dystrophin expression in MDX mice.49, 50
While mini-dystrophin has shown promise, the ability to deliver full-length dystrophin has
also been realized through the use of non-viral vectors such as plasmid DNA, which has even
been utilized in phase I clinical trials with some success in the restoration of dystrophin
expression in human subjects.51-54
As opposed to utilizing strategies aimed at ameliorating DMD severity or replacing
defective genes, alternative cell-based therapies focus on the replacement of dystrophic
muscle nuclei with normal nuclei with the intent of boosting regenerative capacity.2, 55, 56 The
types of cells examined for these approaches have varied greatly. They have included
myogenic cells, such as muscle-derived stem cells (MDSCs),22,

57-59

myoblasts,60,

61

and

satellite cells,14 along with non-myogenic cells such as induced-pluripotent cells (iPSCs) and
embryonic stem cells (ESCs),62 bone-marrow derived cells,63-65 and mesangioblasts.24 The
majority of attempts have utilized myoblast cells. These mononucleated muscle precursor
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cells fuse to form multinucleated skeletal muscle.60 With this technique, known as Myoblast
Transfer Therapy (MTT), injections of normal myoblasts into dystrophin mouse muscle
fibers rendered the fibers dystrophin positive, an encouraging result with the possibility to
replace lost muscle mass. Yet low survival numbers of injected myoblasts have hindered the
progression of this technique, and additional studies have shown that quantities of cells
injected may affect cell survival.66 Of possibly greater interest for cellular therapies is the
previously described satellite cell. As muscle progenitor cells, satellite cells are the parent
source for myoblast cells. Additionally, they have the ability to not only produce musclerepairing myoblast cells but also, by taking part in an asymmetrical division, produce satellite
cells to repopulate the satellite cell pool.19 It is for these reasons that satellite cells have such
potential for cell-based therapies.
Nevertheless, despite their great potential, challenges still exist in the process of
identifying and procuring cells for future use. Cell-based therapy approaches would benefit
highly from cell samples possessing greater purities of the desired implantable cells.

1.5 Muscle Cell Enrichment
With the prospect of utilizing muscle cells for cell-based therapies, techniques to
obtain these cells are obviously needed. However, procuring these cells with a high degree of
purity is a challenge. For this reason, many techniques utilized to obtain specific muscle cell
populations must be classified as muscle cell enrichment techniques rather than muscle cell
isolation techniques.
Early techniques to obtain muscle cells simply utilized the enzymatic dissociation of
muscle tissue with reagents such as trypsin.67 This technique, referred to as differential
trypsinization, relied on the rate at which trypsin enzymatically cleaved muscle cells versus
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fibroblasts. Using this technique, it was found that 50-80% of the cells obtained were
myogenic, as determined only by their ability to produce muscle fibers in vitro. It is quite
evident that this technique produced a heterogeneous population of cells defined by a very
vague identification process.
However, it was soon noticed that while plating muscle cells obtained from a muscle
slurry onto plastic culture plates, spindle-shaped myoblast cells attached more slowly than
other cell types in the culture.68 By allowing these slurries to remain on a dish for forty
minutes and collecting the cells remaining in the overlying medium, it was found that 94% of
the cell colonies formed muscle fibers in vitro, as opposed to 74% when unfractionated by
this process. Despite the improvement in purity, the myogenic cell identification process,
again being the ability to produce muscle fibers, was still quite vague. However, by
identifying the varying adhesion rates of different muscle cell types to tissue culture dishes, a
commonly used muscle cell separation method known as the preplate technique was
developed. This technique utilized serial passages of muscle cells on tissue culture dishes to
obtain various muscle cell populations based on their rate of adhesion.69 Specifically, cells
were enzymatically extracted from muscle using collagenase before being plated on a
collagen-coated tissue culture flask, denoted preplate (PP) 1. After one hour, non-adherent
cells in the overlying medium were moved to another coated flask, PP2. The same procedure
was repeated after 18 hours (PP3), followed by subsequent repeats at 24-hour intervals (PP46), as illustrated in Figure 1.3.70 While this is a rudimentary technique, its use has allowed for
the separation of muscle cell populations and subsequent characterization of more definitive
identifying factors within these populations. It was found initially that each plate contains a
varying percentage of myogenic cells, based on identification via the protein desmin, a
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marker only expressed in myogenic cells. The percentages of desmin-positive cells in each
PP are denoted by percentages in Figure 3, with greater populations of desmin positive cells
being found in the later preplates (PP4-6). Later experiments have demonstrated
modifications and improvements in the preplate technique, such as the modification of
adhesion times to various preplates and the yielding of desmin-positive cell purities of up to
94.6% in the later preplates.71-73 The preplate technique is currently the gold standard utilized
for muscle cell isolation.
While the preplate technique proved beneficial in the enrichment of myoblast cells,
concerns still existed over the faster doubling rates of non-desired cells, such as fibroblasts.
This led to attempts to utilize different growth mediums, growth factors, and culture surfaces
for the isolation of specific cell types via selective growth.74 It was found that by simply
using F-10 media as opposed to media supplemented with fetal calf serum (FCS), myoblasts
became the dominant cell type, accounting for greater than 95% of the cell population within
two weeks of culture. These cells were again identified by staining for the protein desmin.
Additionally, the use of basic fibroblast growth factor (bFGF) stimulated myoblast growth by
25%; while the use of culture dishes coated with type I collagen or laminin further increased
the growth rate of myoblasts as determined by a reduction in doubling time. Using this
combination of preferential growth factors, it has been claimed that myoblast cultures with
purities of >99% were achieved in three weeks. However, the ability of these cells to restore
muscle mass is questionable.
Other simplistic enrichment techniques, such as density centrifugation using
discontinuous Percoll gradients, have also been attempted, but provided little improvement
over preplating and utilized equivocal identification methods.75
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While all of these techniques have demonstrated the ability to increase the quantity of
cells obtained with potential muscle regenerative capacity, the challenge still exists that
populations remain heterogeneous. Additionally, the identification techniques utilized bring
about their own concerns. The metric of defining cells as myogenic simply if they produce
muscle fibers is very vague, and the use of antibodies for intracellular markers, like desmin,
require cell fixation and ultimate cell death, meaning identified cells cannot be used for
future applications.

1.6 Muscle Cell Isolation
While the use of enrichment techniques provides muscle cell populations with some
purity, the use of more sophisticated technologies for the procurement of muscle cells, such
as magnetic antibody sorting, fluorescence-activated cell sorting, in addition to a few novel
techniques, has allowed for even greater purities. Due to their specificity and high purity,
these techniques are referred to as isolation techniques.
Magnetic antibody sorting, or MACS, utilizes cell-specific antibodies to bind
magnetic beads to cells of interest.76 Cells are then separated in columns, channels or tubes,
as cells bound to beads are attracted to a magnet, while non-bound cells are removed by flow
or pipetting. This technique has been employed to obtain populations of satellite cells.77
Utilizing the antibody CA5.5 for recognition of α7 integrin, a muscle-specific surface
antigen, muscle cell populations were incubated with antibodies, followed by incubation with
antibody-conjugated magnetic beads. The cells were then run through a magnetic particle
concentrator. The supernatant was removed, effectively removing any cells not bound to
beads. This technique provided satellite cells populations, based on α7 integrin expression, of
>95% purity. However, while a high level of purity is obtained, the use of bound antibodies
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and magnetic beads may prove challenging for the future use of obtained cells, as bead
removal would be necessary.
Fluorescence-activated cell sorting, or FACS, exploits light properties in order to sort
cell populations. By placing cells in individual fluid droplets, droplets can be sorted based on
the analysis of light scattering or fluorescent emission of the contained cells.78 This technique
has also been used for the isolation of muscle cells. As with MACS, the antibody CA5.5 for
recognition of α7 integrin has been used to isolate satellite cells. Cell populations were
incubated with the CA5.5 antibody, followed by incubation with antibody-conjugated
fluorescein isothiocyanate (FITC), resulting in fluorescent emission of labeled cells.77 After
separation in a cell sorter, α7 integrin-positive satellite cells were obtained at a purity of 95%.
The purity was increased to 99% after three rounds of sorting. To further improve sorting
efficiency, FACS also allows for the use of multiple cell markers simultaneously. For
example, the use of antibodies for both α7 integrin and CD34 concurrently has allowed for
the procurement of satellite cells possessing high myogenic potential and the ability to
replenish satellite cell-depleted muscle.79 However, it is important to note that while a
powerful tool, FACS requires a number of challenging parameters to operate, first and
foremost being the number of cells required for the technique. Typical FACS systems require
>100,000 cells simply to determine thresholds and calibrate the instrument.79 This is a great
challenge, as muscle specimens are typically very small and contain a limited number of
cells. FACS also requires cells to be placed in suspension, a non-native state for muscle cells.
The enzymatic or mechanical processes required to place cells in such a state have been
shown to change cell morphology, cause the loss of cell surface markers, damage cell
membranes, and even alter cell physiology.80-82
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A few novel methods have also been utilized for the isolation of muscle cells in an
attempt to avoid challenges presented by MACS and FACS, such as the use of cell-bound
antibodies. One such technique is a label-free analysis and sorting platform.83 This platform
exploited polydimethylsiloxane (PDMS) microfluidic channels functionalized with various
antibodies specific to surface markers of desired muscle cell populations, such as Sca-1 and
M-cadherin. Individual cells were flown through the channel and the partial blockage of an
electrical current through the channel was examined. The resulting increase in resistance was
then used to quantify the degree of interaction between the cell and the antibodyfunctionalized channel. High flow rates allowed only transient interactions, preventing any
adhesion of the cell to the walls. This technique was able to identify satellite cells based on
surface markers with similar efficiencies to FACS, without the need for cell-bound
antibodies, however at a much lower throughput.
Another novel technique employed dielectrophoretic sorting.84 This technique
benefits from the fact that it does not necessitate the use of any antibodies for identification.
Utilizing a microfluidic channel patterned with electrodes on both the top and bottom
surfaces in a funnel-like geometry, a non-uniform radio-frequency electric field is applied.
Cells then flow through the channel containing the electric field and migrate to different
areas of the channel, either to the center or edge, as a result of the cells’ polarizability relative
to the surrounding medium. Using this technique, myoblast cells were successfully separated
from fibroblasts at high efficiencies (>96%), as determined by flow-cytometric analysis for
fibroblast specific markers. However, despite the promising results without the use of
antibodies for identification, the cells used were immortalized cells lines, bringing into
question the applicability of the technique to primary samples.
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1.7 Microarray Technologies and Research Goals
Multiple technologies have been previously introduced by the Allbritton laboratory
for the culture of adherent cells on arrays of microstructures. These microstructures, referred
to as “micropallets” or “microrafts”, can be selectively detached from an array while carrying
the attached cells.85-88 Arrays of these microstructures consist of 103 - 104 elements fabricated
on substrates containing physical barriers that restrict cells to the microstructure surfaces.
The use of various microfabrication techniques has permitted the altering of microstructure
geometry,89-91 material,92 and functionalization.93-97 These modifications have allowed for the
attachment and culture of a variety of cell types, including immortalized cell lines,86 stem
cells,98, 99 and primary cells.93
Micropallets were developed using standard photolithographic techniques to pattern
light-sensitive polymers (1002F92 and SU-8100 photoresist) onto glass substrates. Physical
barriers can be generated between the micropallets, using either air101, 102 or polyethyleneglycol (PEG),103 in order to restrict cells to micropallet surfaces. After the appropriate
functionalization is performed, cells can be cultured atop individual elements. The weak
adhesion of 1002F and SU-8 to glass substrates allows the removal of micropallets with
minimal forces. With the use of a pulsed Nd:YAG laser focused at the micropallet/glass
interface, a cavitation bubble is generated that results in the effective release of targeted
micropallets from the array, while the micropallets provide a buffer to prevent physical harm
to the attached cells.104 Micropallet release has also been demonstrated with the use of
ultrasound waves.105 Microrafts were developed to perform similar functions as micropallets
but through the use of more facile fabrication and release strategies.88 A microwell array
fabricated in PDMS via soft lithography replaces the glass substrate necessary to fabricate
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micropallets, while microwell walls act as physical barriers between microrafts, removing the
need for the generation of such barriers as is necessary for micropallets. A process of
discontinuous dewetting allows for the trapping of polymers within the microwells,
generating individual microrafts.106 Individual microrafts can be dislodged from the array by
the actuation of a microneedle transiting through the elastomeric PDMS. Once released from
the array, both micropallets and microrafts can be collected by pipetting85 or by gravitational
collection into a collection dish.87,

88

The addition of magnetic nanoparticles to both

micropallet and microraft polymers has allowed for improved collection by an external
magnetic field.107, 108
Additional microstructures have been developed to allow for the analysis of cell
colonies through destructive means, while still providing viable cell populations from those
same colonies. These microstructures utilized various geometries90,

91

or multiple

components109 to produce clonal colonies from single cells. Portions of these colonies could
then be isolated and identified through destructive means, while portions remained in culture
for future use.
The goal of this graduate dissertation was to develop strategies for the isolation,
identification and expansion of primary canine satellite cells utilizing microarray
technologies. Micropallets were modified with various polystyrene copolymers and
extracellular matrices to allow for the culture of primary canine satellite cells as described in
Chapter 2. A new collection strategy was then developed and optimized, allowing the
efficient isolation and collection of cell-containing micropallets into PDMS microwells via
laser-based directed release, as described in Chapter 3. A two-component array-based
technology was developed for the replication of cell colonies, allowing identification and
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selection of satellite cells via destructive analysis for Pax7 in Chapter 4. Conclusions and
possible future directions for this work are described in Chapter 5.
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1.8 Figures

Figure 1.1 Schematic of the process of muscle formation depicting the various cell types
involved and their various states.14
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Figure 1.2 Consensus of cell markers for various stages of myogenic differentiation.
Inconsistencies between references noted with -/+. MDSC, muscle-derived stem cell; MRF,
myogenic regulatory factor.22
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Figure 1.3 Representation of preplate procedure denoting the incubation times of cells
dissociated from muscle on each preplate (PP) and the percentage of desmin positive cells
remaining on each PP after the removal of non-adherent cells.70
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Chapter 2: Polystyrene-coated Micropallets for Culture
and Separation of Primary Muscle Cells
2.1 Introduction
Stem cells hold the promise of revolutionizing tissue engineering and other areas of
regenerative medicine. Satellite cells, which are muscle progenitor cells, are a stem cell of
great interest to the research community surrounding the family of diseases known as
muscular dystrophy.1-4 These diseases lead to a loss of muscle strength and/or function. The
most severe form of muscular dystrophy, Duchenne muscular dystrophy (DMD), presents a
progressive loss of strength in skeletal muscle and leads to muscle atrophy. Complications
from progressive muscle deterioration limit the lifespan of affected individuals to two to
three decades. Several animal models for DMD have been developed, with the two most
influential being the mouse (MDX - muscular dystrophy X-linked) and the canine (GRMD Golden retriever muscular dystrophy). The mouse model has been used extensively to
examine the underlying disease physiology.5, 6 The canine model, GRMD, better mimics the
human disease in severity and is a size relevant model.7, 8 Currently there are no clinically
available therapies that correct, halt or limit the progression of the disease, though clinical
trials are underway.9-11
One therapeutic approach to treat DMD uses transplantation of satellite cells to
correct or replace the cells responsible for muscle tissue regeneration. This approach, in
principle, has the ability to restore lost muscle mass in late-stage patients. Currently,
techniques to isolate and purify satellite cells and other muscle progenitor cells such as

myoblasts have been based primarily on the preplate method and flow cytometry. The
preplate technique is based on the adhesion of cells to polystyrene tissue culture dishes and
involves repeated decanting and culture of the supernatant.12,

13

Quiescent satellite cells

become activated only after a stimulus signals the need to repair damage. Thus in the initial
platings, these cells are non-adherent and remain in the supernatant. Other undesired cell
types, such as fibroblasts and macrophages, are programmed to actively perform functions
within the muscle and adhere rapidly to polystyrene, remaining on the surface during the
initial platings.12,

14

This preplating technique ultimately results in a satellite-cell-enriched

but nonetheless heterogeneous mixture of cells.
Alternatively, flow cytometry protocols are capable of generating populations of
increased purity, but require functional antibodies specific to cell surface markers.
Particularly for canine cells, which at present lack an adequate repertoire of antibodies for
selection, the technique’s ability to sort and purify the desired cells remains limited and
requires further cell characterization. Thus, new technologies are needed to more effectively
sort and purify primary canine satellite cells (PCSCs).
The advent of microfabricated devices has enabled novel investigations of biological
properties. Micropallet arrays have provided a means to clonally culture and isolate cells
based on a wide range of characteristics, including the presence or absence of fluorescently
tagged proteins, and additional criteria not available to flow cytometry, including cell
morphology, growth rate, and other dynamic behaviors.15,

16

With the large number of

microstructures available on an array, the cloning and isolation of moderate to large numbers
of cells is greatly simplified over standard tissue culture cloning techniques. Micropallet
arrays have previously been used to clone and sort tumor cells, murine embryonic stem cells,
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and other cell lines.15-18 While numerous generations of these cell lines have been adapted to
cell culture conditions, more physiologically relevant primary cells are not so adept at
adhesion to artificial surfaces. This creates the need for a tailored culture surface to meet the
requirements of these primary cells.
In this research, we have optimized the surface of micropallets for PCSCs, the cells
responsible for maintenance and regeneration of skeletal muscle. Contact printing of the
micropallets was evaluated for its capacity to generate a suitable surface for the culture of
PCSCs and to lay the groundwork for developing procedures applicable to other primary cell
types.19-21 The long-term goal of this work is to utilize the micropallet arrays to sort PCSCs
using a variety of parameters and shorter timescales not available through traditional cloning
techniques or flow cytometry. This is expected to enable more efficient characterization of
these cell types than is currently possible, as well as identify new cell subsets not previously
identified.

2.2 Materials and Methods
2.2.1 Polymer and Copolymer Synthesis
Various polymers were synthesized, including neutral polystyrene (PS) and positive
and negative copolymers. Briefly, components (Table 2.1) were weighed and mixed in a
fume hood and placed in a 60 °C water bath overnight to polymerize. Negatively charged
copolymers containing > 2.5% acrylic acid (AA) precipitated out of the toluene solvent
forming a solid layer on the bottom of the reaction vessel. After reactions using these
concentrations and polymers, the remaining solvent was decanted and replaced with an equal
amount of tetrahydrofuran (THF) (Sigma, St Louis, MO) to solubilize the copolymer. For the
2.5% AA in PS copolymer, only a partial copolymer layer precipitated from the toluene, thus
the toluene was evaporated from the mixture on a 60 °C hotplate to recover any non30

precipitated copolymer. Once the toluene was removed, an equal volume of THF was added
to dissolve the 2.5% AA in PS copolymer completely. Positively charged copolymers
containing 4-vinyl pyridine (4VP) were fully soluble in toluene, so replacing toluene with
THF was not necessary.

2.2.2 Cell Isolations and Culture
PCSCs were isolated from muscle biopsies of the vastus lateralis of a normal dog in
the GRMD colony at University of North Carolina at Chapel Hill (UNC-CH). Cells were
isolated from biopsies as previously described with minor modifications.12, 14 Briefly, biopsy
material was finely minced and digested with collagenase in growth media, 16.5% FBS in
Dulbecco’s Modified Eagle Media (DMEM), for 6–8 h. Material was rinsed and digested
with 0.05% trypsin for 1 h with agitation every 15 min. Material was the passed through a
100 µm screen followed by a 40 µm screen and plated on 0.1% gelatin (Millipore, Billerica,
MA) coated tissue-culture-treated polystyrene (TC) Petri dishes (BD Falcon, Franklin Lakes,
NJ). Six successive platings with the preplate procedure resulted in enriched populations of
PCSCs, with cells from plates 4, 5, or 6 used in the current experiments.12, 13 To confirm the
presence of PCSCs, 1000 cells from passage two of preplate 5 were fixed and stained with
anti-desmin antibodies and counterstained with Hoechst 33342 dye. Desmin, a marker for
PCSC, was detected in 94% of the cells. The enriched cell populations were further cultured
in uncoated TC dishes in 16.5% fetal bovine serum in Dulbecco’s Modified Eagle Medium
(DMEM), with 1% penicillin-streptomycin defined as standard growth conditions.22 To
differentiate the PCSCs, the cells were cultured in 2% horse serum (Invitrogen, Carlsbad,
CA) in DMEM with 1% penicillin-streptomycin, defined as standard differentiation
conditions.22
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2.2.3 Photoresist and Polymer Film Fabrication
Photoresist, 1002F, was prepared as previously described.23 Approximately 1.5 mL of
1002F was poured into the center of a plasma-cleaned glass slide (75 × 25 × 1 mm, Corning,
Corning, NY). The photoresist was spin-coated onto the slides by spinning at 500 rpm for 10
s, followed by 2200 rpm for 30 s. Photoresist-coated glass slides were placed in a 95 °C oven
(Fisher Scientific, Dubuque, IA) for a 50 min soft bake, removed and allowed to cool to
room temp. Soft baked photoresist was placed on a UV exposure system (Oriel, Newport
Stratford, Inc., Stratford, CT) and illuminated with 1500 mJ. The photoresist-coated surfaces
were returned to the 95 °C oven for a 10 min post-exposure bake (PEB), removed and
permitted to cool to room temp. PEB-photoresist was placed in a photoresist developer (1methoxy-2-propyl acetate, Sigma-Aldrich, St. Louis, MO) on a rotary shaker for 4 min.
Developed photoresist was rinsed with 2-propanol (VWR, West Chester, PA), blown dry
with nitrogen, and placed on a hotplate at 95 °C for 10 min, followed by 70 min at 120 °C.
To add the polystyrene film, photoresist films were again placed on the spin coater, coated
with 3 mL of the desired polystyrene mixture by spinning at 500 rpm for 10 s. Polystyrenecoated photoresist films were then placed in a 60 °C vacuum oven (VWR, West Chester, PA)
for at least 48 h to evaporate any remaining solvent.

2.2.4 Micropallet Array Fabrication and Contact Printing of Polystyrene
and Extracellular Matrices (ECMs)
Micropallet arrays were fabricated as previously described (see also Figure 2.1A).15, 23
Briefly, a mask outlining numbered micropallets was used to photolithographically define a
50 × 50 array of 150 × 150 × 50 µm (L × W × H) micropallets possessing a 50 µm gap
between micropallets. Polyacrylic acid (PAA) (Polysciences Inc., Warrington, PA), 25% in
aqueous solution (MW: ~50,000) diluted to 8% in DI water, was applied to the upper
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micropallet surfaces via contact printing.19 This deposited PAA would serve later as a
sacrificial layer to remove the organosilane ([heptadecafluoro-1, 1′, 2, 2′-tetrahydrodecyl]
trichlorosilane, Gelest, Morrisville, PA) from the top surface of the micropallets. Only arrays
possessing ≥90% fully PAA-coated micropallets were used in subsequent steps. 80% of the
arrays met this criterion. The organosilane was applied by vapor-deposition in a vacuum
chamber as previously described.15 Arrays were removed from the chamber, incubated in
deionized water for 30 min and rinsed with deionized water to remove the sacrificial PAA
layer. Micropallet surfaces were then contact-printed with the desired polystyrene coatings
(Table 2.2), again only arrays possessing ≥90% fully polystyrene-coated micropallets were
used in subsequent steps.19 80% of the arrays met this criterion. Once printed with
polystyrene, arrays were placed in a 60 °C vacuum oven for 48 h to remove any remaining
solvent. Arrays were sterilized with 75% ethanol and allowed 30 min to dry.
To contact-print ECMs, 5 µL of 1 mg/mL collagen or 3 µL of 1 mg/mL gelatin was
added to a sterile glass slide and spread with the side edge of a pipette tip to cover a 1 cm2
area. Arrays were then inverted and pressed against the protein-coated slide and removed to
create a single-layer coating. This procedure was repeated to create a double-layer coating. In
experiments to determine the persistence of the gelatin layer contact printing, gelatin was
labeled with a fluorescent Alexa Fluor®568 (Invitrogen, Carlsbad, CA) per manufacturer
protocol. Labeled gelatin was printed in two layers onto the micropallets, allowed to dry,
placed in standard growth conditions and imaged. Cells were plated onto the array and
images were taken again at 24 and 96 h.

2.2.5 Measuring Contact-Printed PAA and Copolymer Thickness
Micropallets contact-printed with copolymers were observed using an environmental
scanning electron microscope (ESEM) (Quanta 200, FEI Company, Hillsboro, OR). The
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ESEM was performed in low vacuum (0.75 Torr) mode and a backscattered electron detector
was used to acquire images. Contact-printed micropallets were also removed from the glass
surface and imaged from the side (Figure 2.1D). The thickness of the contacted-printed
copolymer layer, in addition to the thickness of the contact-printed PAA layer, was measured
using a profilometer (P6 Stylus Profilometer, KLA Tencor, San Jose, CA). Copolymer and
PAA thickness were determined by measuring micropallet height before and after contactprinting.

2.2.6 Experiments Studying Cell Adherence and Proliferation
Cell chambers were created from poly(dimethylsiloxane) (PDMS) reservoirs (10 × 10
× 8 mm) glued with uncured PDMS onto the 1002F and copolymer films or micropallet
arrays. Before use, the cell chambers were sterilized with 75% ethanol and allowed to dry 30
min in a tissue culture hood under sterile conditions. Reservoirs were rinsed twice with 1 mL
of phosphate buffered saline (PBS). Before seeding cells, 500 µL of media was added and
allowed to sit for 10 min. Cells were then loaded into the reservoir as 500 µL of an 8000
cells/mL suspension added drop wise into the reservoir in a grid-like pattern to spread the
cells evenly over the array. Cells were then placed in a 37 °C incubator (5% CO2, ~95% RH)
for up to 96 h during the course of the experiment.

2.2.7 Cell Imaging and Counting
Cells grown on films of copolymer, photoresist, or micropallet arrays were stained
with 1 µg/mL Hoechst 33342 (Sigma, St. Louis, MO) for 10 min in a 37 °C incubator. Cells
were imaged with an epifluorescence microscope (IX81, Olympus, Center Valley, PA) using
a Coolsnap HQ2 charged coupled device camera (Photometrics, Tucson, AZ). For cells on
films, six independent images were obtained at 4× magnification, and cells were counted
using ImageJ software (NIH, Bethesda, MD). Cells grown on micropallet surfaces were
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imaged at 10× and the numbers of cells per micropallet were counted using a Matlab script
(Mathworks, Natick, MA).

2.2.8 mRNA Analysis
Four aliquots of 150,000 cells were placed in 1.5 mL microcentrifuge tubes. Tubes
were centrifuged at 600 × g for 2.5 min and media was then removed, leaving the cell pellet.
Pellets were rinsed with 1 mL of 1× PBS and centrifuged again. The supernatant was
removed leaving the cell pellet in 100 µL PBS. A 100 µL quantity of 2× nucleic acid lysis
buffer (Applied Biosystems, Carlsbad, CA) was then added to the tube. The suspension was
mixed and placed in a −20 °C freezer. These tubes were denoted as Day 0. Additional
aliquots of cells were plated on the experimental surfaces as follows. Glass slides (75 × 25 ×
1 mm) were coated with 1002F photoresist and 5% AA in PS films as described above and
PDMS reservoirs were applied. Samples were sterilized with ethanol and rinsed with PBS,
followed by 4 mL of warmed growth media. A cell suspension (37,500 cells/mL, 2 mL) was
added drop wise to each plate, applied in a grid-like pattern. Plates were then placed in a
37 °C incubator (5% CO2, ~95% RH). On Days 3, 5, and 7, cells were collected for analysis.
To collect, samples were rinsed with PBS and cells were removed with 500 µL of trypsinEDTA (Invitrogen, Carlsbad, CA) followed by addition of 500 µL of PBS. Samples were
then prepared in the same fashion as Day 0. Once all trials were complete, samples were
submitted to the UNC-CH Animal Clinical Chemistry and Gene Expression Laboratories for
RNA analysis using TaqMan® probes on an ABI PRISM® 770 Sequence Detection System
(Applied Biosystems, Carlsbad, CA) using primer probe sequences developed for Pax7 and
Utrophin. Pax7 primers/probe: Forward (AGT ACG GCC AGA CTG CTG TT), Reverse
(AAT GCT CCC CGA GCT TCA TA), Probe (Fam AC CTG GCC AAA AAC GTG AGC
CTC TCTamra). Utrophin primers/probe: Forward (CTG ACA GCA GCT CTA CCA CA),
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Reverse (CCT CCA AGC GTC TGA CAG TA), Probe (Fam TG TGG AGG ACG AGC
ATG CCC TCA TC Tamra).

2.2.9 PCSC Separation and Pax7 Verification
A heterogeneous population of cells derived from a canine muscle biopsy was
obtained from the earlier stages of the preplate procedure described above, specifically
preplate 4. 2000 cells were seeded onto an array of 2500 micropallets of dimensions 150 ×
150 × 50 µm (L × W × H). Cells were allowed 48 h to adhere and micropallets were
examined for cellular adhesion. Micropallets containing cells with a spindle-like morphology
were released from their glass substrate using an ACL-1 532 nm frequency-doubled Qswitched Nd:YAG laser (New Wave Research, Fremont, CA) generating ~7 µJ laser pulses
with a 5 ns pulse width as previously described with minor modifications.15 The glass slide
containing micropallets was placed inverted atop a 15 × 15 × 4 mm PDMS reservoir affixed
to a glass slide containing culture media (described above). The laser was focused at the base
of the micropallet through a Nikon Eclipse E800 upright microscope (Nikon, Melville, NY)
using a Nikon 20× extra-long working distance objective (Nikon, Melville, NY). The
microscope was fully enclosed in a 37 °C incubated environment with humidity and
temperature controls provided by an Air-Therm ATX-H Controller (World Precision
Instruments, Sarasota, FL) and CO2 control provided by a ProCO2 Controller (Biospherix,
Lacona, NY) (4% CO2, ~75% humidity). After being released into the media-filled tissue
culture dish, cells were placed in a 37 °C incubator (5% CO2, ~95% RH) and allowed to
proliferate for 48 h. After this time, cells were stained via a modified protocol for the
transcription factor and intracellular marker Pax7.24, 25 Briefly, cells were rinsed in PBS and
fixed in a 4% paraformaldehyde solution in PBS for 10 min. Cells were permeabilized for 15
min with 0.5% Triton X-100™ in PBS to permit antibody access to the nucleus. Primary
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mouse anti-Pax7 antibody (DSHB, Iowa City, IA) used at 2 µg/mL was incubated with cells
for 12 h. Secondary anti-mouse antibody labeled with AlexaFluor®594 (Invitrogen, Carlsbad,
CA) was incubated at 4 µg/mL with cells for 1 h. Cells were imaged with the previously
described epifluorescence microscope using DAPI and Texas Red filters (Olympus, Center
Valley, PA).

2.3 Results and Discussion
2.3.1 Surface Modifications for Growth of PCSCs
The 1002F photoresist from which the micropallet arrays were fabricated has been
shown to be suitable for culturing tumor cell lines.15, 21 In some instances, the 1002F required
an additional coating such as collagen or fibronectin for cell attachment and growth. When
PCSCs were cultured on the arrays, cells initially adhered to the 1002F surface, but did not
proliferate. The addition of an adsorbed ECM to the micropallet surfaces also failed to
support cell proliferation. The 1002F beneath the ECM may have leached a component toxic
to the overlying cells or the ECM may not have exhibited the same properties as those on the
polystyrene surfaces of tissue culture dishes. For this reason, a variety of surface coatings
designed to mimic either the glass or polystyrene culture surfaces on which these cells are
traditionally grown were placed onto the arrays. Layers of microbeads (22 nm and 500 nm
silica glass or 50 nm polystyrene) contact-printed on to the array surfaces exhibited a nonuniform coating, with cracking of the printed layer and surface-detachment after 4 days.19
Since these defects were not compatible with light microscopy and may have also permitted
leached materials from the 1002F to contact the cells, these modifications were not tested
further.
Polystyrene is a standard and well-accepted surface for cell culture; therefore,
polystyrene in an organic solvent was contact-printed onto the micropallets.19 The
37

polystyrene layer exhibited a uniform surface coverage, unambiguous transparency, and no
visible cracking, Figure 2.1B, C. The coating also remained on the micropallet surface for
two weeks in culture, the maximum time examined, making the contact-printing of thin
layers of polystyrene a convenient method of modifying micropallet surfaces for microscopy
applications.
Standard TC dishes are the accepted culture vessel for PCSCs, and were therefore
used as the gold standard for comparison of cell adhesion and proliferation.12, 13 Commercial
TC dishes are oxidized, imparting a negative charge to the surface.26, 27 Direct oxidation of
the polystyrene-coated micropallet surfaces was not possible since the hydrophobic
organosilane coating on the intervening glass surface was not stable to oxidants. This
hydrophobic coating is used to entrap air between the micropallets, blocking cell access to
the inter-pallet regions. Since these virtual air walls are critical to direct cells to the
micropallet surfaces, another strategy was required to impart a charge to the polystyrene
coating. For this reason, the charged monomers acrylic acid (negative charge) or 4VP
(positive charge), were mixed into the styrene monomer at different concentrations during
polymer synthesis to form polystyrene copolymers with varying charge densities. To
determine whether PCSCs could be cultured on these polymers, flat films comprised of the
copolymers were assessed for PCSC adherence and growth over 4 days, Figure 2.2. PCSCs
did not efficiently adhere to or proliferate on the uncharged polystyrene or the 4VP in
polystyrene. Negatively charged copolymers of acrylic acid in polystyrene (AA in PS)
supported greater cell adhesion and proliferation than any of the other synthesized surfaces at
all time points. Within the first 24 h, the negatively charged AA-in-PS coating showed no
significant differences for any AA concentration when compared to standard TC dishes.
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However, by 96 h, PCSCs on the 5% AA-in-PS surface exhibited equivalent growth
properties to that on the TC dish. In contrast, the surfaces with 2.5, 10, 15 and 20% AA in PS
demonstrated significantly lower rates of proliferation as revealed by the lower cell numbers
at 96 h. Cells grown on the TC dish and 5% AA in PS showed similar morphology, long
slender cells, Figure 2.3. Cells grown on the bare 1002F were scattered and more rounded in
morphology. These data demonstrated that PCSCs adhere to and proliferate on the 5% AA in
PS copolymer as effectively as on the “gold standard” surface of the TC dish, making 5%
AA in PS atop 1002F micropallets an effective growth surface for these primary cells.

2.3.2 Characterization of Contact-Printed PAA and Copolymer
To determine the thickness of the 5% AA-in-PS layer contact printed on to the
micropallets, ESEM was used to image individual micropallets. The apparent polymer
thickness was 1–2 µm, Figure 2.1D. Since the exact orientation of the pallet was difficult to
ascertain, more precise measurements of the layer thickness could not be obtained using
ESEM. For a more precise measurement, a stylus profilometer was used to measure the
height of the micropallet above the glass substrate before and after contact printing with 5%
AA in PS. The same procedure was completed for the contact-printed PAA. The copolymer
thickness was 1.0 µm ± 0.3 µm (n=50), while the PAA thickness was 0.63 µm ± 0.2 µm
(n=50).

2.3.3 ECM Protein Coatings
PCSCs are commonly cultured on collagen or gelatin-coated TC flasks.12, 13 For this
reason, gelatin was contact-printed onto the surface of the micropallet arrays composed of
1002F micropallets with a 5% AA in PS top layer. To determine whether the contact-printed
gelatin was stable over time, AlexaFluor®568-labeled gelatin was utilized and two layers of
fluorescent gelatin were contact-printed onto the array. Arrays with or without cultured cells
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were incubated for 4 days under standard tissue culture conditions. Images were taken
immediately after the adhesion of cells at 4 h and again at 24 and 96 h. The gelatin
fluorescence intensity on the micropallets decreased from 1.00 at 4 h to 0.90 ± 0.05 at 24 h.
The fluorescence intensity then remained unchanged through 96 h, indicating that the gelatin
remained attached to the surface of the pallet for the duration of the culture period. Pallets
contact-printed with fluorescent gelatin and cultured with cells also demonstrated a drop in
fluorescence from 1.00 at 4 h to 0.90 ± 0.11 at 24 h. The fluorescence intensity was then
unchanged through 96 h. In this instance the fluorescence of the cell’s cytoplasm plus that of
the micropallet surface was measured since the two fluorescence sources could not be
separated. Cells growing on the gelatin demonstrated bright red punctate spots suggesting
that they were able to take up the fluorescent dye. This phenomenon was most likely due to
the enzymatic degradation of the fluorescent gelatin by the cells and subsequent uptake of the
labeled protein.28
Cells on 5% AA-in-PS-coated micropallets with either a single or double layer of
contact-printed gelatin did not demonstrate significant enhancement in initial cell adhesion or
proliferation compared to those on the 5% AA-in-PS-coated micropallet alone, Figure 2.4A,
B. Similar results were obtained when collagen was contact-printed onto micropallets in
either single or double layers. These data suggested that the ECM coating was not necessary
for PCSC adherence and growth on the micropallets containing a 5% AA-in-PS surface.

2.3.4 Monitoring Growth and Differentiation of PCSCs on Standard and
Optimized Surfaces
A risk in culturing cells on novel surfaces is the potential to alter cellular properties,
such as the induction of PCSC differentiation toward terminally differentiated multinucleated myotubes.22, 29, 30, 31 This process is regulated by the transcription factor Pax7,
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which maintains the stem cell state. Utrophin, a structural protein, is indicative of PCSC
differentiation.32,
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Differentiation patterns of the PCSCs cultured on commercial tissue

culture dishes versus films composed of the 5% AA in PS were assayed for their ability to
remain undifferentiated as well as their ability to respond to a differentiation signal. The
relative mRNA expression levels of Pax7 and Utrophin corresponding to undifferentiated
and differentiated states, respectively, were measured.32-36 Under standard growth conditions,
cells cultured on 5% AA in PS and TC dishes remain undifferentiated, maintaining relatively
high stable mRNA levels of Pax7, Figure 2.5A, and low levels of Utrophin, Figure 2.5B.22
When subjected to standard differentiation conditions (addition of horse serum), the rate of
differentiation of PCSCs was similar on both 5% AA-in-PS surfaces and TC dishes, as
shown by a decrease in Pax7 mRNA quantity over time, Figure 2.5A, and an increase in
Utrophin mRNA levels over time, Figure 2.5B.22 The samples cultured on the TC dishes or
the 5% AA-in-PS surfaces under either the standard growth or differentiation conditions did
not demonstrate statistically distinct mRNA levels of Pax7 or Utrophin using a one tailed
student T-test.

2.3.5 PCSC Separation and Pax7 Verification
Satellite cells have been demonstrated to grow with a spindle-like morphology in
culture (characterized by two to three points of surface attachment).37, 38 Satellite cells also
express the transcription factor and internal marker, Pax7.24, 25 To demonstrate that satellite
cells could be sorted based on their morphology, micropallet arrays coated with 5% AA in PS
were seeded with a heterogeneous mixture of cells from a canine muscle biopsy.39
Micropallets containing cells with a spindle-like morphology were identified and released
from the array onto a plasma-treated glass slide, Figure 2.6A. After 48 h in culture, cells were
stained with the DNA-binding dye, Hoechst 33342 and then examined by brightfield and
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fluorescence microscopy, Figure 2.6B, C. The presence of the transcription factor Pax7 was
examined using immunochemistry, Figure 2.6D. From this experiment, it was found that
88% of the collected spindle-shaped cells on micropallets were also Pax7+. Thus the 5% AA
in PS coating enabled PCSCs to separated based on their morphology.

2.4 Conclusions
A suitable copolymer surface has been developed for the culture of PCSCs atop
micropallets. Our results show that the 5% AA-in-PS copolymer mimicked the ability of
tissue culture polystyrene in supporting the adhesion and proliferation of the PCSCs.
Importantly, cells cultured on this surface showed neither induced differentiation under
standard growth conditions nor a rate of spontaneous differentiation greater than that seen
with the control TC dish under standard differentiation conditions as indicated by mRNA
levels of Pax7 and Utrophin. This copolymer material was readily and consistently applied to
the surface of the micropallets using the described contact printing procedure. Experiments
using additional contact-printed layers of the ECM proteins collagen and gelatin on the 5%
AA-in-PS layer showed no increase in either initial PCSC adhesion or proliferation rates
relative to surfaces without the extracellular matrices. The contact-printing method
developed in this study is readily applicable to screen thick coatings of almost any polymer
matrix for the growth and well being of primary cells including stem cells. More importantly
this should enable, as we have demonstrated, the sorting of primary cells cultured on the
arrays based on a number of cellular attributes (morphology and other spatial properties,
growth rate and other temporal behaviors) not accessible by current cell separation methods
such as preplating and flow cytometry.40
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2.5 Figures

Figure 2.1 Pallet array fabrication. a) Schematic showing patterning of array (step 1),
poly(acrylic) acid (PAA) contact printing (step 2), deposition of hydrophobic silane layer
(step 3), Removal of PAA layer (step 4), and polystyrene-copolymer contact-printing (step 5).
b) Brightfield image of pallet with no coating. c) Brightfield image of pallet contact-printed
with 5% AA in PS. d) ESEM image of pallet viewed on edge showing polystyrene thickness.
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Figure 2.2 Cell adhesion and proliferation on various thin film substrates. PCSCs purified
with the preplate technique were cultured on TC dishes, neutral PS, various percentages of
AA in PS, 1002F photoresist (1002F), or 4VP in PS. Cells were stained with Hoechst 33342
dye, imaged and counted at 4, 24 and 96 h.
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Figure 2.3 PCSCs cultured on various surfaces. a) Bare 1002F photoresist film, b) Photoresist
film coated with 5% AA in PS and c) TCPS.
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Figure 2.4 Adhesion and proliferation of cells on micropallets contact-printed with selected
proteins. a) Number of PCSCs adhering at 24 hours to micropallet arrays contact-printed with
5% AA in PS alone, with 5% AA in PS followed by contact printing with collagen or gelatin
(single) or with 5% AA in PS followed by two-sequential, contact printings with collagen or
gelatin (double). b) Ratio of the number of PCSCs counted at 96 hours to 24 hours on
micropallet arrays contact-printed with 5% AA in PS alone or with an additional single or
double layer of collagen or gelatin. Micropallet arrays for both (a) and (b) consisted of 2500
micropallets of dimensions 150 µm × 150 µm × 50 µm (L × W × H).
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Figure 2.5 mRNA expression levels under standard growth and differentiation conditions. a)
Pax7 mRNA expression in PCSCs grown on TC dishes (squares) or 5% AA in PS-coated
films (triangles) in either standard growth (solid symbols) or differentiation (open symbols)
conditions. b) Utrophin mRNA expression in PCSCs grown on TC dishes (squares) or 5%
AA in PS (triangles) in either standard growth (solid symbols) or differentiation (open
symbols) conditions. For both (a) and (b) mRNA expression levels are normalized to Day 0.
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Figure 2.6 Separation of spindle-shaped cells. a) Brightfield image of a spindle-shaped cell
growing on 5% AA in PS-coated micropallet before release from the array. b) Brightfield
image of 5% AA in PS-coated micropallet with cells 48 h after release from array. c)
Fluorescence image of cells from (b) stained with Hoechst 33342 dye (blue). d) Fluorescence
image of cell from (b) stained with antibody against Pax7 (red).

48

2.6 Tables

Copolymer Type

Toluene

Styrene

Acrylic
Acid

Dibenzoyl
Peroxide

4-VinylPyridine

Neutral

69.8%

29.9%

-

0.3%

-

11% 4VP in PS

67.6%

29.0%

-

0.3%

3.1%

2.5% AA in PS

69.8%

29.2%

0.7%

0.3%

-

5.0% AA in PS

69.8%

28.4%

1.5%

0.3%

-

10% AA in PS

69.8%

26.9%

3.0%

0.3%

-

15% AA in PS

69.8%

25.4%

4.5%

0.3%

-

20% AA in PS

69.8%

23.9%

6.0%

0.3%

-

Table 2.1 Composition of copolymers by wt%.
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Table 2.2 Optimized parameters for contact printing various copolymers onto 1002F
surfaces.
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Chapter 3: Laser-based Directed Release of Array
Elements for Efficient Collection into Targeted Microwells
3.1 Introduction
Cells are highly heterogeneous in their genetic, proteomic, metabolic and behavioral
traits, even among individual cells within a clonal population.1-6 Many of the techniques to
measure these traits require bulk samples where the admixture of cells with different
characteristics presents a source of bias. Individual cells contained in heterogeneous cellular
ensembles can be analyzed using microscopy, patch clamp methods, or microanalytical
chemical separations techniques. Bulk assays, such as Western blotting, protein and
oligonucleotide microarrays, and standard PCR techniques can benefit from sorting cells into
a homogeneous population prior to analysis.1-3, 7-9 Thus, substantial effort has historically
been directed toward separating and collecting cells to create homogeneous populations for
further study or expansion.
Cell sorting can be broken down into three steps: identification, separation and
collection; with approaches for cell sorting generally divided into two formats – bulk or
single-cell. Bulk sorting is usually an enrichment technique when a large sample size is
required and the provided purity is acceptable. Conventional approaches include gradient
centrifugation, magnetic cell sorting, and panning.10-12 More challenging is single-cell sorting
wherein each cell is identified individually based on one or more characteristics and is then
independently separated from the population and placed in a unique location. Sorting

by fluorescence activated cell sorting (FACS) utilizing a flow sorter capable of generating
piezoelectric-induced droplets places single cells into the individual wells of a multi-well
plate. FACS requires an expensive instrument and works only with cells in suspension such
as nonadherent cells or adherent cells detached from a surface utilizing potentially cellaltering proteolytic enzymes. FACS is also limited to single time-point measurements.13
Limiting dilution and cloning rings require little technology to isolate single cells, but are
very low throughput, labor intensive, and are generally not paired with an identification
step.10 A variety of reports have used the principles of ink-jet printing and related
technologies to deposit single cells at defined locations, typically for arraying purposes,
although upstream identification and separation prior to deposition has not been
demonstrated.14-18 Sophisticated techniques have been developed using pulsed lasers for the
direct transfer of single cells from one vessel to another, chiefly laser-induced forward
transfer (LIFT) and laser microdissection with laser pressure catapulting (LMPC).19,20 LIFT
was first described for the deposition of copper metal patterns inside a vacuum chamber, but
subsequent modifications of the process have enabled the technique to be used to array
cells.21-23 While the technique is suitable for transfer of random cells suspended in buffer,
identification of cells followed by selective transfer is problematic. Many cell types grow
adherently and are stressed by the processes needed to place them into suspension; therefore
approaches to isolate cells while remaining in an adherent state have been sought.24 Laser
microdissection is one such approach, although it is used predominantly to obtain tissue
sections for genetic and proteomic studies due to the need to dehydrate the specimen.25
LMPC, a derivative of this approach, uses laser-based “catapulting” of a dissected sample
into an overlying tube.26 Modifications of this protocol enable a thin film of liquid to remain
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during dissection, but the UV-absorbing polymer foil needed to protect the cells from
damage hampers imaging, and shear stresses on the cells during catapulting are detrimental
to cell health.20, 27
The emergence of microfabricated platforms is expected to bring a number of
advances in this area by sorting very small samples and efficiently manipulating individual
cells.28-31 Flow switching by hydrodynamic or electrokinetic means has been shown in a
number of studies, although target cells are usually collected as an enriched population into a
downstream reservoir rather than individually.32-35 Cell separation by differential passage
through a bed of microstructures as a result of differences in the size or adhesive properties
of the cells has been successfully exploited in a number of devices, but suffers from the
problem of releasing and collecting the cells in a viable state.36, 37 Cells have also been
selected by deflection or trapping using dielectrophoretic, magnetic, or optical methods. In
these cases, collection is simplified by the ability to switch on and off capture forces,
although challenges in manipulating cells individually and efficiently have meant that most
demonstrations have been for enrichment instead of isolation of single cells.29 Droplet
microfluidics is a microfluidic format that produces high-throughput, emulsion-based
compartmentalization for chemical and biological assays.38 Cells have been entrapped and
sorted using dielectrophoresis, although single-cell collection followed by culture to form
colonies has not yet been reported.39,
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Optical tweezers have been combined with

microfabricated cell capture wells to enable microscopic analysis and selection of specific
cells by optically levitating individual cells into a flow stream that carries the cell into a
downstream reservoir.41 In practice, purity has been limited due to non-target cells being
swept from the array into the collection reservoir, and while theoretically capable of single
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cell isolation, this has yet to be demonstrated.
The Allbritton group has pursued the development of a microarray format designed to
permit analysis and sorting while cells remain attached to their culture surface.42, 43 The
elements of the array (termed pallets) are fabricated from a biocompatible photoresist on a
glass substrate using standard photolithography. A pulsed laser focused at the interface of the
substrate and base of the pallet is used to disrupt the adhesion of the pallet to its glass
substrate making it possible to release individual pallets for collection with high cell
viability.43,

44

While release and collection of viable single cells or colonies can be

accomplished with high efficiency, the segregation of the detached elements requires the
pallets to be released and collected sequentially to maintain the clonality of the collected cells.
An improved system for collecting and segregating large numbers of individual
cells/colonies from the pallet array would extend the usefulness of this cell sorting
technology.
To this end, we describe an efficient strategy to systematically place hundreds of
single pallets into selected microwells following laser-based release of the pallets from their
substrate. A microscope-mounted system enabling the mating and alignment of an array
containing 10 000 pallets with an array of microwells was developed. Experiments were
carried out to optimize the targeting of individual pallets into selected microwells by
controlling the location of the laser focal point with respect to the pallet. To demonstrate the
feasibility of this cell separation and collection method, viable cells were isolated based on
their fluorescence signature. Yield, purity and viability of the collected cells were determined.
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3.2 Experimental
3.2.1 Pallet Array Fabrication by Photolithography
Pallet arrays were fabricated as previously described.42, 45 Briefly, arrays (typically
104 pallets) composed of pallets of varying dimensions with 50 µm gaps, unless otherwise
specified, were fabricated by photolithography using 1002F photoresist.45 After fabrication,
an

organosilane

([heptadecafluoro-1,1′,2,2′-tetrahydrodecyl]

trichlorosilane,

Gelest,

Morrisville, PA) layer was applied by vapor-deposition in a vacuum chamber.46 This
hydrophobic organosilane layer was applied in order to produce heterogeneous wetting of the
array when it was submerged in media. The resulting air entrapped between the pallets,
termed a virtual air wall, served to restrict cells to the upper surface of the pallets during cell
plating. A 12 mm × 12 mm × 12 mm ring formed from molded PDMS was created and then
plasma treated for 2 min (200 mTorr, 200 W). The ring was attached to the glass substrate to
form an open reservoir surrounding the array.

3.2.2 Microwell Master Fabrication by Photolithography
Microwell masters were fabricated in a similar fashion to the pallet arrays with some
modifications. First, a base layer of 1002F photoresist was spin-coated, flood exposed (1500
mJ), developed, and hard baked on 75 mm × 50 mm × 1 mm standard glass microscope
slides. This base layer was then plasma treated for 2 min. The treated base layer was spincoated with two additional layers of 1002F with a 1-1.5 h bake in a 95 °C oven (Fisher
Scientific, Dubuque, IA) and a 2 min plasma treatment after each coating. A mask outlining
addressable 450 µm × 450 µm (L × W) square structures with 50 µm gaps was used to define
the microwell-array master. The photoresist-coated slide was subjected to UV exposure
(1000 mJ, Oriel, Newport, Inc., Stratford, CT). Exposure was followed by a 10 min bake in a
95 °C oven and then 30 min on a rotary shaker in 1002F developer (1-methoxy-2-propyl
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acetate, Sigma-Aldrich, St. Louis, MO). Masters were rinsed with 2-propanol (VWR, West
Chester, PA), blown dry with nitrogen, and placed on a hotplate at 95 °C for 10 min,
followed by 120 min at 120 °C. Masters were silanized as previously described to ease mold
release.46

3.2.3 PDMS Microwell Array Fabrication by Soft Lithography
Microwell arrays composed of 400 wells (450 µm × 450 µm × 300 µm [L × W × D])
were fabricated by soft lithography. The master was placed in a 100-mm square Petri dish
(Fisher Scientific, Dubuque, IA) and covered with a thin layer (2 mm) of degassed PDMS
followed by exposure to a vacuum (Vacubrand oil-free diaphragm vacuum pump, Fisher
Scientific, Dubuque, IA) for 1 h. An additional 2 mm layer of PDMS was then added and
placed under vacuum for 1 h. Multiple PDMS layers were utilized to minimize overflow
during vacuum treatment. After vacuum exposure, the PDMS was left to cure overnight at
room temp on a level surface, followed by a 2 h bake in a 70 °C oven (Fisher Scientific,
Dubuque, IA). The microwell array was peeled from the master and prepared for cell
retrieval as described below.

3.2.4 Cell Culture
All cell lines were cultured in DMEM (Mediatech Inc., Manassas, VA) supplemented
with 10% FBS (Atlanta Biologicals, Lawrenceville, GA) and 1% Pen/Strep (5000 U/mL
Penicillin, 5000 U/mL Streptomycin) (Invitrogen, Carlsbad, CA) in 25 cm2 culture flasks
(Corning Inc., Corning, NY). Cells were cultured in a 37 °C incubator (5% CO2, 95%
humidity). Cell suspensions were obtained from cells enzymatically lifted from culture flasks
using 2.5 mL 0.25% trypsin (Invitrogen, Carlsbad, CA). Cells were pelleted in a centrifuge
(Eppendorf, Hamburg, Germany) and resuspended in 1 mL culture media. Cells were then
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counted with the aid of a hemocytometer (Fisher Scientific, Dubuque, IA) and diluted with
culture media to the desired density.

3.2.5 Plating and Culture of Cells on the Pallet Array
Cell lines used in this work were: HeLa, a human cervical carcinoma cell line; A2058,
human melanoma cells stably transfected with Lifeact-tdTomato (kindly provided by James
Baer, UNC-Chapel Hill); and H1299, human lung carcinoma cells stably transfected with
green fluorescent protein (GFP) (kindly provided by Adrian Cox, UNC-Chapel Hill). Before
seeding cells onto pallets, arrays were sterilized with 75% ethanol for 30 min. Arrays were
then coated with fibronectin as previously described with minor modifications.43 Briefly, the
pallet array was incubated in 1 mL of 25 µg mL−1 human plasma fibronectin (Millipore,
Billerica, MA) in phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.75 mM KH2PO4, pH 7.4) for 45 min. The solution was aspirated and the array
rinsed ×3 with PBS. Arrays were allowed to dry before cell suspensions were added. To plate
cells, 1 mL of the suspension at the desired cell density was added and cells were allowed to
settle and adhere overnight in a tissue culture incubator until ready for use. Conditioned
media for use in viability experiments was prepared as previously described.43 The
conditioned media was mixed 1 : 1 with DMEM supplemented with 50% FBS and 1% Pen :
Strep, and was utilized during both collection and culture. Once prepared, the array was
mounted to pallet array holder described below.

3.2.6 Preparation of the Microwell Array for Cell Retrieval
After fabrication, microwell arrays were rinsed several times with 75% ethanol and
blown dry with nitrogen. Arrays were then plasma treated for 4 min and submersed in PBS in
a 60 × 15 mm Petri dish (BD Falcon, Franklin Lakes, NJ) in order to retain the PDMS
hydrophilicity. The arrays were sterilized by UV exposure for 30 min. The PBS was then
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removed and the microwell array was incubated in 1 mL of 25 µg mL−1 fibronectin solution
for 2 h. The fibronectin solution was aspirated and the coated microwell arrays were rinsed
×2 with 1 mL PBS, then ×1 with 1 mL cell culture media or conditioned media. The
microwell array was covered with 1 mL media, which made contact with the pallet arrays
when they were aligned. After this preparation, the microwell array was mounted on a rotary
stage described below that would allow multiple microwell arrays to be sequentially aligned
with a pallet array for successive cell retrieval if desired.

3.2.7 Pallet Array Holder Fabrication
To mount and position the pallet array above a microwell array, a custom holder was
designed. A 10.5-cm acrylic disk with a square 1.2-cm hole halfway between the center and
edge was CNC machined from a 1⁄4” acrylic sheet. A 2-mm-deep relief was cut into one side
of the disk to allow the addition of PDMS. A 2-mm-wide lip was left around the edges of the
disk to contain the PDMS. Two aluminum “L” braces were then fabricated. One brace was
attached to the acrylic disk. The other brace was bolted to a miniature 3-axis manipulator
(Melles Griot, Albuquerque, NM). The two braces were bolted together to complete the
assembly. The brace attached to the acrylic disk was slotted to enable variable positioning of
the disk relative to the manipulator. A mount was added to the manipulator and a rail was
added to the microscope stage for solid mounting of the device (mechanical schematic,
Figure 3.1).

3.2.8 Array Disk/Rotary Stage Fabrication
Due to the lack of correspondence per array in the number of pallets (104) to
microwells (400) limiting the number of cells that could be collected individually in any one
experiment, a rotary system was designed to hold a series of microwell arrays that could be
sequentially positioned under a pallet array as release and collection was performed. Solid
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models for components were designed using computer aided machining software
(BOBCAD/CAM, Clearwater, FL) and fabricated in acrylic plastic (McMaster Carr, Chicago,
IL) using a MicroMill DSLS 3000 computer-numeric-controlled (CNC) machine
(MicroProto Systems, Chandler, AZ) controlled with ArtSoft Mach3 software (Newfangled
Solutions LLC, Fayette, ME). A 9-cm-diameter acrylic disk with a 1.5-cm-diameter hole in
the center was cut from a 1/8” acrylic sheet. An aluminum rotational stage insert was custom
fabricated. This stage was comprised of a 12 cm × 12 cm × 0.8 cm (L × W × H) base with a
9.5-cm-diameter bored center. A 3-mm deep relief was cut extending 1 cm from the bored
center. An 11.5-cm-o.d., 9.5-mm-i.d., 0.3-cm-thick washer was cut with geared teeth on its
outer edge. The teeth mated with a rotational gear placed in one corner of the base. A 1-mmdeep relief was cut on the inner circumference of this washer, extending 2 mm into the
washer. To hold the acrylic disk in place, an additional 10-cm-o.d., 8.8-cm-i.d, 0.3-cm-thick
washer was cut with a 1-mm-deep relief cut on the inner circumference of this washer,
extending 2 mm into the washer (mechanical schematic, Figure 3.2). A circular base, referred
to as the array disk, was fabricated to hold multiple microwell arrays, as it would allow ready
positioning of multiple arrays. In order to access sequential microwell arrays, the entire base
was designed to be rotated by manually turning the rotational gear.

3.2.9 Pallet Release and Collection
An upright epifluorescence microscope (Eclipse E800, Nikon, Melville, NY)
integrated with a pulsed Nd:YAG laser (see below) was used for imaging the array and
release of the pallets. The microscope was enclosed in a custom-built Plexiglas® housing
with humidity and temperature controls provided by an Air-Therm ATX-H Controller (75%
humidity, 37 °C, World Precision Instruments, Sarasota, FL) and CO2 control provided by a
ProCO2 Controller (4% CO2, Biospherix, Lacona, NY). The Plexiglas® housing was cleaned
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with ethanol to assist in maintaining sterility. Prior to pallet release and collection, both the
pallet array mount and the rotary collection disk were disinfected with 75% ethanol for 30
min. Using sterile technique, microwell arrays were placed on the rotary disk, covered with a
Petri dish, and transferred to the microscope enclosure. Pallet arrays containing cells and
culture media were gently aspirated and rinsed ×3 with 1 mL PBS followed by a rinse and
final immersion in 1 mL culture media or conditioned media. For the experiment, the pallet
array was adhered to the PDMS surface of the pallet array mount, and the PDMS reservoir
surrounding the pallet array was removed. The pallet array was covered with a Petri dish to
maintain sterility, and the assembly was moved to the microscope enclosure. Once in the
sterilized microscope enclosure, the covering Petri dishes were removed from the microwell
and pallet arrays. No microbial contamination was seen in any experiments following the
antiseptic procedures listed above. The pallet array mount was then attached to the
microscope stage via a fixed rail with the pallet array now in an inverted orientation. The
mount was aligned with one of the microwell arrays on the rotary disk, fixed in place, and
lowered into the media contained in the microwell array reservoir. The distance from the
microwells to the pallet array was set with a PDMS spacer or by using the micrometer of the
microscope's focus knob to determine the z-position of the two arrays.
Once the pallet and microwell arrays were aligned, pallets were released into
microwells with single laser pulses (3.8 µJ, 5 ns pulse width, λ = 532 nm) from a frequencydoubled Q-switched Nd:YAG laser (ACL-1, New Wave Research, Fremont, CA) focused at
the glass–pallet interface as previously described42 using a 20×, 0.45NA, objective (Nikon,
Melville, NY). After the desired number of pallets were released and collected, the pallet
array holder was raised and removed from the microscope stage leaving the microwell array
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on the rotary disk. The microwell array was imaged or moved to a tissue culture incubator
depending on the experiment.

3.2.10 Measurements of Pallet Travel Distance and Angle
Pallets were released as described above with a separation distance of 2 mm created
by placing a 20 mm × 20 mm × 2 mm PDMS reservoir between the pallet array substrate and
a flat PDMS substrate. Water was used to fill the reservoir. Images were taken of the pallets'
release location and final location on the PDMS substrate after release. Using ImageJ
software47 (NIH, Bethesda, MD), the pallet's lateral distance of travel was calculated and the
lateral angle of release was determined (zero degrees being defined as directly east of pallet
center before release).

3.2.11 Pallet Collection Efficiency, Accuracy and Cross-talk
Collection efficiency was defined as the percentage of released pallets collected
within the microwell array. Pallets were released using the procedure described above with
the intent of collection into a specific microwell. Accuracy was defined as the percentage of
pallets collected in their intended microwells. Cross-talk was defined as pallets collected in
an undesired well.

3.2.12 Purity of Cells After Release and Collection
A mixed population (6000 cells) composed of equal numbers of H1299 (green
fluorescence) and A2058 (red fluorescence) cells were plated on a pallet array such that the
majority of pallets contained ≤1 cell as previously described.43 After 24 h, 50 pallets
containing single cells fluorescing in the red were released from the pallet array and collected
in the microwell array. Wells containing the released pallets were then examined for cells
with red or green fluorescence.

3.2.13 Cell Viability After Release and Collection
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HeLa cells expressing a GFP-histone fusion protein (5000 cells) were plated on a
pallet array at ≤1 cell per pallet. After 24 h, 25 pallets (each 50 µm × 50 µm × 50 µm) with an
adherent, GFP-expressing HeLa cell were released into the microwell array. Microwell
arrays were then placed in a Petri dish, filled with conditioned media, and transferred to a
tissue culture incubator for 72 h. Wells containing released pallets were then examined for
cell viability. Viable cells were defined as those that were able to divide and form a clonal
colony (i.e. single-cell cloning efficiency). The ability to form a clonal colony was assessed
by counting the number of cells in the microwell over time.

3.3 Results and discussion
3.3.1 Pallet Trajectory Following Release
Pallets were released from the array by focusing the laser on the center of the pallet at
the interface of the pallet and glass substrate. The deposition of energy creates a cavitation
bubble that disrupts the pallet's adhesion to the glass (Figure 3.3A).44 Pallets followed
random trajectories with lateral spreads of up to 800 µm over the 2 mm distance traveled to
the collection surface (Figure 3.3B–D). The average lateral distance traveled was 397 µm ±
159 µm (n = 35 pallets) and the average angle was 18° ± 100°. This random release trajectory
was likely the result of non-directional expansion of the cavitation bubble ejecting the pallet
in random directions.44, 48 Under these conditions, 68.3% of released pallets fell into an area
of 0.97 mm2 (average ± 1 standard deviation) on the collection surface. This substantial
spread in the pallet trajectories would necessitate very large wells (1 mm × 1 mm) in order to
place each released pallet in its own collection container.

3.3.2 Pallet Trajectory Dependence on Laser Focal Point Location
Based on random pallet trajectories following centrally focused laser release, it was
hypothesized that positioning the laser focal point away from the center of the pallet might
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provide a controllable trajectory (and more limited surface area for pallet collection) since
the gas bubble may expand the shortest distance available to escape into the medium.44 The
dependence of pallet trajectory on the laser focal point location was assessed for pallets (50
µm × 50 µm × 50 µm) released with the focal point centered along the edge or at a corner of
the pallet (Figure 3.3B–J, respectively). For those pallets targeted at their edge (n = 35), the
average release angle was 7.7° ± 26°, and the average travel distance was 614 ± 281 µm
(Figure 3.3F, G). Under these conditions, 68.3% of released pallets fell within an area of 0.27
mm2 on the collection surface. The average release angle and distance traveled for pallets
released at their corner (n = 35) was −41° ± 16° and 603 ± 284 µm (Figure 3.3I, J). For this
release strategy, 68.3% of released pallets fell within an area of 0.19 mm2 on the collection
surface. These data suggested that it was possible to impart a desired trajectory to the pallet,
enhancing the likelihood of placement into a defined collection area. Both the side and
corner-release strategies placed the pallets is a similar-sized area which was 3–5× smaller in
size than that for the pallets released with a centered focal point.

3.3.3 Impact of Pallet Height on Pallet Trajectory
Immediately following release, pallets travel a path with the adjacent pallets imposing
a potential boundary on the released pallet's trajectory. Larger aspect ratio pallets may create
a more restricted pallet flight path. For this reason, the impact of pallet height on the
trajectory of pallets of three different heights (50, 100, and 150 µm) was assessed when
released using a laser pulse positioned at their corner as described above. Pallets
demonstrated release angles per travel distances of −41° ± 17° per 603 µm ± 284 µm, −38° ±
15° per 466 µm ± 168 µm, and −22° ± 41° per 425 µm ± 178 µm for pallets of heights of 50
µm (Figure 3.3I, J), 100 µm (Figure 3.4A, B), and 150 µm (Figure 3.4C, D) respectively.
Under these conditions the height of the pallet had minimal influence on the pallet trajectory.
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Thus it was unlikely that the pallets neighboring the released pallet acted as a guide or
boundary for pallet movement during release. Geometric considerations based on the lateral
travel of the released pallet and the pallet height, interpallet spacing, and the substrate-pallet
array distance also support this conclusion.

3.3.4 Design of a Collection System
A pattern of microwells that facilitated individual pallet capture was designed. The plate
incorporated a series of 4 × 4 sub-sections each composed of 5 × 5 arrays of microwells
(Figure 3.5A). An alphanumeric code patterned in the array provided a unique address for
each section and well. Well depth was 300 ± 20 µm (Figure 3.5B). To minimize the area of
the individual microwells, the distance between the pallet array and collection substrate was
decreased from 2 mm to 650 µm. For edge-released pallets, this redesign decreased the
observed spatial spread of the released pallets on the collection surface to 0.09 and 0.18 mm2
(for 68.3% and 95.4% pallets collected, respectively). Square microwells with a 450 µm side
(0.20 mm2 area) were predicted to yield a high capture rate.
The pallet array was incorporated in an inverted position onto a mount over an array of
microwells. While the footprint of the pallet array and microwell plate were the same (1 cm ×
1 cm), the lack of correspondence in the number of pallets (104) to wells (400) on each array
limited the number of cells that could be collected individually in any one experiment.
Consequently a rotational stage was developed to hold a series of microwell arrays below the
pallet array. Sequential collection of pallets/cells into multiple microwell arrays could be
performed by rotating the microwell arrays beneath the stationary pallet array (Figure 3.5C).
A PDMS layer (1 mm) was used to attach pallet arrays to an acrylic disk. Once cured, this
PDMS layer enabled self-adhesion of the pallet array's glass substrate to the mount (Figure
3.1). The PDMS was readily cleaned with ethanol and could be used repeatedly. Slots in one
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of the two aluminum “L” braces allowed coarse positioning of the pallet array mount before
the experiment, and a 3-axis micromanipulator controlled movement of the pallet array
independent of the microscope stage to enable fine adjustment of pallet position for targeted
release.

3.3.5 Pallet Collection Accuracy, Efficiency, Cross-talk, and Retention
To evaluate the overall effectiveness of the collection system, small-scale release and
collection experiments were first conducted. In each trial, 25 pallets (50 µm × 50 µm × 50
µm) were released with the laser focused at their left central edge and targeted to 25 defined
wells (Figure 3.6). Initially, microwells of 450 µm × 450 µm and 200 µm deep were
employed, but it was noted that movement of the arrays after collection led to loss of pallets
from a significant number of wells with only 20% of the pallets retained in their original well.
Subsequent experiments employed 300 µm-deep wells. In three independent experiments,
95% ± 6% of the pallets were collected accurately, with only 4% ± 4% of the wells
expressing cross-talk (Figure 3.6B). The overall collection efficiency of these experiments
was 99% ± 2%. Arrays were then carried by hand to a different microscope and re-imaged to
evaluate the impact of moving the array on pallet retention. The percentage of pallets
retained in their original wells was 99% ± 2%.
To demonstrate the feasibility of large-scale pallet release and collection, 401 pallets
were consecutively released with the laser focused at their central left edge and collected
(Figure 3.7) using the optimized method. In this experiment, 94% of the pallets were
accurately collected into the desired microwell, with 6% of pallets in non-targeted wells.
Overall collection efficiency and retention were both 100%. These findings compared well
with the results of the small-scale experiments, demonstrating the feasibility of large-scale
pallet release and collection using the platform.
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3.3.6 Purity of Cells After Release and Collection
To assess the purity of cells isolated with the collection system, a mixed population of
fluorescent cells (H1299 [green] and A2058 [red]) was seeded onto arrays of pallets (50 µm
× 50 µm × 50 µm) at ≤1 cell per pallet. In each of 3 independent experiments, 50 pallets
possessing cells fluorescing in the red were targeted for collection. Each pallet was aligned
with the center of the left edge of the desired microwell. The pallets were released with a
single laser pulse focused just inside of the pallet's central left edge. After collection, the
microwell array was imaged for both green and red fluorescence to determine the type of cell
collected in each microwell. The yield as determined by wells that contained pallets with a
red cell was 91% ± 1%. In 7% ± 1% of microwells there was a single pallet, but both red and
green fluorescent cells were present. On average, 2% of the wells did not contain pallets. The
presence of undesired GFP-expressing cells in the occasional microwell was likely due to
free cells that had detached from the pallet array and settled onto the microwell array during
the collection procedure.

3.3.7 Cell Viability Post-release and Collection
The viability of cells was determined by assessing the single cell's ability to form a
clonal colony after collection into a microwell. Three independent experiments were
conducted in which 25 pallets (50 µm × 50 µm × 50 µm) possessing a GFP HeLa cell were
released with the laser focused at their central left edge and collected. Microwells containing
pallets with cells were imaged immediately after collection (Figure 3.8A), then placed in
culture for 72 h and re-imaged (Figure 3.8B). In these experiments, 77% ± 7% of the
collected cells were viable as determined by the expansion of collected single cells into
colonies. These data are comparable to similar cell viability studies using the pallet
technology.43, 49 The doubling time of the GFP-HeLa cells that were released, collected, and
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cultured in a microwell was 33 h. GFP-HeLa cells that were directly seeded and cultured in
the PDMS microwells possessed a doubling time of 46 h. The slower doubling time of the
GFP-HeLa cells that were not sorted was likely due to an initial delay time required for the
cells to adhere to the microwell array (before they could begin to grow and divide). In
contrast, cells attached to pallets and sorted into the microwell arrays immediately began to
grow and divide since they were already adhered to a surface. An additional advantage of this
sorting technique is that cells are handled while adherent to a surface enabling them to reenter the cell cycle immediately post sorting.

3.4 Conclusions
An efficient system was designed and demonstrated for the selective release and
collection of micron-scale elements from a planar array. A laser-based procedure was
optimized to specifically target released pallets into desired microwells. The procedure
enabled isolation of hundreds of pallets with high accuracy and efficiency. The system was
successfully demonstrated for cell sorting with high yield, purity and viability. In addition,
the technique will be amenable to cell sorting experiments using a variety of selection criteria,
including but not limited to cell size, morphology, and fluorescence attributes. Further
opportunities to improve this system could include the use of various materials for microwell
fabrication. The use of materials other than PDMS for microwell fabrication could expand
the number of cell types capable of being collected and cultured in the microwells, as PDMS
may not be a suitable growth surface for all cell types. Additionally, the integration of
motorized stage controls would improve collection accuracy and efficiency while reducing
cross-talk by facilitating alignment and collection with finer stage control compared to the
current manual controls.50
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3.5 Figures

Figure 3.1 Exploded schematic view of the microscope stage components for mounting the
pallet arrays.
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Figure 3.2 Exploded schematic view of the microscope stage components for mounting the
microwell arrays.
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Figure 3.3 Examination of various pallet release angles and travel distances upon laser-based
release. (A) Schematic of pallet release by a single laser pulse. (B) Schematic demonstrating
the central location of the laser focal point used for (C and D). (C) Scatter plot of release
angle and distance travelled for 50 µm × 50 µm × 50 µm pallets (n = 35) released as in “B”.
(D) Vector diagram of release angle and distance travelled for pallets shown in “C”. (E)
Schematic showing the focal point on central left edge of pallets as used for (F and G). (F)
Scatter plot of release angle and distance travelled for 50 µm × 50 µm × 50 µm pallets (n =
35) released as in “E”. (G) Vector diagram of release angle and distance travelled for pallets
shown in “F”. (H) Schematic of the focal point used for (I and J). (I) Scatter plot of release
angle and distance travelled for 50 µm × 50 µm × 50 µm pallets (n = 35) released as in “H”.
(J) Vector diagram of release angle and distance travelled for pallets shown in “I”.
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Figure 3.4 Examination of the impact of pallet height on release angle and travel distance.
(A) Scatter plot of release angle and distance travelled for 50 µm × 50 µm × 100 µm pallets
(n = 35). (B) Vector diagram of release angle and distance travelled for pallets shown in “A”.
(C) Scatter plot of release angle and distance travelled for 50 µm × 50 µm × 150 µm pallets
(n = 35). (D) Vector diagram of release angle and distance travelled for pallets shown in “C”.
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Figure 3.5 Description of the collection system. (A) Schematic of a microwell array showing
four of the 16 sub-arrays each containing 25 individual microwells. (B) Electron micrograph
of one sub-array containing 25 microwells (450 µm × 450 µm × 300 µm, scale bar is 450 µm).
(C) Schematic of rotary stage for the microwell array aligned with the pallet array holder.
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Figure 3.6 Determination of accuracy, efficiency, and cross-talk during pallet collection. (A)
Schematic demonstrating release and collection technique of a pallet aligned with the edge of
a microwell and released with a laser pulse focused near the pallet edge. (B) Image of 5 × 5
microwell sub-array containing 25 pallets demonstrating pallets collected in target wells, an
uncollected pallet (above “1I”), and microwells with cross-talk (“1H and 2H” and “4H and
5H”). Empty wells resulting from cross-talk and an uncollected pallet are seen in “1H and I”
and “5H” (scale bar is 450 µm).
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Figure 3.7 Demonstration of large-scale pallet release and collection. Image of 400
microwells (addresses omitted) containing 401 pallets collected to demonstrate feasibility of
large-scale pallet release and collection (scale bar is 900 µm) with inset of magnified view of
microwells (scale bar is 450 µm).
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Figure 3.8 Cell viability after release and collection. Overlaid brightfield and fluorescence
images of a pallet containing a GFP-expressing HeLa cell at 0 h (A) and at 72 h (B) after
collection (scale bar is 100 µm).
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Chapter 4: A Micro-Molded Cell Replication Device
Utilized for Destructive Cell Assays Capable of Producing
Viable Cells
4.1 Introduction
The identification and isolation of homogeneous cell populations is paramount for the
advancement of knowledge in the field of disease study. However, techniques to perform
such tasks are limited when cellular identification requires a destructive means. One prime
example of this challenge is the identification of satellite cells for the study of Duchenne
muscular dystrophy (DMD). Satellite cells are believed to be the quintessential muscle stem
cell, undergoing asymmetrical cell division upon muscle injury producing both muscle
regenerating myoblast cells and additional satellite cells to repopulate the satellite cell pool.14

These characteristics make satellite cells an ideal candidate for cell-based therapies, as they

possess the ability to repair damaged muscle tissue.5 While work has been completed
identifying and isolating satellite cells for study and therapy from certain animal models of
DMD, for example the muscular dystrophy X-linked (MDX) mouse,6 the usefulness of cells
from these models are limited as physiological scale-up to the human form is not possible.
Additionally, well-characterized surface markers used to identify satellite cells from certain
animal models, such as the more size-relevant canine model of muscular dystrophy referred
to as golden retriever muscular dystrophy (GRMD), are lacking and therefore restrict
isolation techniques to rudimentary methods.7

Previous attempts to isolate muscle cells have typically utilized one of two methods:
the preplate technique or fluorescence-activated cell sorting (FACS). The preplate technique
utilizes serial plating of mixed populations of muscle cells to enrich for specific cell
populations based solely on adhesiveness to tissue culture (TC) polystyrene (PS) surfaces.8 In
this technique, samples of whole muscle are enzymatically dissociated to extract the muscle
cells. These cells are then plated onto collagen-coated flasks for 1 h, referred to as preplate
(PP) 1, after which time any non-adherent cells within the flask are removed and plated to a
new flask. The process is then repeated a number of times at varying time intervals providing
for a total of six preplates containing varying populations of muscle cells.9,

10

Immunocytochemical analysis for the myogenic protein desmin demonstrated enrichment of
desmin-positive muscle cells with purities of up to 78% in PP6. Modifications and
improvements to the preplate technique have produced even greater purities of desminpositive cell populations up to 96.4%.8, 11, 12 It is important to note that while this technique
has improved cell purities, a heterogeneous sample is still obtained and purities can only be
predicted from previously analyzed populations, as analysis of the intracellular protein
desmin requires cell fixation and permeabilization, causing cell death.
Other attempts to isolate specific muscle cell populations have employed FACS
technology. FACS utilizes hydrodynamic focusing to place cells into a stream of liquid. A
laser beam is then directed at the stream in order to excite fluorescent antibodies used to
identify specific cell-surface antigens found on the passing cells. Following identification,
the liquid stream is broken into individual droplets containing single cells. These droplets are
then sorted based on the confined cells’ properties.13 This technique has specifically been
exploited for the isolation of mouse satellite cells based on the expression of muscle-specific
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surface antigens.6, 14 Nonetheless, while a powerful tool, FACS suffers from major pitfalls in
regards to muscle cell isolation. First and foremost, large numbers (>100,000) of cells are
required simply to calibrate the instrument, a challenge when muscle samples contain limited
numbers of cells.14 FACS also requires cells to be placed in suspension for flow-based
sorting. The enzymatic or mechanical processes necessary to place cells in such a suspension
have been shown to alter cell morphology, result in the loss of surface markers, damage cell
membranes, and alter cell physiology.15-17 Additionally, the desire to obtain viable cells after
identification and sorting requires the use of cell surface antigens for identification.
Unfortunately, as mentioned earlier, an adequate repertoire of antibodies for these surface
antigens does not exist for the most physiologically relevant DMD model, GRMD.
Therefore, in order to identify primary canine satellite cells (PCSCs), the transcription factor
Pax7 is commonly used due to the availability of a good antibody.3, 18, 19 However, the major
challenge for this marker is that it is intracellular, similar to desmin, requiring cell fixation
and permeabilization to permit the introduction of antibodies, ultimately leading to cell death.
Thus new methods are necessary that will enable the identification of cells via a destructive
means while still providing a viable cell population for future use. In order to meet this
challenge, the use of novel microarray platforms has been examined.
A number of microarray platforms have been developed that permit the identification
and selection of individual cells from mixed cultures, namely micropallets and microrafts.2023

Micron-scale pedestals referred to as micropallets are fabricated using photolithographic

techniques, producing microstructures atop which cells can be cultured. Modifications can be
performed to prevent cell migration from the micropallets by creating physical barriers of air
or poly(ethylene glycol),24, 25 in addition to surface modifications that enable the culture of a
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variety of cell types.7, 26 Cells cultured atop individual micropallets can be isolated from the
array by releasing individual elements with a pulsed laser.27, 28 Microrafts perform functions
similar to micropallets, yet utilize simpler fabrication and isolation techniques. Microrafts are
fabricated in a polydimethylsiloxane (PDMS) microwell array by a process known as dip
coating. Various polymers can be utilized to form individual cube-like elements, referred to
as microrafts, within each microwell. These microrafts can then be used to culture cells in a
similar fashion to micropallets, instead using the PDMS wall to provide a physical barrier
between microstructures to prevent cell migration. Isolation of individual microrafts
containing cells can then be accomplished by transiting a needle through the elastomeric
PDMS backing, dislodging the microraft from its well.
With these microarray platforms in mind, additional platforms have been developed
that permit the analysis of cells via destructive means while still providing viable cell
populations. To complete this task, clonal colonies must first be generated from single cells.
Once colonies have been formed, portions of the colonies need to be isolated and identified
while leaving the remaining portion of the colony unharmed. Three specific microarray
devices have been devised to meet this challenge. The first was an array of microstructures
composed of three-part arrangements of micropallets referred to as tripartite micropallet
sets.29 This arrangement was composed of two sister micropallets linked by a central
unadjoined bridging micropallet. Cells were seeded on the array such that a large percentage
of the tripartite micropallet sets contained a single cell. Cells then proliferated into clonal
colonies, utilizing the bridging micropallet to migrate to the sister micropallet. The colony
was then divided by ejecting the bridging micropallet with the use of a pulsed laser, leaving a
portion of the colony on each sister micropallet. One of the sister micropallets was then
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removed using the pulsed-laser and analyzed, while the other remained in culture for future
use. While useful, this technique has it challenges, namely the requirement of the large-scale
release and collection of each micropallet containing a portion of the colony to be sampled.
Additionally, the use of laser-based release techniques is arduous, requiring expensive
equipment and a high degree of technical expertise. Similar microstructures, referred to as
microcups, removed the need for the bridging micropallet and decreased the number of
release steps necessary, yet still required the use of lasers for microstructure release and cell
isolation.30, 31 To minimize some of these challenges, a two-piece device was developed.32
The first piece of the device consisted of micropallet array on which cells were initially
cultured. The second piece of the device consisted of a micropallet array with posts
protruding from the top surfaces of the micropallets, referred to as a printing array or
replication array. When the two pieces of the device were aligned and mated, the posts on the
replication array made contact with the underlying micropallets on the micropallet array.
Cells could then migrate from the micropallet array to the mated replication array. With this
format, a laser-based release was no longer necessary to divide the colony into two portions.
To do so only required the manual separation of the mated micropallet and replication array.
However, laser-based release and collection was still necessary to isolate the identified cell
colonies on the micropallet array. Additionally, the fabrication procedures required to
produce the multilayered replication array were challenging and time-consuming.
In an attempt to alleviate these issues, a similar two-piece device was designed,
combining the benefits of microraft arrays and replication arrays. By using a microraft array
for the initial culture of cells, laser-based release was no longer required. Additionally,
through the use of micromolding, the fabrication of replication arrays was greatly simplified.
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This device was then used to identify and isolate Pax7 expressing PCSCs from mixed muscle
cell populations.

4.2 Materials and Methods
4.2.1 Microraft Array Master Fabrication
Microraft masters were fabricated using 1002F photoresist. Glass slides (75 × 50 × 1
mm, Corning, NY) were cleaned with isopropyl alcohol (IPA) (VWR, West Chester, PA) and
acetone (VWR, West Chester, PA) and dried with house nitrogen (N2). Cleaned glass slides
were fitted with polyimide tape (1”, Micronova, Torrance, CA) spacers on either end before
treatment with oxygen plasma for 20 min. Slides were spin-coated (WS-400B-6NPP/LITE
Spin-Coater, Laurell Technologies Corporation, North Wales, PA) with 1002F photoresist
prepared in a ratio of 64 : 29.6 : 6.4 Epon resin 1002F (Miller-Stephenson, Sylmar, CA) : γbutyrolactone (GBL) (Sigma-Aldrich, St. Louis, MO) : UVI-6976 photoinitiator
(triarylsulfonium hexafluoroantimonate salts in propylene carbonate) (Dow Chemical,
Torrance, CA) (resin : solvent : photoinitiator, wt/wt/wt). A 2-mL aliquot of photoresist was
spin-coated by a two-step spin: 500 rpm for 10 s followed by 1200 rpm for 30 s. Coated
slides were then soft-baked in a 95 °C convection oven (Isotemp Oven, Fisher Scientific,
Pittsburgh, PA) for 1 h to remove solvent. Additional slides were cleaned as described above
before being spin coated at 2000 rpm for 30 s with a 1% by volume silane
(octyltricholorsilane, 97%, Sigma-Aldrich, St. Louis, MO) in photoresist developer (1methoxy-2-propyl acetate) (Sigma-Aldrich, St. Louis, MO) solution followed by a 5 min
bake in a 95 °C convection oven. Cooled slides coated with photoresist were brought into
contact with cooled, silanized slides and held together with binder clips placed over the tape
spacers. Slides were placed in a vacuum oven (100 °C, 25 mm Hg) (VWR, West Chester,
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PA) for 1 h. Once cooled, slides were then separated and photoresist-containing slides were
flood exposed to UV light (Oriel Model #97435, Newport Stratford, Inc., Stratford, CT)
before being hard-baked overnight (16 h) in a 95 °C convection oven. This procedure
produced a flat photoresist base layer that provided improved adhesion for subsequent
microstructure fabrication.
Once flat photoresist bases were created, slides were again plasma-treated for 5 min
before spinning 1002F photoresist prepared in a ratio of 61 : 32.9 : 6.1 in a two-step spin: 500
rpm for 10 s followed by 2200 rpm for 30 s to produce 50-µm thick photoresist films atop the
photoresist base layer. Films were soft-baked as described above. Once cooled to room
temperature (25 °C), films were exposed to UV light through a photomask outlining a 60 ×
60 array of 150 × 150 µm squares with 50 µm gaps and various alignment structures (Figure
4.1A). A 10 min post-exposure bake (PEB) was performed before cooled slides were
developed in photoresist developer for 5 min. Developed slides were cleaned with IPA,
blown dry with N2, and baked on a 120 °C hotplate overnight (16 h).
Before use, fabricated microraft array masters (Figure 4.1B) were treated by vapor
deposition of octyltrichlorosilane (97%, Sigma-Aldrich, St. Louis, MO) to prevent the
adhesion of PDMS during future microraft array molding. Masters were placed in a vacuum
chamber with 100 µL of octyltrichlorosilane, vacuumed for 2 min, and stored under vacuum
overnight (16 h).

4.2.2 Replication Array Master Fabrication
A schematic of the replication array master fabrication process can be seen in Figure
4.2A. Glass slides (75 × 50 × 1 mm) were cleaned with IPA and acetone and dried with N2
before being plasma-treated for 10 min. Slides were spin-coated with 1002F photoresist
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prepared in a ratio of 61 : 32.9 : 6.1 in a two step spin: 500 rpm for 10 s followed by 2000
rpm for 30 s to produce 50-µm thick photoresist films on glass. Films were soft-baked in a 95
°C convection oven for 50 min. Once cooled, films were exposed to UV light through a
photomask outlining a 60 × 60 array of 150 × 150 µm squares with 50 µm gaps and various
alignment structures (Figure 4.2B). A PEB in a 95 °C convection oven was performed for 10
min before films were cooled and developed in photoresist developer for 4 min. Developed
slides were rinsed with IPA, dried with N2 and hard-baked on a 95 °C hotplate for 10 min
followed by a 120 °C hotplate overnight. This procedure produced 50-µm tall cubic
replication array base structures.
Once cooled, slides were plasma-treated for 20 min. Slides were spin-coated with
1002F photoresist prepared in a ratio of 64 : 29.6 : 6.4 in a two step spin: 500 rpm for 10 s
followed by 1100 rpm for 30 s. Slides were baked in a 95 °C convection oven for 2 h. Once
cooled, slides were spin-coated with 1001F photoresist (Epon resin 1001F, MillerStephenson, Sylmar, CA) at a ratio of 61 : 32.9 : 6.1 in a two step spin: 500 rpm for 10 s
followed by 1900 rpm for 30 s. Slides were soft-baked in a 95 °C convection oven for 1 h.
Once cooled, a photomask outlining 75-µm circles and 500 × 500 µm fine-alignment
structures (Figure 4.2C) was aligned with the centers of the 150-µm square bases with the aid
of alignment markers residing on both the photomask (photomask alignment markers on
Figure 4.2C) and the previously exposed and developed layer of photoresist (photomask
alignment markers on Figure 4.2B). After exposure to UV light (MA-6, Karl Suss, Inc.,
Waterbury Center, VT), slides were baked on a 95 °C hotplate for 15 min. This procedure
produced 215-µm tall cylindrical pillar structures.
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Once cooled, slides were spin-coated with 1002F photoresist prepared in a ratio of 49
: 46.1 : 4.9 (resin : solvent : photoinitiator, wt/wt/wt) in a two step spin: 500 rpm for 10 s
followed by 2000 rpm for 30 s. Slides were soft baked for 40 min in a 95 °C convection
oven. Once cooled, a photomask outlining the 500 × 500 µm rough alignment structures
(Figure 4.2D) was aligned, again using the designed alignment markers, and slides were
exposed to UV light. Slides were baked on a 95 °C hotplate for 15 min. Once cooled, slides
were developed in photoresist developer for 15 min. Once developed, slides were rinsed with
IPA, dried with N2 and hard baked overnight (16 h) on a 120 °C hotplate. This procedure
increased the height of the two rough alignment posts to a total height of 230 µm.
Before use, fully fabricated replication array masters (Figure 4.2E) were treated by
vapor deposition of octyltrichlorosilane (97%, Sigma-Aldrich, St. Louis, MO) to prevent the
adhesion of PDMS during microraft molding. Arrays were placed in a vacuum chamber with
100 µL of octyltrichlorosilane, vacuumed for 2 min, and stored under vacuum overnight (16
h).

4.2.3 Preparation of Magnetic
Methacrylate 1002F Photoresist
Magnetic

poly(methyl

Poly(Methyl

methacrylate)/methyl

Methacrylate)/Methyl

methacrylate

1002F

Photoresist

(PMMA/MMA 1002F) was prepared as previously described.33 Once prepared,
PMMA/MMA 1002F was diluted to 75% (wt%) in GBL in a 500-mL wide-mouth amber
bottle, capped and sealed with Parafilm (Chicago, IL), and placed on a bottle roller (Wheaton
Science Products, Millville, NJ) for 24 h to mix thoroughly.

4.2.4 Preparation of 10% Falcon-PS in GBL
To prepare polystyrene to be used as a top layer for microraft fabrication and to
produce polystyrene replication arrays, 35 × 10 mm tissue culture (TC) dishes (Falcon Easy
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Grip, Becton Dickinson, Franklin Lakes, NJ) were cleaned with IPA and air-dried. Once
dried, dishes were massed and added to a 500-mL large-mouth amber glass bottle. GBL was
then added to the bottle to produce 10% polystyrene (10% PS), 90% GBL (wt%). The bottle
was then capped, sealed with Parafilm, and placed on a bottle roller for 2-3 days or until
dishes were completely dissolved.

4.2.5 Replication Array Mold Fabrication
Negative molds of the replication array masters were fabricated via soft lithography,
as demonstrated in Figure 4.3A. Poly(dimethylsiloxane) (PDMS, Sylgard 184 silicone
elastomer kit, Dow Corning, Midland, MI) at a ratio of 10 : 1 (prepolymer : curing agent,
wt/wt) was applied to silanized masters and degassed in a vacuum chamber. Additional glass
slides (75 × 50 x 1 mm) were cleaned with IPA and acetone, dried with N2, and plasmatreated for 5 min. Portions of a glass slide (10 × 25 × 1 mm) were added as spacers before
plasma-treated slides were brought into contact with PDMS-coated masters. Slides were
secured together with binder clips placed over the spacers and cured in a 95 °C oven for 1 h.
Once cooled, excess PDMS was removed with a razor blade and slides were separated. A
PDMS reservoir (21 × 21 × 3 mm) (Figure 4.3B) was applied to the negative mold using 10 :
1 PDMS (prepolymer : curing agent, wt/wt) and allowed to cure on a level surface at room
temperature (25 °C) overnight (16 h).

4.2.6 Replication Array Fabrication
Replication arrays were fabricated by micromolding, as depicted in Figure 4.4A.
Using the above fabricated replication-array molds, 1.8 g of 10% PS was added to the molds
inside the PDMS reservoir (shown in Figure 4.3B). Molds were degassed in a vacuum
chamber and baked on a 70 °C hotplate for 2 h, followed by baking overnight (16 h) in a 100
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°C oven. Slides were cooled slowly (15 °C/h) in the oven for 5 h. Once cooled, cured
polystyrene replication arrays (Figure 4.4B) were carefully removed from the mold with
tweezers. Once removed, 10% PS replication arrays were fixed to custom fabricated cassettes
(Figure 4.4C) with 10 : 1 PDMS (prepolymer : curing agent, wt/wt) and allowed to cure at
room temperature (25 °C) overnight (16 h).

4.2.7 Two-layer Microraft Array Fabrication
Microwell arrays were fabricated by soft-lithography (Figure 4.5A) using the abovedescribed microraft masters. Silanized masters were covered in 10 : 1 PDMS (prepolymer :
curing agent, wt/wt), degassed in a vacuum chamber, and spun on a spin-coater at 300 rpm
for 30 s produce a 300-µm thick PDMS layer. Additional glass slides (75 × 50 x 1 mm) were
cleaned with IPA and acetone and dried with N2. Slides were then spin-coated with a
sacrificial layer of poly(acrylic acid) (PAA, 25% aqueous solution, MW ~50,000,
Polysciences, Inc., Warrington, PA) at 2000 rpm for 30 sec. PAA-coated slides were then
baked in a 95 °C convection oven for 1 h. Once cooled to room temperature (25 °C), slides
were plasma-treated for 5 min. PDMS (10 : 1, prepolymer : curing agent, wt/wt) was applied
to plasma-treated PAA-coated slides and degassed in a vacuum chamber. Coated slides were
then spun on a spin-coater at 300 rpm for 30 s. Two no. 1 coverslips (Fisher Scientific,
Scientific, Pittsburgh, PA) were added to opposite ends of the PAA-coated slides to act as
300-µm spacers. PDMS-coated masters were then inverted and carefully mated to PDMScoated slides containing the spacers. The two slides were secured together using binder clips
placed on each end over the spacers. Slides were baked in a 95 °C convection oven for 1 h.
Once cooled, a razor blade was used to remove excess PDMS before slides were separated.
This procedure produced 60 x 60 arrays of 150 × 150 × 50 µm deep microwells.
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Two-layer microrafts were then produced (Figure 4.5B) by dipping the microwell
arrays in two different polymer solutions. First, a small amount (1mL) of the base polymer
layer, the magnetic PMMA/MMA 1002F composite, was first applied over the array and
degassed for 3 min. Arrays were then attached to a stepper motor via a string and binder clip.
Glass slides containing the microwell arrays were submerged in a large glass jar filled with
magnetic polymer and withdrawn at a speed of 20 min/cm. After dipping, arrays were baked
in a 95 °C convection oven overnight (16 h). Once cooled to room temperature (25 °C),
arrays were flood exposed to UV light (5 J) from the top and bottom to ensure full crosslinking of the 1002F photoresist before being returned to the 95 °C convection oven
overnight (16 h). Once cooled to room temperature (25 °C), arrays were coated with 1 mL of
the second polymer layer, 10% PS, and degassed. Glass slides containing the microwell array
were again fully submerged in the polymer, specifically 10% PS for layer 2, and withdrawn
at a speed of 5 min/cm. After dipping, arrays were baked in a 95 °C convection oven
overnight (16 h). Once cured, fabricated microraft arrays were adhered to custom designed
cassettes (Figure 4.5C) with 10 : 1 PDMS (prepolymer : curing agent, wt/wt).

4.2.8 Cell Isolation and Culture
PCSCs were isolated and cultured as previously described.7 Media used to grow cells
on thin films and microraft arrays, defined as growth media, contained 50% fetal bovine
serum (FBS) instead of 16.5% FBS, as used for culture media, in Dulbecco’s Modified Eagle
Media (DMEM) with 1% penicillin–streptomycin (Life Technologies, Grand Island, NY).

4.2.9 Thin Film Preparation
Thin films of various materials were prepared to examine their ability to promote the
adherence and proliferation of PCSCs. Three materials were examined: 10 : 1 PDMS
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(prepolymer : curing agent, wt/wt), 10% PS, and poly(D,L-lactide) (Purasorb PDL 05, Purac,
Netherlands). PDMS films were cast as a 5 mm thick slab. Films of 10% PS were produced
by applying 4 g of 10% PS into a PDMS mold containing a 70 × 20 × 8 mm (length × width
× depth) PDMS reservoir, degassed and cured as described above in section 4.2.6. PDL 05
surfaces were produced by applying 1 mL of 40% PDL 05 in GLB (wt%) evenly to a cleaned
75 × 50 × 1 mm glass slide, degassed and cured on a 90 °C hotplate overnight (16 h).

4.2.10 Analysis of Cell Adherence and Proliferation on Thin Films
PDMS reservoirs (10 × 10 × 8 mm, length × width × depth) were fixed to all film
samples with PDMS. Additionally, PDMS reservoirs (10 × 10 × 8 mm) were fixed to 35 × 10
mm tissue culture dishes to act as control surfaces. Half of the PDMS and 10% PS samples
were plasma-treated for 4 min, while the other half were left untreated. PDL 05 was not
plasma-treated as it was found to cause rapid degradation of the polymer. Before use, all
samples were filled with 1 mL phosphate buffered saline (PBS) and sterilized under UV light
for 30 min in a sterile TC hood. Samples were then rinsed ×3 with 1 mL PBS, followed by a
rinse ×1 with 1 mL of growth media, prepared as described above. A 0.5-mL volume of
growth media was then added to the sample and was placed in a 37 °C incubator (5% CO2,
95% relative humidity, RH) for 10 min. Meanwhile, PCSCs were enzymatically lifted from
their culture surface using trypsin–EDTA (Invitrogen, Carlsbad, CA), pelleted, suspended in
growth media, and counted. Cells suspensions were diluted with growth media to a density of
7200 cells/mL. Cells were seeded onto samples by adding 0.5 mL of the cell suspension
(3600 cells total) dropwise evenly to each sample before samples were returned to the
incubator.
At 24 h post seeding, samples were rinsed ×3 with 1 mL growth media to remove
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non-adherent cells. Samples were incubated in 1 mL of growth media containing 1 µg/mL
Hoechst 33342 (Sigma, St. Louis, MO) for 10 min before samples were imaged. Cells were
imaged with a 4× Plan Fluor objective (Olympus, Center Valley, PA) using an
epifluorescence microscope (IX81, Olympus, Center Valley, PA) fitted with a DAPI filter set
(4900-ET-DAPI, Chroma, Bellows Falls, VT) and a Coolsnap HQ2 charged-coupled device
(CCD) camera (Photometrics, Tucson, AZ). Six independent images of each sample were
taken and cells were counted using ImageJ software (NIH, Bethesda, MD).
An additional set of samples was prepared and analyzed at 96 h post seeding. These
samples were seeded with the 24 h samples and were also rinsed at 24 h as described above.
At 96 h, samples were again rinsed as described above. Imaging and cell counting was then
also performed as described above.

4.2.11 Pax7 Immunocytochemistry
Cells were stained for the transcription factor and internal marker Pax7 as previously
described.7

4.2.12 Demonstration of Cell Isolation and Colony Sampling
In order to examine the ability to isolate cells on microraft arrays and sample colonies
with the replication arrays, 3600 cells were seeded on microraft arrays. Before seeding,
microraft arrays fixed to cassettes were rinsed with 75% ethanol and blown dry with N2.
Reservoirs (16 × 16 × 10 mm) fabricated from 10 : 1 PDMS (prepolymer : curing agent,
wt/wt) were inserted inside the cassette reservoirs to restrict cell-seeding area to the microraft
array area (12 × 12 mm). Microraft arrays were then plasma-treated for 5 min and moved to a
sterile tissue culture hood before being filled with PBS and sterilized by exposure to UV light
for 30 min. After sterilization, arrays were rinsed ×3 with 2 mL PBS, followed a rinse with 2
mL of growth media. A 1-mL aliquot of growth media was then added to arrays and arrays
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were placed in a 37 °C incubator (5% CO2, 95% RH) for 10 min. Meanwhile, a 3600 cell/mL
suspension of PP6 cells was prepared in growth media. Cells were enzymatically lifted from
culture flasks using trypsin–EDTA. Cells were pelleted and trypsin was removed and
replaced with growth media. Finally, cells were counted with the aid of a hemocytometer and
diluted with growth media to a density of 3600 cell/mL. A 1-mL aliquot of the cell
suspension was then added dropwise to the microraft arrays in addition to the already present
1 mL of growth media. Arrays were placed in a 37 °C incubator (5% CO2, 95% RH) for 24 h,
after which time the arrays were removed and rinsed ×3 with growth media to withdraw any
non-adherent cells. Arrays were then imaged through a 10× Plan Fluor objective (Olympus,
Center Valley, PA) using an epifluorescence microscope (IX81, Olympus, Center Valley,
PA) and a Coolsnap HQ2 CCD camera (Photometrics, Tucson, AZ). Custom designed
software was utilized to image and section each individual microraft within the array. A total
of 50 images of single-cell containing microrafts were then manually selected from each
array for continued examination. Arrays were placed back in the incubator for an additional
72 h (96 h total) before being rinsed and imaged as described above to examine for
proliferation. Growth media was exchanged every 24 h.
After 96 h, replication arrays were mated with the microraft arrays to perform colony
sampling. Before mating, replication arrays fixed to cassettes were rinsed with 75% ethanol
and dried with N2. Replication arrays were then plasma-treated for 10 min, followed by
sterilization with 75% ethanol for 30 min in a sterile TC hood. A 4-mL aliquot of growth
media was added to the reservoir formed on the backside of the replication array to act as a
weight to provide stability and help maintain alignment after the two arrays were mated. The
reservoir was sealed with sterile circular no. 1 coverslips (25 mm, Fisher Scientific,
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Pittsburgh, PA) to prevent imaging artifacts. PDMS reservoirs were removed from inside the
microraft array cassettes and replication arrays were then lowered into the media contained
on the microraft array and aligned via the alignment posts and wells present on the
replication array and microraft array respectively. Alignment was aided with the use of an
inverted microscope (Nikon Eclipse TS100, Melville, NY) and a 10× objective (Nikon 10×
Ph1 ADL, Melville, NY). Mated and aligned arrays were returned to the incubator for an
additional 48 h.
After the 48 h replication time, arrays were separated and cells on both the microraft
arrays and the replication arrays were fixed and stained for Pax7 as previously described.7 A
schematic of the replication process can be seen in Figure 4.6.

4.2.13 Identification and Expansion of Pax7+ Cells
Cell seeding, culture, imaging and colony replication were performed in the same
manner as described above in section 4.2.12. However, the cells residing on the microraft
arrays were not fixed and stained for Pax7. Instead, the locations of Pax7 positive (Pax7+)
colonies identified on the replication array were used to determine the locations of Pax7+
colonies on the microraft array. These correlated microrafts were then released from the array
with the use of a microneedle. The microneedle was fixed to a microscope objective. By
raising the microscope objective, the needle was raised to puncture the PDMS backing of the
microraft array, dislodging the desired microraft. An external magnet was used to collect the
dislodged microrafts due to the presence of the magnetic nanoparticle-containing microraft
base layer. A cylindrical magnet (25 mm height, 3 mm diameter) was contained inside a
sealed piece of hollow plastic tubing (50 mm height, 5 mm outer diameter, 4 mm inner
diameter). After microraft release, the tubing was brought in proximity of the dislodged
microraft, attracting the microraft to the tip of the tubing using a magnetic field. The tip of
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the tubing possessing the microraft was then placed into a TC dish sitting on top of a
magnetic plate with polarity opposite that of the cylindrical magnet. The repulsion between
the magnetic poles caused the cylindrical magnet to levitate inside the hollow tubing,
releasing the microraft into the TC dish. After all desired microrafts were released and
collected, the TC dish was placed back in the incubator. These collected cells were then
cultured in growth media for an additional 48 h and imaged to demonstrate further
expansion.

4.3 Results and Discussion
4.3.1 Device Design
In order to produce an analytical tool capable of facilitating the identification of cells
via a destructive assay while producing a viable cell population for future use, certain design
criteria were necessary. First, a suitable surface was necessary for the culture of PCSCs.
Second, this surface had to be partitioned in such a way as to isolate individual cells and
permit segregated clonal expansion of individual cells, in addition to further isolation and
expansion after identification. Third, a component was needed that could be utilized to
sample portions of the colonies for analysis of individual PCSC colonies via a destructive
assay. Each of these design criteria had to be addressed individually in order to produce the
fully functioning device.
To ensure the use of a PCSC compatible culture surface, various cell culture surfaces
were examined. These surfaces typically consist of polystyrene tissue culture dishes that have
been treated with an oxidative plasma. Previous work has shown that polymers similar to or
derived from polystyrene tissue culture dishes are capable of being molded into various
forms and even culturing PCSCs.7, 34 By using a moldable variant of TC polystyrene, a PCSC
compatible culture surface could be created and formed into a device capable of culturing
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cells in a partitioned format, namely a microraft array. These microrafts permit isolated
culture and clonal expansion of PCSCs, thus addressing the first two design considerations.
The inclusion of a magnetic nanoparticle-containing polymer for the base layer of the
microrafts would then enable the collection of microrafts in a magnetic field, facilitating the
removal and collection of individual identified colonies on the microrafts from the entire
microraft array. Finally, an additional microarray device containing posts, termed a
replication array, could be cast using the moldable polystyrene. This replication array could
then be used for the sampling of cells from cultured clonal colonies. By aligning and mating
the two arrays, the posts of the replication array could contact the top surfaces of the cellcontaining microrafts, enabling cells to migrate between the arrays. Sampling could be
performed by manually separating the devices. Identification via a destructive assay for Pax7
could be performed on the replication array and positively identified colonies on the
corresponding microraft array could be isolated.

4.3.2 Device Fabrication
Microraft arrays were fabricated via soft lithography and discontinuous dewetting.
Microwells produced through soft lithography were then filled with polymers and cured,
producing individual microstructures termed microrafts. Microrafts are typically composed
of polymers containing magnetic nanoparticles that permit collection in a magnetic field
upon isolation from the array. However, the possibility exists for these nanoparticles to reside
on the top-most surfaces of the microrafts where cells are cultured, leading to the potential
for cells to uptake these particles. This could have the negative effect of altering cell
physiology, possibly promoting the undesired differentiation of PCSCs. To avoid this,
microrafts were fabricated in two layers, produced by simply dipping the array in two
different polymers. A base polymer composed of a PMMA/MMA 1002F composite
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contained the magnetic nanoparticles, still permitting the collection of microrafts in a
magnetic field, while a top layer composed of polystyrene (10% PS) was nanoparticle-free,
preventing the possibility of cellular uptake. Differing compositions of the two layers was
necessary to prevent the dissolution of the base layer during second layer fabrication. By
using a mixture containing a photoactivated polymer, the base layer could be cross-linked
with UV light, preventing its dissolution upon fabrication of the second layer. To aid in the
location of individual microrafts, numbers were fabricated into the array, essentially placing
an address every five microrafts. Addresses were not placed on every element as they had the
potential to hinder the imaging of cells. Additional structures were also fabricated
surrounding the microraft array. These structures, specifically square microwells, were
utilized to facilitate the alignment of microraft arrays with replication arrays. Wells on the
right and left sides of the array with dimensions of 600 × 600 × 50 µm (length × width ×
depth) were termed rough alignment wells (Figure 4.1). These wells facilitated the coarse
alignment of the two arrays composing the replication device. Wells at the top and bottom of
the array with dimensions of 550 × 550 × 50 µm (length × width × depth) were termed fine
alignment wells (Figure 4.1) and facilitated further alignment.
Replication arrays were fabricated through micromolding. A replication array master
was first fabricated using photolithography. This master was then cast in a PDMS mold. By
producing a mold of the replication array master, difficult photolithographic processes were
no longer necessary for the production of replication arrays. The same 10% PS used to
fabricate the microraft top layer could be poured into the mold, degassed, cured, cooled, and
released, producing an exact copy of the replication array master. However, it was noticed
that replication arrays produced in this way appeared to shrink during fabrication, most likely
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due to the elastomeric nature of the PDMS mold. This was a challenge, as the device relied
upon the exact alignment of the two arrays to permit cell replication. A variety of parameters
including curing temperature, curing time, and cooling rates were modified in an attempt to
prevent the shrinkage of micromolded replication arrays. While it was determined that
decreasing curing temperatures and time (from 70 °C for 4 h followed by 120 °C for 16 h to
70 °C for 2 h followed by 100 °C for 16 h) and cooling rates (from 150 °C/h to 15 °C/h)
reduced shrinkage, it was not fully prevented. Thus, a reverse engineering approach was
undertaken in order to modify the microraft array to ensure alignment. A replication array
was first fabricated and imaged. This image was used to determine the exact location of the
center of the each replication array post within the replication array. These locations were in
turn used to generate a photomask for the fabrication of the microraft arrays, producing
microarrays with the same dimensions as the shrunken replication array.
Replication arrays were also fabricated with the same address system as the microraft
arrays to facilitate microstructure location. Initial replication arrays were also fabricated with
replication posts of 30-µm diameters. However it was soon determined that these posts, being
very brittle, would bend or break during alignment with the microraft arrays. Thus,
replication post diameters were increased to 75 µm. Additional structures were also
fabricated surrounding the replication array. These post structures were designed to fit into
the square alignment wells of the microraft array, facilitating alignment and mating of the
two arrays. While both the fine and rough alignment posts were 500 × 500 (length × width),
the heights were varied. Rough alignment posts were 230-µm tall, while fine alignment posts
were 215-um tall. This difference in height allowed the rough alignment posts to be lowered
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into the rough alignment wells first, providing guidance for the fine alignment posts into the
smaller fine alignment wells.

4.3.3 Materials for the Adherence and Proliferation of PCSCs
In order to ensure the ability of PCSCs to adhere and proliferate on fabricated
microstructures, materials used for microstructure fabrication were examined for their ability
to promote PCSC adhesion and proliferation. Standard TC dishes are commonly used for the
culture of PCSCs and were used as a control surface for comparison of cell adherence and
proliferation.9 With this in mind, standard TC dishes were dissolved in GBL to produce
moldable liquid polystyrene. Once molded, this surface could be plasma-treated in a manner
similar to processes currently used for standard TC dishes.35 Biodegradable materials
previously used to fabricate microrafts were also examined with the potential for future use
in cell-based regenerative therapies, as these materials enable the implantation of the
microrafts containing the isolated cells.36 PDMS was also examined as it is used for the
production of the microwell arrays necessary to generate microrafts. By examining the
samples at 24 h and 96 h periods, the ability of cells to adhere to the surface and to proliferate
could be determined respectively. As seen in Figure 4.7, while all samples expressed similar
quantities for the adherence timepoint (24 h), large differences can be seen in the
proliferation timepoint (96 h). However, plasma-treated polystyrene (PT-PS) samples
displayed quantities for adherence and proliferation of PCSCs to a similar degree as standard
tissue culture (TC) dishes. This data demonstrated the ability of plasma-treated molded
polystyrene to permit the adherence and proliferation of PCSCs. Additionally, PT-PS
displayed preferential proliferation capabilities compared to PT-PDMS, suggesting that
PCSCs should not migrate across the PDMS walls of the microraft array.
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4.3.4 Cell Growth on Microrafts
To examine the ability of cells to culture and proliferate on 2-layer microrafts, 3600
cells were seeded onto microraft arrays. Images were taken 24 h post seeding to identify
microrafts containing single cells (Figure 4.8A). Arrays were then left in culture to
proliferate for 7 days. Media containing high serum levels (50% FBS) was utilized to
encourage viability and proliferation and was exchanged daily. As seen in Figure 4.8, clonal
colonies were produced from single-cell containing microrafts. Immunocytochemistry was
then performed for Pax7 (red). Hoechst 33342 (blue) was concurrently utilized to facilitate
the identification of cell nuclei (Figure 4.8B). As seen in Figure 4.8C, all cells present
expressed Pax7, as demonstrated by the co-localization of Pax7 (red) and Hoechst (blue)
fluorescence. This data demonstrates the ability of 2-layer microrafts to allow for the
generation of clonal colonies from isolated PCSCs, while also permitting PCSCs to culture in
an undifferentiated state for extended periods of time.

4.3.5 Cell Growth from TC Dish to Replication Array
To examine the ability of replication arrays to replicate cells from an underlying
culture surface, molded replication arrays were mated with a TC dish containing culturing
PCSCs. TC dishes were rinsed multiple times to remove loosely adherent cells, preventing
them from detaching from the TC dish and reattaching to the replication array. After 72 h, the
replication array was separated from the TC dish. The array was then stained with Hoechst
33342 at a concentration of 1 mg/ml in culture media to facilitate the identification and
location of cells present on the replication array. As seen in Figure 4.9, the replication array
separated from the TC dish contained a large number of cells. Of two hundred replication
structures examined, 79% of the structures contained cells replicated from the TC dish. This
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demonstrates the ability of replication arrays to sample cells from an underlying culture
surface.

4.3.6 Demonstration of Cell Replication
To demonstrate the ability of the replication device to culture, replicate, and identify
Pax7+ cells, a replication experiment was performed. In the experiment, cells were seeded
onto microraft arrays and allowed 24 h to culture. Microraft arrays were then rinsed and
imaged. For the purpose of monitoring only those cells capable of producing clonal colonies,
these images were utilized to locate microrafts containing single cells (Figure 4.10Ai). Fifty
single cell-containing microrafts were identified per array at random locations (locations
demonstrated in Figure 4.11). Microraft arrays were then returned to culture for an additional
72 h, exchanging the growth media every 24 h. At 96 h, arrays were rinsed and imaged again.
These images were used to determine the percentage of single cells that expanded into
colonies (Figure 4.10Aii). From the images, it was determined that 92% ± 2% (n=3) of the
selected single cells expanded into colonies while culturing on microrafts (red boxes in
Figure 4.11).
After 96 h, replication arrays were mated with the microraft arrays using a
microscope to aid alignment. By aligning the alignment posts on the replication array with
alignment wells on the microraft array, individual replication posts were aligned with the
underlying individual microrafts. Aligned and mated devices were left undisturbed for 48 h
to prevent possible misalignment and to permit replication to occur. After 48 h, arrays were
separated manually by simply lifting the replication array off of the microraft array.
Immunocytochemistry was then performed on both arrays for Hoechst 33342 and Pax7
(Figure 4.10B,C). Analysis of the stained replication arrays (n=3) determined that only 8.7%
± 4.3% of the clonal colonies on the microraft array replicated to the replication array (as
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indicated with green arrows in Figure 4.11). This metric was referred to as the replication
efficiency. However, it was noted that when viewing the entire replication array on a
microscope with a large field of view, only the replication structures near the corners and
edges of the replication array contained replicated cells. Utilizing fluorescent images of the
entire replication array with cells expressing Hoechst fluorescence (Figure 4.11), it was
calculated that only 11.1% ± 2.4% (n=3) of the replication array contained cells, localized to
the array edges and corners. This suggests that only a portion of the replication array was
actually in contact with the microraft array, as the microraft array contained cells across the
entire array and not localized to the corners or edges. This gap between the array surfaces
may be a result of issues in the overall flatness of the micromolded replication array. Based
on the locations of the cells on the replication array, the replication arrays likely possess a
concave rather than a flat surface. This finding implies a possible reason for the poor
replication efficiency and suggests room for improvement upon further optimization of the
replication array fabrication procedure.
Pax7 expression was also compared for the replicated colonies on both arrays. 72.2%
± 25.5% (n=3) of the replicated colonies expressed Pax7 on both the microraft array and the
replication array. All of the remaining replicated colonies (27.8% ± 25.5%, n=3) were
identified as false-negatives, meaning the colonies on the replication array failed to express
Pax7, but expressed Pax7 on the microraft array. This result may be improved once sample
size is increased upon replication array optimization. No false-positives, where Pax7 is
expressed on the replication array but not on the microraft array, were found. Ultimately,
despite concerns over array-to-array contact, this data demonstrated the ability of replication
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arrays to culture, replicate, and identify Pax7+ PCSCs while suggesting improvements for
greater replication efficiencies.

4.3.7 Identification and Expansion of Pax7+ Cells
To demonstrate the ability of the replication device to identify cells and isolate these
cells for expansion, an additional replication experiment was performed similar to that in
section 4.3.6. However, in this experiment only the replication array was stained for Hoechst
33342 and Pax7 to identify Pax7+ cells. Once identified, individual microrafts corresponding
to the locations of Pax7+ cells found on the replication array were collected as described
above into a TC dish containing growth media. These dishes were placed back in an
incubator to allow further expansion.
Replication efficiencies were similar to those found in section 4.3.6 (11.7% ± 6.9%,
n=3). Of the replicated and identified Pax7+ cells, 91.6% ± 14.4% were successfully isolated
from the microraft array and transferred to a TC dish (Figure 4.12A). Within 48 h of
collection, 77.8% ± 25.5% of these collected cells demonstrated further expansion while in
culture (Figure 4.12B). This data demonstrated the ability of the replication device to identify
and expand Pax7+ PCSCs.

4.4 Conclusions
A micromolded replication device was developed to facilitate the identification of
cells via a destructive assay while maintaining viable cellular clones in culture for future use.
A polymer generated from TC dishes was found capable of culturing PCSCs. This polymer
was then utilized to fabricate the various microstructures of the device, namely a microraft
array and a replication array, capable of culturing and sampling PCSCs respectively. A
microraft array, composed of multiple polymer layers, acted as a surface for the segregated
culture of single cells while permitting the generation of isolated clonal colonies. The
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multiple polymers of the microraft array provided a surface for the culture of undifferentiated
PCSCs while facilitating the collection of microrafts in a magnetic field after removal from
the array. A micromolded replication array, composed of the same polymer used for the
microraft culture surface, demonstrated the ability to sample cells from an underlying surface
and permitted destructive immunocytochemical analysis. Initial replication experiments
demonstrated the ability of the device to culture, replicate, and identify Pax7+ cells, in
addition to correlating Pax7 expression between the cells on both arrays. A final replication
experiment demonstrated the ability of the device to culture, replicate, identify, isolate, and
expand Pax7+ PCSCs. Collectively, these results demonstrated the potential utility of a cell
replication device to identify cells through a destructive means while also providing viable
cells for later use.
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4.5 Figures

Figure 4.1 Microraft array master fabrication. A) Photomask defining a 60 × 60 array of 150
× 150 × 50 µm structures and surrounding alignment structures (550 × 550 µm fine
alignment wells and 600 × 600 µm alignment wells for mating with replication array,
triangular orientation marker for alignment and positioning on of the microraft array on the
microraft array cassette) utilized for the fabrication of microraft array masters. Blue text in
(A) is used for annotation; white structures are present on photomask. B) Microraft array
master produced photolithographically in 1002F photoresist from photomask shown in A.
Inset of magnified view of a 2 × 2 section of the microraft array master revealing an
addressable microstructure.
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Figure 4.2 Replication array master fabrication. A) Fabrication schematic depicting the
multiple spin, alignment, and exposure steps necessary to produce replication array masters.
B) Photomask used to pattern a 60 × 60 array of 150 × 150 × 50 µm cubes, photomask
alignment markers for aligning array with future photomasks, and cassette alignment markers
along with an orientation marker for alignment and positioning of the array on replication
array cassettes. C) Photomask used to pattern an array of 75-µm diameter, 215-µm tall
replication posts atop the base array along with two 500 × 500 × 215 µm fine alignment
posts. Photomask alignment markers are found inside the fine alignment posts. D) Photomask
used to pattern 500 × 500 × 230 µm rough alignment posts. Photomask alignment markers
are found inside rough alignment posts. E) Replication array master produced
photolithographically using photomasks shown in B-D. Inset is a magnified view of a 6 × 6
section of the replication array master revealing addressable microstructures placed every
five elements. Blue text in (B-D) is used for annotation; white structures are present on
photomask.
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Figure 4.3 Replication array mold fabrication. A) Schematic of replication array mold
fabrication through PDMS (grey) soft lithography. B) Fabricated replication array mold fixed
to PDMS reservoir.
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Figure 4.4 Replication array fabrication. A) Schematic of replication array fabrication by
micromolding polystyrene (red). B) Electron micrograph showing a section of a replication
array containing 75-µm replication posts and a single addressed base structure. C) Demolded
replication array fixed to custom cassette.
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Figure 4.5 Microraft array fabrication. A) Schematic depicting fabrication of microraft
arrays. B) Electron micrograph of a single microraft, displaying two distinct polymer layers.
C) Microraft array fixed to custom cassette.
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Figure 4.6 Schematic of the cell replication process. A) Cells (green) are seeded as single-ell
suspensions onto the microraft array. B) Cells are allowed time to culture and generate clonal
colonies atop individual microrafts. C) The replication array is aligned and mated with the
microraft array, allowing cells to migrate/replicate between the arrays. D) Portions of the
clonal colonies are removed by separating the arrays and the destructive assay can be
performed, identifying Pax7+ colonies (red) for further isolation. E) Microrafts containing
desired cells are released with the use of a microneedle and collected for future use.
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Figure 4.7 Cell growth on films. Analysis of adherence (24 h) and proliferation (96 h) of
PCSCs on various surfaces; polystyrene tissue culture dish (TC), molded 10% polystyrene
(PS), plasma-treated molded 10% polystyrene (PT-PS), poly(D,L-lactide) (PDL05),
polydimethylsiloxane (PDMS), and plasma-treated polydimethylsiloxane (PT-PDMS).
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Figure 4.8 Cell growth on two-layer microrafts. A) A single cell cultured on an individual
microraft at 24 h post cell seeding. B) Image of microraft from A at 7 days post seeding
displaying a proliferating cell colony. C) Image from B displaying cells stained with Hoechst
33342 (blue) to locate cell nuclei. D) Image from B displaying cells stained with Pax7 (red)
to locate Pax7+ cells. E) Image from B displaying overlayed Hoechst 33342 and Pax7
fluorescence (purple) to demonstrate co-localization.

117

Figure 4.9 Cell growth from TC dish to replication array. Cells cultured on a TC dish were
successfully replicated to a replication array, as evidenced by the presence of cells stained
with Hoechst 33342 (blue) on the replication array.
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Figure 4.10 Demonstration of cell replication. A) Brightfield images of i) a single cell present
on a microraft 24 h after seeding and ii) a colony of cells generated from the single cell in (i)
after 96 h in culture. B) Images of a single microraft (same microraft as in A) after separation
from the replication array displaying i) a brightfield image of cells present on the microraft,
ii) Hoechst 33342 fluorescence (blue) identifying cell nuclei, iii) Pax7 fluorescence (red)
identifying Pax7+ cells, iv) overlayed image of Pax7 and Hoechst 33342 fluorescence
(purple). C) Images of the corresponding replication array element after separation from the
microraft array displaying i) a brightfield image of cells present on the replication array
element, ii) Hoechst 33342 fluorescence (blue) identifying cell nuclei, iii) Pax7 fluorescence
(red) identifying Pax7+ cells, iv) overlayed image of Pax7 and Hoechst 33342 fluorescence
(purple).
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Figure 4.11 Replication efficiency and replication array culture area. Fluorescent image of an
entire replication array with cells expressing Hoechst 33342 fluorescence (white). Cells are
seen near the corners and edges of the replication array. Boxes indicate locations of singlecells on the corresponding microraft array. Red boxes indicate locations where single cells
expanded into colonies, while yellow boxes indicate locations where single cells did not
expand into colonies. Green arrows indicate colonies that successfully replicated to the
replication array. The area shaded by the gray octagon represents the estimated area of the
replication array in which the cells did not replicate.
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Figure 4.12 PCSC isolation and expansion. A) Microraft isolated from the array containing
Pax7+ PCSCs as identified by staining of the replication array. B) Microraft seen in (A) 48 h
after collection, demonstrating the expansion and continued culture of PCSCs after
identification and isolation.
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Chapter 5: Conclusions and Future Directions
5.1 Conclusions
5.1.1 Polystyrene-Coated Micropallets for Culture and Separation of
Primary Muscle Cells
The ability to culture diverse cell types on microarray platforms is limited by the
materials utilized for microstructure fabrication. These materials, be it photoresists or other
synthesized polymeric materials, do not always present a biocompatible surface for cell
culture. To overcome this challenge, micropallet arrays were modified for the culture of
primary canine satellite cells (PCSCs).
Contact printing was utilized to modify the micropallet surfaces only, preventing the
need for a complete redesign of the microstructure makeup. This method was demonstrated
by the application of various polystyrene copolymers and extracellular matrix proteins
(ECMs) to micropallet arrays. These polystyrene copolymers contained functional groups to
impart a charge to the surface, using acrylic acid (AA) to supply a negative charge and 4vinyl pyridine to supply a positive charge. The use of polystyrene copolymers possessing
charge-inducing functional groups was inspired by the employment of polystyrene tissue
culture (TC) surfaces treated with oxygen plasma to impart a negative charge.1,

2

A

polystyrene copolymer containing 5% AA by weight was able to mimic the ability of
polystyrene TC dishes to support the adhesion and culture of PCSCs. More importantly, this
surface did not induce differentiation of PCSCs under standard culture conditions, nor

produce a rate of spontaneous differentiation greater than standard TC dishes when cells
were cultured in conditions promoting differentiation, as determined by mRNA levels of the
PCSC marker Pax7 and the differentiation marker Utrophin. Additional experiments adding
layers of the ECMs collagen or gelatin showed no appreciable improvement over the
copolymer alone for PCSC adhesion or proliferation ability.
While demonstrated with polystyrene for PCSC culture, this contact-printing method
should be applicable to examine coatings of almost any polymer matrix for the culture of
cells on microarray surfaces, including stem cells. This should also enable the sorting of a
number of primary cell types using microarray technologies, as was demonstrated, by a
variety of cell-identifying characteristics including morphology, growth rates, and various
temporal behaviors not possible with previous cell separation techniques.

5.1.2 Laser-Based Directed Release of Array Elements for Efficient
Collection into Targeted Microwells
An efficient system for the release and collection of microarray elements was
designed and demonstrated. A laser-based procedure was enhanced to precisely release
individual pallets and collect them into targeted microwells. The optimization of laser focal
positions in combination with the examination of the effects of pallet geometry on pallet
trajectory and travel distance enabled collection of hundreds of pallets both accurately and
efficiently. Cell sorting with this system exhibited high yield, purity, and cell viability.
Sorting was demonstrated based on fluorescent attributes; however, this technique should
prove useful for sorting experiments based on a variety of additional selection criteria
including, but not limited to: cell size, morphology, growth rate, and other temporal
properties.
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5.1.3 A Micro-Molded Cell Replication Device Utilized for Destructive Cell
Assays Capable of Producing Viable Cells
To obtain viable cell populations when the use of a destructive assay is required for
cellular identification, a micromolded replication device was developed. This device utilized
two separate microarray platforms designed with specific micromolded structures permitting
the platforms to be aligned and mated, enabling culture, sampling, identification, and
isolation of cells. The two microarray platforms, termed microraft arrays and replication
arrays, were fabricated from a biocompatible polymer generated from polystyrene TC dishes,
a surface suitable for culturing PCSCs. Individual microrafts were composed of multiple
polymer layers: a magnetic nanoparticle-containing base layer to permit collection in a
magnetic field upon microstructure isolation, and a nanoparticle-free polystyrene top layer to
culture cells and prevent cellular uptake of magnetic nanoparticles. These microrafts acted as
a cell culture surface enabling the segregated culture of single cells while simultaneously
permitting the formation of clonal colonies. Micromolded replication arrays, composed of the
same magnetic nanoparticle-free polystyrene as the microraft top layer, were designed to
align with the microraft array and contained post structures capable of contacting the top
surfaces of the microrafts. By contacting the microraft surfaces, the replication array
provided a gap-free junction allowing cells to migrate from the microraft array to the
replication array, effectively sampling cells from the clonal colonies. After manually
separating the two arrays, the destructive immunocytochemical analysis could be performed
on the cells residing on the replication array. As demonstrated, the fluorescent attributes of
sampled cells were correlated to the original colonies on the microraft array. As also
demonstrated, cells could be identified on the replication array, isolated from the microraft
array, and expanded for future use.
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While only demonstrated with PCSCs, this device should prove useful for a variety of
applications with other cell types requiring destructive assays. Additionally, as the use of
antibodies for non-destructive methods of identification can still prove problematic through
the potential altering of cellular physiology,3 the utility of the replication device may be
greatly expanded to many cellular identification methods. Despite low replication
efficiencies as a result of array-to-array contact issues, the replication device described herein
has demonstrated the ability to utilize cellular clones for identification through destructive
analysis while permitting the continued culture of an unaltered portion of the clonal colony
for future use.

5.2 Future Directions
5.2.1 Improvements to the Laser-Based Directed Release and Microwell
Collection System
In order to broaden the applicability of the microwell collection system, a variety of
materials could be examined for microwell fabrication. Microwells produced from materials
other than PDMS could potentially expand the diversity of cells collected and cultured, as
PDMS is not an appropriate culture surface for all cell types.4 Other possible materials
include, but are not limited to: polystyrene, cyclic olefin polymer/copolymer, and
poly(methyl methacrylate).
Additionally, the incorporation of motorized stage controls could improve collection
accuracy and efficiency. This would also reduce cross-talk by facilitating alignment and
collection with precision mechanical stage controls compared to the current manual controls.

5.2.2 Optimization of the Replication Arrays Used for the Micro-Molded
Cell Replication Device
As seen in Chapter 4, further optimization of the replication array is still necessary.
Current replication arrays, which are required to sample cells from colonies generated on a
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microraft array, appear to have a concave surface. This prevents the replication posts from
contacting the flat surface of the underlying microrafts, inhibiting cell migration from the
microrafts to the replication array. The current arrays demonstrated replication only on the
outer edges, resulting in low replication efficiencies. Methods to improve array flatness may
be useful in increasing the replication efficiency by allowing more, if not all, of the
replication posts to contact the underlying microrafts. The primary reason for surface
concavity of the replication arrays is believed to be based on array thickness.
Current micromolded replication arrays possess a thin polystyrene base layer that is
approximately 300 µm thick. This very thin layer is susceptible to deformation when placed
under strain. As such, thicker replication array base layers will be generated. This will
require modifications to amounts of polystyrene used, curing times, and even potential
modifications to the replication array molds. Once completed, the thicker replication array
can be tested for array flatness by performing similar replication experiments as in Chapter 4.
Other surface analysis techniques, such as stylus or optical profilometry, can also be used
prior to experimentation to examine the flatness of the array surface.
Should increasing the replication array base layer thickness not produce flat arrays,
potential strain-inducing sources will be examined, the first of which being the custom
designed replication array cassettes. These cassettes were fixed to the inner perimeter edges
of the back of the replication arrays using PDMS. It is possible that the curing and adhesion
of PDMS to the replication array during this process applied various forces that resulted in
deformation. This could be prevented by a redesign of the replication array cassette,
potentially including a flat surface to adhere the replication arrays instead of a thin perimeter
border. Additionally, the current cassettes are utilized to form a reservoir on the back of the
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replication array. This reservoir was filled with growth media to provide stability and
maintain contact after the two arrays have been aligned and mated. This reservoir was sealed
with a glass coverslip to prevent imaging artifacts possible from the scattering of light due to
a liquid meniscus. It is possible that sealing the reservoir generates a vacuum, causing the
deformation of the thin polystyrene replication array. This again could be prevented by a
redesign of the replication array cassette or by simply not sealing the reservoir with a glass
coverslip. Since visualization during the replication process is not a requirement, the arrays
could simply be detached from the cassettes before imaging to prevent scattering artifacts.

5.2.3 The Use of a Replication Device to Decrease the Time Required to
Isolate Primary Canine Satellite Cells From Muscle Populations Using the
Preplate Procedure
Experiments described in Chapter 4 utilized PCSC populations obtained via the
preplate technique.5 This five-day procedure enriches PCSCs based on six successive
platings of cells to polystyrene TC dishes, referred to as preplates 1-6 (PP1-6). These
preplates provide PCSC populations of increasing purity based solely on adhesion
characteristics. While useful for PCSC enrichment from mixed muscle populations, this
lengthy technique provides no real-time data as to the percentage of PCSCs present in each
preplate, as such analysis would require destructive assays. Samples utilized for
experimentation in Chapter 4 relied on enriched PCSC populations attained from PP6,
containing the greatest percentage of PCSCs of all the preplates. Future work will attempt to
utilize samples from earlier preplates to determine if the full preplating procedure is required
to obtain identified PCSCs with the replication device. It is conceivable that the use of the
replication device may shorten the length of time required to obtain PCSCs, in addition to
providing a form of real-time analysis.
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