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ABSTRACT

This research explores two applications that both require the ability to dynamically and
efficiently redirect a laser to a volume of focal points in a sample. In the first application, a
fabrication technique is presented to microlithographically-patterned three dimensional cellular
structures in polymer hydrogels, with a particular focus on patterning C2C12 cells in linear
arrangements to study the formation of muscle fibers. By exploiting the precision and control of
microlithography to fabricate artificial tissues, this research aims to develop and demonstrate
use of a tool that can be used to answer fundamental questions of developmental cell biology
which cannot be addressed with existing randomly arranged 3D tissue scaffolds or 2D plated
cells. In the second application a spatial light modulator (SLM) based microscope is presented
that offers a new optical method of stimulating and monitoring interconnected cells in 3D
environments. By non-invasively stimulating and imaging such 3D arrangements including
artificial, ex vivo or in vivo tissue volumes, this research further aims to extend understanding of
cellular interconnectivity, particularly in neural networks of brain slices. This highly
interdisciplinary work was completed in collaboration with a diverse group of active
international collaborators from the fields of micromanipulation, microlithography, cellular

biology, and neuroscience.

The tissue engineering work presented in this thesis merges holographic optical tweezers
for cell positioning with step-and-repeat 3D additive manufacturing to fabricate complex

polymer microstructures of arbitrary scale containing internal cellular arrangements organized



with micron-scale precision. These polymer micro-scaffolds support the cellular network and
also provide channels for nutrient flow and directed cell growth. This research is the
foundation of a new discipline of live cell lithography, which is used to enable biologists to
study cell to cell signaling and cellular growth as a function of 3D cellular positioning in an

environment that more realistically represents living tissue.

The second portion of the research extends the understanding of 3D cell networks using
optogenetics. The project aims to develop a spatial light modulator (SLM) based microscope to
enable optical monitoring and manipulation of the activity of neuronal ensembles, in vitro and
in vivo. The outcome is a compact commercially available microscope that enables fast, 3D
imaging and photoactivation of neurons. This can be used for imaging intact neural network
activity, optical manipulation of neuronal firing, functional mapping of brain connectivity,
investigating neurovascular coupling, and assaying neuronal activity in animal models of brain

disease.
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1 Introduction

1.1 Introduction to Tissue Engineering
Over the last 30 years, a wide range of methods have been developed for fabricating

synthetic living tissues whose development is studied to answer fundamental questions of
biology and to fabricate regenerative medical implants. Despite extensive research, there is not
yet an ideal tool for understanding cellular dynamics, tissue growth and for fabricating
functional implants. Initial research focused on 2D cell distributions, where patterning of cells
was commonly accomplished though lithographic deposition of extra-cellular proteins that
were used to direct cell attachment and growth on planar arrays [1,2,3]. Unfortunately, it was
quickly realized that 2D structures do not accurately represent living tissue and thus are not
appropriate for many biological studies or restorative medicine. As a result, a variety of

methods to construct complex 3D tissue scaffolds came under study.

Approaches to fabricating 3D scaffolds are primarily derived from 3D printing [4]. In general,
the technology relies on seeding the scaffold with cells after the scaffold has been fabricated
[5]. This significantly eases the manufacturing process. It is not necessary to ensure
biocompatibility of all materials used during manufacturing, but instead it is only necessary to
ensure that the end product is biocompatible. Further, it is not necessary to maintain
conditions for cell viability, such as temperature and humidity, during fabrication. Nor is it
necessary to develop strategies to prevent cells waiting to be ‘printed’ from adhering to the vial

they are suspended in which would result in a decreasing cell concentration with time.



While seeding with cells after fabrication eases constraints on processing, it results in
several key limitations. First, it is difficult to selectively expose regions of the scaffold to specific
cell types. The inability to ensure that cells only exist along desired channels makes precise
patterning of multiple cell types within a single scaffold challenging. Second, seeding after
fabrication can result in a non-uniform distribution of cells. This can limit the repeatability of
development studies, and makes precise experiments studying cell-to-cell interaction

challenging.

The problems associated with seeding cells after fabrication led to research on direct
printing of cells, with the long term goal of printing organs [6]. This has been accomplished
using a modified ink-jet printer. Cell suspended in solution are loaded into ink cartridges, and
are directly printed onto microscope slides. Cells less that 100 um in diameter fit through the
nozzle, and the droplet size that is released from the nozzle can be controlled such that on
average one cell is printed per drop. However, in order to increase the likelihood that only one
cell is printed per drop, droplet sizes are kept to a minimum. As a result, very little fluid is
deposited as cells are printed. The fluid rapidly evaporates after printing, leading to up to 25%
loss in viability of samples. In order to combat evaporation, cells are printed on a highly
hydrated gel matrix. This is sufficient for printing 2D structures, but does not readily lend itself
to 3D structuring. Taking this approach forward, it would be necessary to print a single layer,
coat that layer in the hydrated gel matrix to provide a platform for the next layer, and then
print a second layer. Removing the sample from the system makes it challenging to retain
registration between layers. Furthermore, for fundamental studies of cell to cell

communication the inability to provide patterning with cellular resolution is insufficient.



Thus, a critical need in this active research field is the development of a method which can
rapidly fabricate arbitrary 3D distributions of multiple cell types in an arbitrary 3D hydrogel
structure. This would provide an unprecedented level of control over cellular arrangement to
enable fundamental studies of growth, development, and degenerative disease. The goal of
this research is to demonstrate how the precision of photolithography and holographic optical
tweezers can be merged to arrange cells within a 3D volume and photopolymerize a hydrogel
network around those cells. The network functions as a supporting structure for cells and can
provide biomechanical and biochemical cues to promote growth in complex multi-material

samples.

Organization of C2C12 myoblasts to study formation of multi-nucleated myotubes, which
are muscle fibers, is an ideal problem to validate this approach to tissue engineering. If C2C12
myoblasts are seeded in a flask with differentiation media, cells will replicate until confluent
and fusion will begin. Fig. 1 shows a brightfield image of C2C12 cells that were incubated for 8
days in differentiation media. Very little open space is present between cells, indicating that the
sample is confluent, and multiple long cells have formed indicating cell fusion and myotube
formation. However, the random initial organization of the cells leads to disorderly myotube
formation. Functional muscle tissue capable of producing significant contractile forces requires

alignment of myotubes which does not result from this random initial seeding.



Fig. 1 Brightfield micrograph of C2C12 cells seeded into a flask and incubated in differentiation media for 8 days. The cells
replicate until the flask is confluent, at which point cell fusion begins. However, in a randomly seeded flask there is no
control over the organization and distribution of the fused cells.

In order to fabricate orderly arrangements of myotubes it is necessary to provide some
mechanism which promotes organization of the C2C12 myoblasts prior to fusion. A variety of
techniques have been demonstrated to accomplish this goal on planar arrays through use of
either biochemical or biomechanical cues. One strategy, demonstrated by Bajaj et al. is to print
fibronectin on petri dishes. Cells washed onto the petri dish preferentially adhere to the
fibronectin, allowing exploration of myotube formation in a range of geometries including lines
of different widths, tori of different inner diameters, and hybrid structures (linear and circular
features with different arc degrees) [7]. Other approaches considered the importance of
biomechanical cues provided by edges to align myoblasts. For example, Hume et al. used
surface topography to align cells within microchannels [8], resulting in thick orderly formation
of myotubes. Likewise Chan et al. fabricated multi-material cantilevers composed of poly
(ethylene glycol) diacrylate (PEGDA) and acrylic-PEG-collagen (PC) mixtures [9]. Acrylic-PEG-
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collagen was incorporated into the PEGDA-based materials to enhance cell adhesion, spreading,
and organization. Chan demonstrated that cells preferentially aligned to the boundary of the
cantilever, and the neighboring cells align correspondingly. Fujita et al. found that edges are
sufficient to define alignment if the total width of the cantilever is less than 400 um wide. [10].
In summary, these studies have shown that randomly plated C2C12 myoblasts will
preferentially form myotubes aligned to the boundary of the plated region. This organization
propagates some distance from the edge such that aligned myotubes can be formed.

While these studies demonstrate the ability to precisely pattern myotubes formation in a
plane, the technologies do not readily translate to 3D patterning to build large scale tissue
scaffolds. Further, these methods do not allow for fabrication of more complex scaffolds that
contain more than one cell type. Finally, alignment from the boundary of a randomly plated
region does not enable precise study of myoblast signaling or the fabrication of myotybes with

arbitrary geometry.

To address some of these shortcomings, Zorlutuna et al. combined stereolithography with
encapsulation of cells in hydrogel to fabricate multi-layer tissue scaffolds with multiple cell
types as shown in Fig. 2. Zorlutuna fabricated samples with spatially organized blocks of C2C12
cells, PC12 cells, and adipose-derived stem cells in a 3D hydrogel matrix with tunable
mechanical and degradation properties [11]. This enabled studies of cellular interactions and of
the microenvironments in complex tissues. While this significantly increased the complexity of
the fabricated scaffold, the scaffolds consisted of blocks of encapsulated cells that were 3mm

wide, with random organization of the cells within the blocks. This is particularly deleterious for



the C2C12 cells, as the random organization over such a large area did not lead to formation of

orderly muscle tissue.
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Fig. 2 An approach to tissue engineering demonstrated by Zorlutuna et al.[11]. A) Schematic representation of the SLA. B)
Fabrication steps for xyz patterning. C) CAD model for fabricating a hydrogel with different cell/material types in the same
layer. D) Stereomicroscopy image of the constructed hydrogel. A window frame was fabricated using PEGDA3400, and
squares were fi lled with OMA-PEGMA1100. E) Fluorescence microscopy image of the encapsulated MCs (red), HNs (green),
and ASCs (blue), localized at different compartments in the same layer. F) CAD model for fabricating a hydrogel with two
different cell types (MCs and HNs) in the same layer, followed by a third cell type (ASCs) encapsulated in the subsequent
layer. G) Fluorescence microscopy image of the ASCs (blue) in the first layer, encapsulated in PEGDA3400; H) Fluorescence
microscopy image of the MCs (red) and HNs (green) in the second layer, encapsulated in OMA-PEGMA1100 (the scale bar is 1
mm).



This research presented here demonstrates a method to control the number of nuclei of
multi-nucleated C2C12 cells, the direction of growth of the cells, and the organization of multi-
cell structures. Living cells are directly patterned and encased into hydrogel voxels using
holographic optical tweezers combined with maskless projection lithography. Multilayer
structures of arbitrary dimensions are realized through step-and-repeat patterning and micro-
stereolithography. This is demonstrated to be a biocompatible process that removes the need
to later seed the scaffold with cells [12,13]. Furthermore, this work demonstrate the ability to
rinse and replace the liquid monomer during the patterning process such that more complex
structures containing multiple materials can be fabricated. The approach allows for controlled
studies of fundamental cellular biology and tissue engineering via millimeter scale scaffolds

containing arrangements of cells positioned with micron-scale accuracy.

In the first half of this thesis, holographic optical tweezers are utilized to arrange cells into
three-dimensional patterns for tissue engineering research. The enabling technology is the
nematic liquid crystal spatial light modulator (NLC SLM) that is used to modulate the phase of a
coherent light source to selectively generate and rapidly manipulate the 3D position of
hundreds of intense optical foci within a 3D volume. Each focus is capable of trapping and
manipulating the position of cells via the photon momentum. The second half of this thesis
expands this capability to dynamically structure light and translates it into the field of
neuroscience. All the concepts of holographic optical tweezers can be applied, but no longer as
a tool to manipulate the position of objects within a 3D volume. Instead the focal points are

used to probe and manipulate neural circuits in brain slices, as described next.



1.2 Introduction to optogenetics

Despite extensive research of neurological diseases including Alzheimer’s, Parkinson’s,
schizophrenia, depression, post-traumatic stress disorder and autism spectrum disorders,
understanding of neurological disease and treatment remains poor. There has not been a
fundamentally new class of drugs for psychiatric disorders since the 1970s. It is hypothesized
that this is largely because we lack the tools required to understand how neural circuits work
and how drugs act on them [14]. The lack of medical breakthroughs for treatment of
neurological disease represents a significant healthcare cost today and projections that are
unsustainable. For example, the Alzheimer’s Association reports that in 2013 Alzheimer's will
cost the nation $203 billion. This number is expected to rise to $1.2 trillion by 2050 [15].
Therefore, there is a need for better tools to understand brain function and how brain function
is altered when mental illness occurs. Such tools would also allow for quantitative measures of
how drugs impact brain function such that more effective and localized treatments for mental

illness can be developed.

Understanding of brain function at the cellular level began in 1949 with Cole and Hodgkin
[16,17] when they developed the patch clamp to measure the properties of ion channels in the
cell membrane of the squid giant axon. In a traditional patch clamp experiment, the cell
membrane is manually ruptured by a glass pipette approximately 1 micron in diameter. The
current as a result of ions flowing through channels in the cell membrane can be measured with

respect to a reference via an electrode in the glass pipette.



Over the last 65 years, the tool has come into widespread use, enabling researchers not
only to measure the voltage variations during cellular activity with single cell resolution, but
also allowing the ability to stimulate activity in cells. When two patch clamps are used
simultaneously, the technique can be used to map neural circuits. A patch clamp is used to
stimulate action potentials in one neuron and a second patch clamp is used to probe for a
postsynaptic response in surrounding neurons. In this application, the sensitivity of the patch
clamp is beneficial. The postsynaptic response to an action potential from a single presynaptic
cell is a much smaller than an action potential. Thus, the postsynaptic event induced is not

easily detectable using methods other than a patch clamp.

As useful as the patch clamp is, there are critical drawbacks. First, the technique is invasive.
When attempting to probe cells deep into the tissue, the probes inevitably tear holes, damages
cells, and breaks the connectivity of the networks above the desired target. Second, it is easy
to accidentally kill the cell one is attempting to measure when rupturing the cell membrane.
Lastly, it is time consuming to patch clamp multiple cells in brain slices, limiting the number of
cells one can probe before the slice dies. These drawbacks limit the ability to use a patch clamp

to understand the brain from a circuit level.

A far different approach is functional magnetic resonance imaging (fMRI). This technology
measures brain activity by detecting changes in blood flow[18]. When an area of the brain is in
use, oxygen rich blood flows to the region of activity. Within several seconds, oxygen is
depleted. Measurements are made possible because deoxygenated blood is more magnetic

than oxygenated blood. Thus, spatial and temporal changes in oxygen levels enable researchers



to non-invasively measure the local magnetic resonance of the brain, which is correlated with
brain activity. Voxels of measured activity typically range in size from 4-5 mm, to 1 mm. Smaller
voxels contain fewer neurons on average, but incorporate less blood flow, and hence have less
signal than larger voxels. Thus, a voxel typically contains a few million neurons [18]. This spatial
resolution is sufficient for structural imaging for diagnosis of large scale intracranial disease
such as tumors, for diagnosis of injury, and for detecting lesions. However, it is less commonly

used for in understanding neurological diseases.

It is hypothesized that this is because neurological diseases exists at a different scale,
potentially manifesting itself as slight differences within the firing patterns or the structures of
the micro-circuitry of the brain [14]. To validate this hypothesis, there is a need for technologies
that can address brain imaging at an intermediate resolution between that of two cells
observed with a patch clamp and the few million cells in a single voxel of fMRI. Instead it is
desirable to look neural circuits with single cell resolution, but retain the ability to

simultaneously monitor and manipulate hundreds of cells within a 3D volume.

In the last decade, neuroscientists have begun to transition from patch clamps and fMRI, to
a new set of optical techniques to tackle studies of emergent level of neuronal circuit activity,
using light to both monitor and manipulate the activity of neuronal ensembiles, in vitro and in
vivo. The combination of optical methods with genetically encoded photosensitive proteins
(referred to as optogenetics) and optochemical (caged) compounds now offers the opportunity
to image the activity of many neurons through calcium imaging and optically control them

through photostimulation.
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In calcium imaging, cells are loaded with chemical indicators that bind with calcium during
an action potential. If the cell is targeted with an excitation source during the action potential,
then there is a localized fluorescence spike. In photostimulation, tissue is loaded with
compounds that cleave when illuminated, stimulating receptors in neighboring cells causing an
action potential. These techniques are fast, enabling researchers to monitor and manipulate
cellular activity on timescales approaching 1 kHz [19] and can be used on large numbers of cells
with a spatial specificity of less than 1 um [20]. Light is less invasive than electrodes, and offers
considerable flexibility and simple multisite modulation. Finally, optical techniques can have
single cell resolution, while retaining the ability to target a large number of cells within a

volume of the brain.

Development of chemical compounds for optogenetics is driving advancements in
commercially available microscopes to address two fundamental limitations. The first is slow
temporal resolution. Scanning microscopes use resonant stages, galvanometer scanners, or fast
random-access serial scanning using acousto-optic deflectors to raster scan a laser through the
sample to build an image pixel by pixel. This can result in scanning rates of 50kHz [21].
However, it is still difficult to achieve simultaneous multisite stimulation with this approach
because it is necessary for the laser to dwell at each location to collect enough photons to
generate a usable image or to modulate the activity. Attempts to circumvent this by increasing
the peak excitation intensity are fundamentally limited, because the high intensity triggers

photo-damage of the neurons and photo-bleaching of the fluorophores.
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The second limitation is that, in commercially available microscopes, the areas in focus are
two-dimensional surfaces, while neural circuits have three-dimensional structure. Depth
scanning can be used to build a 3D image, but is very slow as it is typically realized by scanning
the objective at rates of around 20 Hz [22]. This is insufficient to monitor neural activity in a
volume, which occurs on the timescale of a single millisecond. As a result, one only images a
small subset of the neurons, and therefore collects a limited picture of the total activity. For
optogenetics research, there is a need for a microscope capable of dynamic and arbitrary

formation of multiple foci in 3D, and 3D imaging.

In much the same way that NLC SLMs are used in holographic optical tweezers to generate
hundreds of independent foci, and to reconfigure the 3D position of the foci at rates of up to
500 Hz, SLMs can be used in optogenetics to address the slow, serial addressing of scanner-
based microscopes. Thus, using SLMs one can deliver light to simultaneously excite multiple 3D
sites to first stimulate activity, and then to target cells in a volume to monitor the response of
the neural circuit to the stimulation. Using a fast camera the activity of the neural circuit is
recorded. This effectively parallelizes the process of monitoring and manipulating activity of
neurons among a large population of cells.

The potential for use of NLC SLMs in optogenetics was demonstrated by Yuste et al with the
development of a prototype SLM based microscope that allows for the simultaneous excitation
of multiple neurons in brain slices [23]. In that work, Yuste simultaneously imaged and detected
action potentials in dozens of neurons, with frame rates of 66 Hz. However, that SLM
microscope still relied on a traditional imaging system only capable of imaging a single 2D plane

at a time. The lack of 3D imaging did not take advantage of the ability for SLMs to target
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neurons in a 3D volume. To push SLM microscopy to its potential, one needs to build an SLM
microscope that enables fast, truly 3D capabilities addressing not only 3D targeting but also 3D
imaging. In addition, for its widespread use by biologists and clinicians, these microscopes must
be easy to use, inexpensive, robust, and, ideally, portable. The second half of this thesis

presents the design and demonstration of such a system via calcium imaging of live brain slices.

1.3 Thesis Overview
Although two very different problems are studied in this thesis, there is a common

thread between the two projects: use of a NLC SLM to rapidly and dynamically control many
focal points within a 3D volume of living cells. In the tissue engineering research, control of the
focal points is used to selective position cells in liguid monomer. Using a secondary NLC SLM,
the liguid monomer is selectively polymerized to provide a supporting structure that holds the
cells in place. In the neuroscience research, control of the focal points is used to selectively
monitor and manipulate activity of neural circuits in brain slices. While the two applications are
quite different, the underlying requirement of efficient control of focal points within a 3D

volume remains the same.

The thesis is broken into two sections, the first half aimed at tissue engineering and the
second half at optogenetics. In both projects, | designed, built, characterized, and tested a
custom optoelectronic instrument. Chapter 2 discusses the SLM-based holographic optical
tweezer and micro-stereolithography system designed for tissue engineering. Chapter 3
demonstrates the use of the microscope for patterning poly(ethylene glycol) dimethacrylate
(PEGDMA) based hydrogel scaffolds. Chapter 4 explores fabrication of thiol-ene based hydrogel

scaffolds, and Chapter 5 investigates patterning cells in a multi-material system. Chapter 6
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introduces optics and software of the Pocketscope, which is the SLM based epi-fluorescence
microscope used for optogenetics. Chapter 7 justifies the increased need for improved
beamsteering efficiency, and explores two methods to improve efficiency. Chapter 8 presents
results of calcium imaging in brain slices. Chapter 9 concludes the thesis, including ideas for

future work.
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2 The Fabrication Platform for Tissue Engineering
The goal of this research is to design a platform that can fabricate millimeter scale three

dimensional hydrogel scaffolds containing living cells positioned with micron-scale accuracy.
This will lay the foundation for precise and repeatable studies of cell development and cell-to-
cell communication. The purpose of this chapter is to describe the design of the optical system
used for live cell lithography. Chapters 3, 4, and 5 will present experimental results of the

system.

The fabrication platform merges high-speed automated holographic optical tweezers (HOT)
[24] with micro-stereolithography. The commercial HOT instrument uses a 1064 nm laser
structured by a NLC SLM to organize cells in a liquid mixture of cell culture medium, monomer,
and photoinitiator. A 405 nm source is modulated by a second NLC SLM projected into the
focal plane to locally convert the liquid into a gel via excitation of the photoinitiator and
crosslink of the monomer. To create 3D structures, a small stereolithography chamber is built
into the sample area to enable multi-layer fabrication. This 3D printing apparatus is held on

precision x,y stages, enabling patterning of large lateral areas via a step-and-repeat processes.

2.1 Holographic optical tweezers
Optical trapping, originally demonstrated by Ashkin in 1986, enables manipulation of

micron-sized objects using a tightly focused laser beam [25]. Early research with optical
trapping aimed at rapidly manipulating the position of a single focal point within a 2D plane
through use of a scanning mirror, or acousto-optic deflector (AOD). The high scanning rate, of
up to 50 kHz [21], allows one to use this approach to control the position of many objects.

Time-sharing a single focal point between multiple trapped objects is possible as long as the
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laser is returned to the same location faster than the time it takes the trapped object to diffuse
away, typically on the order of tens of milliseconds [26]. However AODs and scanning mirrors
do not allow the ability to manipulate objects within a 3D volume. This led to the development
of holographic optical tweezing systems where a NLC SLM is used to dynamically modulate the
phase of an incident laser to impart linear sums of tips, tilts, and defocus terms. This phase
pattern, or hologram, is imaged onto the back aperture of a microscope objective. When
Fourier transformed by the objective, a volume of tightly focused points are created in the

sample, enabling 3D tweezing.

The forces in an optical trap can be broken into two components: a scattering force, and a
gradient force, as illustrated in Eq. 1-4 [27]. In these equations Iy is the intensity of the incident
light, o is the scattering cross section of the sphere, n,, is the index of refraction of the medium,
c is the speed of light in vacuum, m is the ratio of the index of refraction of the particle to the
index of the medium (n,/nm), a is the radius of the particle, A is the wavelength of the trapping
laser, and a is the polarizability of the sphere. One can think of the scattering forces as the force
of photons pushing the object in the direction of light propagation. This is generally the force
that dominates. However, if there is a steep intensity gradient as can be found in a focal point
created with a high numerical aperture (NA) objective, then as light refracts when passing
through the object it can transfer momentum that pulls the object to the waist of the focal
point. This makes it is possible to manipulate the position of objects by translating the x,y and z

position of focal points.
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Objects with a higher refractive index than the surrounding media are pulled by the
gradient force to the waist of a focal point. However, objects with a lower index of refraction
than the surrounding media are repelled by focal points. This necessitates the use of Laguerre
Gaussian beams which are dark at the center of the beam, allowing objects with a lower
refractive index to be trapped in the hole in the beam. In either case, by dynamically moving
the position of the focal point, one can dynamically translate objects within the sample volume.

Optical tweezers systems are capable of generating up to 200 dynamic and independently
controllable traps [28]. Although cell manipulation is the typical application, objects as small as
tens of nm have been manipulated and diverse materials controlled, including dielectric
spheres, metallic spheres, metallic nanoshells, carbon nanotubes, air bubbles and even water

droplets in air [29-35].

The volume over which objects can be manipulated is dependent on the design of the
tweezing system. The depth of the tweezing system is limited by aberrations of the high-NA
objective to approximately £ 20 um [36]. The lateral dimensions are set by the relay optics used

to image the SLM to the back aperture of the objective, the dimensions of the back aperture
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and the numerical aperture of the objective and the maximum spatial frequency hologram that
the SLM is capable of providing. For example, one can consider the lateral dimensions of the
Cube (Boulder Nonlinear Systems), as this is used as the foundation for the live cell lithography

system presented in this work.
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Fig. 3 (top) Optical layout of the Cube, a brightfield microscope and holographic optical tweezer system

A diagram of the Cube is shown in Fig. 3 [37]. Diffraction limited optical traps are formed
using a 10W 1064 nm fiber laser (IPG Photonics, YLR-5-1064-LP) which illuminates a mirrored
512 x 512 pixel phase-only nematic liquid crystal spatial light modulator (P512-1064 SLM,
Boulder Nonlinear Systems) through a Keplerian beam expander. The SLM is imaged to the back
aperture of the 1.35 NA oil immersion microscope objective (Olympus UAPON 40X0340)
through an image relay with a magnification of 1.33x. As a result, the 15 um pixel pitch of the

SLM is magnified to 20 um at the objective. The maximum angle that the SLM can steer to is
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realized when a binary 0, t grating with period of 2 pixels is written to the SLM. Using a
wavelength of 1.064 um, the maximum angle the SLM can steer to is 1.52°. The focal length of
the objective is 4.5 mm. Thus, in the Cube the maximum lateral dimension of tweezing are

+119.7 um.

The choice to magnify the image of the SLM in the relay optics between the SLM and the
objective increased the disparity between the angle that the SLM can steer to, which is £119.7
um, and the area that the objective can image, which is 662 um. However, the magnification in
the relay optics matches the image of the SLM to the dimensions of the back aperture of the
objective, meaning that the full NA of the objective is utilized to create traps. Had the SLM be
relayed with a demagnification, it would have been possible to extend the angle to which the
SLM can steer over, but at the expense of an increase in the waist of the traps, thus reducing
the gradient force produced by the focal points, and reducing the trap strength. Thus, a design
decision was made to maximize trap strength at the expense of the limiting the field of view

over which traps can be manipulated.

The maximum number of pixels available in Boulder Nonlinear Systems SLMs is 512 x 512.
Via the Fourier Transform, it is possible to produce 512 x 512 focal points in a 2D plane in the
sample if the 0™ order is placed in the middle of the field of view. In the Cube, a design decision
was made to place the 0" order outside of the field of view, thus limiting the number of
positions that a trap can be placed to 256 x 256 positions. The objective used has a field of view
of 662 um, and a diffraction limited focal point has a radius is 0.47 um. Thus, the objective is

capable of generating 1403 x 1403 resolvable spots. The limitations in the number of available
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pixels, and the pixel pitch of the SLM results in an under-utilization of the objective by a factor

of 5.5.

In the imaging arm, the intermediate image of the sample is magnified such that the sample
area and the area over which the SLM can efficiently optically trap are more closely matched.
Thus, the microscope images 120 um x 90 um of the quadrant of the sample immediately below
and to the right of the 0" order of the tweezing system.

The phase patterns on the SLM are computed using the Lenses and Gratings algorithm
[38,39] programmed in OpenGL and running on a graphics co-processor (nVidia Quadro FX
5600). This has been demonstrated to be capable of simultaneously trapping hundreds of

objects, in addition to correcting for aberrations as a result of the SLM and optical train [37].

2.2 Optics for maskless projection lithography
With few exceptions, fabricated patterns and structures built using HOT are impermanent,

with the elements of the structure diffusing away from their trapped positions as soon as the
trapping light is extinguished. Castellino et al. successfully demonstrated the possibilities of
permanent nanostructure fabrication using HOT in 2003. In this work, dielectric spheres were
manipulated and then subsequently bound using various chemical schemes [40]. Ikin et al.
successfully demonstrated a related method of binding dielectric spheres in 2008 [41].
Similarly, Agarwal et al.[42] demonstrated the ability of HOT to manipulate, cut, and fuse pre-
treated carbon nanotubes through ablation. While each of these research efforts resulted in
fabrication of permanent structures, the small micro-structures that were built were left free

floating in a liquid solution.
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To form permanent 3D structures that are fixed within polymer voxels, Mirsaidov et al. used
multiple laminar fluid flows in a microfluidic network to convey E. coli to an assembly area
where optical tweezers were used to organize bacteria into arrays containing 4 to 16 cells. The
cells were then encapsulated in a 30 um x 30 um x 45 um volume of photopolymerizable
hydrogel. To extend the size of the array, a step-and-repeat method was employed [43].

However, the depth of the structures was limited by objective aberrations to 40 um [36].
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Fig. 4 Optical layout of the Cube modified to include the 405 nm maskless projection lithography system.
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Similarly, this thesis demonstrates fabrication of permanent structures for tissue
engineering through photopolymerization. However, in this work the depth of structures is not
defined to the aberration limit of the objective because photopolymerization is realized

through a combination of maskless projection lithography as described in this section, and
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micro-stereolithography as described in the following section. A diagram of the Cube with
maskless projection lithography is shown in Fig. 4.

The source used for maskless projection lithography is 410 mW, 405 nm LED (Thorlabs
M405L2) which provides spatially uniform illumination with low coherence to suppress speckle
noise and interference. The LED is polarized and used to illuminate a 512 x 512 pixel liquid
crystal SLM (Boulder Nonlinear Systems P512-532) employed as a programmable amplitude
mask. In contrast to the SLM used for optical tweezers, the linear polarization incident upon
this SLM is oriented at 45 degrees relative to the liquid crystal director, resulting in a pixilated
programmable polarization rotation. This polarization rotation is converted to amplitude
modulation by an orthogonal analyzing polarizer. Use of crossed polarizers prevents unwanted
reflections off of surfaces of the SLM from degrading the quality of the off state, resulting in a
contrast ratio of 200:1 or better. A dichroic mirror (NT69-201, Edmund Optics) is used to
introduce the 405 nm pattern into the imaging arm of the Cube, such that the SLM plane is in
focus at the sample. The SLM is imaged to the sample with demagnification such that the SLM
illuminates a region that is 345 um x 345 um.

Two methods are implemented in software to selectively expose and polymerize regions of
the sample. The first approach uses the locations of the optical traps as center points, and
selectively exposes regions that are 10 um in diameter about the center points to the 405 nm
polymerization source. Thus, each trapped object is locally encased in a 10 um hydrogel voxel.
This is a useful strategy for studying cell to cell signaling because each cell is held immobile, but
the biochemical cues produced by the cells can diffuse through the hydrogel. A secondary

method is implemented that is aimed at studying myotube formation. In this application cell
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mobility is important in order to allow myoblast fusion. Thus, the center trap in a line of traps is
used to define a center point, and a rectangular ring about this center point is selectively
polymerized. This provides a hydrogel structure around a line of cells, but leaves an empty

region between the cells for myotube formation.

There are two critical points to note about this approach to maskless lithography. First,
unlike the 1064 nm trapping pathway, possible aberrations of the 405 nm optical imaging path
were not measured or corrected. Diffraction limited patterning would result in features with a
radius of 0.18 um. The cells used in this work have an average diameter of 10 um. For the
current work it is desired to fabricated structures with feature sizes comparable to a cell
diameter, which is nearly a factor of 10 larger than the diffraction limit, making the effects of
aberrations negligible. Second, use of a chrome mask or a digital micromirror array would result
in a higher contrast ratio. However, a chrome mask would not allow for dynamic patterning to
fabricate more complex scaffolds, and improved contrast ratio of a DMD was found to not be
required. The contrast ratio of the NLC SLM was sufficient for preventing polymerization in
regions illuminated by “off” pixels.

One challenge of this system is that the same objective is simultaneously used to: image the
sample using white light illumination, create the focal points for optical tweezing at 1064 nm,
and image the SLM into the sample for photopolymerization at 405 nm. Operating over a very
broad wavelength range has implications on the transmission of the system, and aberrations.
According to the Olympus specifications, the objective used is at least 65% transmission from
405 nm to 1064 nm. The objective likely contributes to aberrations in the tweezing system, but

this is removed by super-imposing an aberration correction with the desired hologram. As
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previously discussed aberrations present at 405 are not concerning for fabricating 10 um

polymer features, so they are not measured or corrected.

2.3 Microscope platform for stereolithography
Large 3D scaffolds containing precisely positioned cells can be built from many individual

layers through stereolithography. In traditional stereolithography, a thin monomer layer is
spread onto a base plate by a blade. Using a fast scanning mirror, a single focal point is re-
directed across the sample, locally photopolymerizing structures in a 2D plane. After the layer is
finished, the base plate is lowered, and a fresh layer of liquid monomer is spread across the top
of the part such that the next layer can be fabricated [44, 45]. An alternative, which removes
the open surface and applicator blade, is to hold the thin monomer layer between the
previously polymerized layer and an optical window whose inner surface has been coated to
prevent adhesion of polymer [46]. In this system a scanning laser based approach can be used
as described above, or a DMD can be used to project an image into the sample to selectively

polymerize. Diagrams of the two approaches are shown in Fig. 5.
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Fig. 5 Diagram of traditional bottom-up and top-down stereolithography setups. (left) The bottom-up setup shown is an
example of a system whereby the laser scans the surface for the curing of the photosensitive material. (right) In the example
of the top-down setup, dynamic light projection technology is used to cure a complete 2D layer at once [45].
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The top is a microscope slide with a long pass filter to prevent polymerization as a result of illumination
for imaging, and a glass spacer is placed under the slide such that the first layer is near zero thickness. The
spacer is coated to promote polymer adhesion. Manual actuators are used to lift the microscope slide for
multi-layer patterning. The system is mounted in XY translation stages enabling step and repeat

patterning.

Fig. 7 (a) micro-stereolithography. (b) Microscope slide with the glass spacer and a multi-layer structure.

The micro-stereolithography system used in this research is shown in Fig. 6 and Fig. 7(a).

The system is similar to the top down approach of Fig. 5, but the entire device is miniaturized

sufficiently to fit into a standard microscope slide holder. To my knowledge, this is the smallest

micro-stereolithography system ever built, enabling it to fit in most commercially available

microscopes.
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The base of the chamber is a standard coverslip, which is required for the fabrication
chamber to be compatible with the high NA objective used in the tweezing and imaging
systems. As shown in Fig. 6, the coverslip is held in a baseplate that is attached to the x,y
translation stages (MS-2000-XY, ASI) of the Cube. The coverslip is coated with an adhesion
preventer, the details of which are presented in Chapter 3, which is used to minimize bonding
of monomer to the coverslip during repetitive polymerization of each layer.

The top of the fabrication chamber is formed by a microscope slide, a long pass filter and a
glass spacer. The all-glass construction enables brightfield imaging to be illuminated from the
top of the chamber. The long pass filter is used to block the shorter wavelengths of the white
light source that is used for brightfield imaging (Luxeon, MR-WC100-20S) from polymerizing the
sample. The filter is attached to the microscope slide with index matching oil. The glass spacer
placed below the microscope slide is used to offset the position of the top of the fabrication
chamber such that the first layer is near zero thickness. The spacer is treated with a polymer
adhesion promoter, which is detailed in Chapter 3.

To fabricate samples, liquid monomer is injected into the well in the bottom of the
chamber. This results in a thin fluid layer initially formed between the top and bottom
windows. Cells or beads are suspended in the liquid monomer, and are arranged into a desired
pattern using holographic optical tweezers. Once the desired pattern is defined, the liquid
monomer is selective polymerized using one of two methods previously described. A step and
repeat strategy can be used to extend the lateral dimensions of the scaffold. Additionally, the z

actuators (here manual screws, although the design is compatible with miniature motorized
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actuators), can be used to raise both the upper window and the adhered gel layer, and the

process is repeated to form a second layer.

The minimum layer thickness of fabricated samples is several microns is determined by the
actuator resolution and the cell diameter. The maximum sample thickness of several cm is
limited by actuator range and the sample volume of the microscope. A multi-layer sample
fabricated through this additive layering procedure is shown in Fig. 7(b). Each layer is
approximately 100 um thick, but by repeatedly polymerizing layers a structure several
millimeters thick is fabricated. This system can fabricate parts limited only by mechanical stage

limits, in distinct contrast with prior art limited by the objective depth and lateral field of view.

2.4 Conclusions
This chapter presented the design of a live cell lithography [12] platform that merges

holographic optical tweezers with micro-stereolithography to fabricate multilayered 3D
structures encapsulating live cells. It provides micron-scale 3D control of both cellular
distribution and gel structure to enable new forms of engineered 3D live cell tissue scaffolds.
The system is designed to trap hundreds of objects with micron-scale resolution within a
volume of 120 pum x 90 um x 40 um. The addition of maskless projection lithography enables
fabrication of millimeter scale hydrogel scaffolds, containing layers that can range in depth
from several microns to 100’s of microns. In the chapters to follow, the capabilities of the
system are explored for patterning silica beads and C2C12 cells in Poly(ethylene glycol)
dimethacrylate PEGDMA based hydrogel scaffolds, for patterning C2C12 cells in thiol-ene

hydrogel scaffolds, and for patterning more complex samples consisting of two material types.
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3 Live cell lithography in poly(ethylene glycol) dimethacrylate
hydrogel scaffolds

The previous chapter described the design and implementation of an instrument that
combines high-speed HOT at 1064 nm, brightfield imaging in the red portion of the visible
spectrum and projection micro-stereolithography at 405 nm. | now discus the capability of this
instrument to manipulate and encapsulate living cells in one of the most common synthetic
hydrogels, Poly(ethylene glycol) dimethacrylate (PEGDMA) [47]. A number of potential
challenges must be addressed to prove that the instrument is capable of meeting the goal of 3D
structured cellular arrays in 3D structured hydrogel. These can be grouped into two general
categories. The first challenge is to test the capabilities of the instrument including fidelity of
trapped arrangements of objects, achievable polymer resolution, and capability to layer both
into 3D structures. To address the first challenge, scaffolds of arranged 2 um silica beads
encapsulated in multiple depth layers and multiple lateral steps are fabricated. The second
challenge is to show cell viability after patterning with holographic optical tweezers and micro-
stereolithography. To address the second challenge, C2C12 myoblasts are structured in
biologically relevant patterns including a multi-layer hydrogel structures with linear
arrangements of viable C2C12 cells.  LIVE/DEAD assays are used to measure viability of

samples.

3.1 Materials and methods
Poly (ethylene glycol) diacrylate (PEGDMA), which cross-links though a free radical

mediated chain growth, is a commonly used platform for encapsulation of cells [47]. It is a semi-

permeable hydrogel that can be designed to biodegrade [48], has a widely tunable modulus [49],
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and is biocompatible. For these reasons, PEGDMA of varying concentrations are utilized to

demonstrate the lithographic capabilities of the instrument.

Viscosity is one of the primary material design choices for this application. HOT favors low
viscosity that linearly reduces the Stokes drag and proportionally reduces the required laser
power to keep cells in the traps at fixed velocity. In Equation 5, Fgyq is the frictional force,
known as Stokes' drag, acting on the interface between the fluid and the particle (in N), u is the
dynamic viscosity (kg /m*s), r is the radius of the spherical object (in m), and v is the particle's
velocity (in m/s). Thus, both trap number (in the limit of finite laser power) and allowable
trapping time (in the limit of finite dose before loss of cell viability) are inversely proportional to
viscosity. Conversely, micro-stereolithography favors high viscosity that, via the Einstein
relation, linearly reduces the rate of diffusion of radicals and oligomer from the exposed region
into the nearby dark regions. Thus, high viscosity favors small structure size and greater control

of polymerization via reduced cross talk between sequential exposures.
Fdrag:67z':urv Eq.5

To evaluate the effects of viscosity, two PEGDMA monomer solutions are considered. The
first monomer solution consists of 49.9 wt. % phosphate buffered saline (PBS, Cellgro), 10 wt %
polyethylene glycol dimethacrylate [50] (PEGDMA, Sigma), 0.1 wt. % lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP photoinitiator) [51], and 40 wt. % cell solution. The cell
solution consists of 0.5x10° C2C12 cells/mL suspended in growth media. The growth media

consists of high glucose Dulbecco’s Modified Eagle’s Medium containing 10% fetal bovine
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serum, 1% Penicillin/Streptomyocin, 0.5 pg/mL fungizone. This monomer is henceforth referred

to as the 10 wt % PEGDMA monomer.

The 10 wt% PEGDMA monomer solution has viscosity very similar to that of water,
significantly limiting photolithography resolution. Thus, to increase viscosity and reduce out-
diffusion of oligomers, a 30 wt. % PEGDMA monomer solution is considered. It consists of 49.9
wt. % PBS, 0.1 wt. % LAP initiator, 30 wt. % PEGDMA, and 20 wt. % cell solution. The increased
viscosity of the monomer has an unwanted side effect of causing cells to stay suspended
instead of settling to the coverslip. This reduces the number of cells available for tweezing,
necessitating an increase in cell density to 2x10° C2C12 cells/mL suspended in growth media.

This monomer is henceforth referred to as the 30 wt. % PEGDMA monomer.

The next critical material design choice is the photoinitiator. LAP was chosen over initiators
commonly used for tissue engineering such as 12959 or eosin [52,53,54] for several reasons.
First, its high water solubility (up to 8.5 wt%) enables photosensitivity to be adjusted over a
large range. Second, LAP exhibits low yellowing making it possible to deliver the brightfield
illumination through a thick layer of polymerized scaffold without significant absorption. Third,
the use of an initiator that is sensitive at 405 nm, rather than 365 nm used with the more
common initiators, reduces cytotoxicity [51] of repeated exposures and enables the use of a
405 nm LED module that has much higher power than currently available 365 nm modules. This
same choice also significantly relaxes the bandwidth requirements on the microscope objective
which must maintain efficient transmission up to 1064 nm.

The final requirement on the initiator is that it must be insensitive to the trapping light
while maintaining high sensitivity to the polymerizing wavelength. Specifically, the initiator
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must have almost no single- or multi-photon initiation efficiency in solution when exposed to
approximately 1.47 GJ/cm? of 1064 nm for time spans of up to 10 minutes. This is in contrast to
typical bulk dose to full cure at 405 nm of ~ 100 mW/cm? over time spans of seconds. This
range of 10™° in dose sensitivity is very far beyond typical characterization equipment such as
FTIR and is also unlikely to actually be possible even in ultra-pure solutions. However, the
presence of rapidly diffusing O, that acts as a radical inhibitor will suppress initiation at a
sufficiently low rate. As will be demonstrated in the work presented in this chapter, LAP and
PEGDMA in solution indicated no gelation of polymer, indicating that the trapping at 1064 and
polymerization at 405 nm can operate independently in this material, despite the extremely
large range of power in each band.

The final design consideration is that the photolymerized gel must adhere well to the upper
glass spacer but not to the lower coverslip. This instrument design consideration is coupled to
the materials design through the choice of initiating species and polymerizable group. For
example, oxygen inhibits radical initiation and thus an oxygen-rich layer of PDMS has been used
in previous research to eliminate adhesion of radical polymerization [55]. In this work, it was
found that this suppressed polymerization at the working plane of the 1.35 NA objective. Thus,
two coatings are used. A methacrylate coating on the glass spacer is used to promote adhesion
of the polymer voxel to the spacer, while a trimethoxy silane coating prevents adhesion of
polymer to the coverslip. The coverslip coating is deposited by mixing 0.6 g IPA with 0.017 g
acetic acid (A6268, Aldrich) and 0.04 g (heptadecafluorol.1.2.2-tetra-hydrodecyl) trimethoxy
silane (Gelest). The mixture is placed between two coverslips stacked together, and the

coverslips are baked on a hot plate at 70 °C for 10 minutes. After baking, coverslips are
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detached from each other, and rinsed with isopropyl alcohol and distilled water. The
microscope slide with the transparent glass spacer is similarly coated; however, 3-
(triethoxysilyl)propyl methacrylate (Tokyo Chemical Industry) is used in place of trimethoxy

silane such that the coating promotes adhesion of polymer to the glass spacer.

3.2 Lithographic capability of the instrument using PEGDMA monomer
To investigate, and optimize the patterning capabilities of the new instrument, | fabricate

structured PEDGMA hydrogels with internal patterns of 2 um silica beads. There are four main
objectives in this section. The first is to demonstrate that photopolymerization does not create
instabilities that alter the position of trapped objects. The second is to demonstrate that
structures can be patterned with cellular resolution. The third is that step-and-repeat strategies
can be utilized to arbitrarily extend the dimensions of structures in a 2D plane. The fourth is to
demonstrate complex 3D patterning, and the extent to which registration between layers can
be maintained.

Trap stability during photopolymerization is a concern. Optical traps result in forces on the
scale of pN. During polymerization, local forces result from: volume shrinkage, diffusional
transport of consumed species, and a rapidly increasing viscosity. When the polymerization
source is focused into the sample, polymerization forces overwhelm the forces produced by
optical traps, thus pulling the objects out of the traps. However, when the polymerizing source
is imaged into the sample, the intensity of the polymerization source drops to an incident
power 70 mW/cm?. This enabled patterned structures to be encased in hydrogel without

disruption.
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Patterning resolution and trap stability during polymerization are illustrated via “step-and-
repeat” structuring shown in Fig. 8 using the 10 wt.% PEGDMA monomer. In each of the four
sequential exposures, 2 um silica beads are first positioned within the liquid solution by the

1064 nm tweezing system. After the beads are arranged, they are encased in a polymer voxel.

Fig. 8 Brightfield image of a sample fabricated after four sequential “step and repeat” patterning steps. In
each exposure, the 2 um beads are first trapped at 1064 nm, then the surrounding liquid is locally gelled
using 405 nm light controlled by the SLM. The material patterning resolution is demonstrated by the
bead spacing while the stability of the traps during gelation is demonstrated by the regular grid.

Due to the low viscosity of the 10 wt. % PEGDMA, as the liquid monomer is exposed to the
curing source, oligomers form and rapidly diffuse away. In order to pattern structures with
cellular resolution, it is necessary to pre-cure the hydrogel to bring the liquid monomer around
the beads close to the gel point. This locally increases the viscosity of the monomer. If the pre-
cure is immediately followed with a patterned exposure, then it is possible to pattern hydrogel
voxels approximately 10 um in diameter. In the pre-cure, all the 512x512 pixels on the SLM
used as a programmable amplitude mask are turned on. This exposes an area of 345 um x 345
um around the patterned beads to the 405 nm source for 2 seconds with an intensity of 70
mW/cm?. The pre-cure is immediately followed with a patterned exposure, illuminating a 6 um
x 6 um square at the sample to the 405 nm source to locally solidify hydrogel around the

trapped beads. This process transforms the pre-cured liquid to a gel without disturbing the

trapped objects.
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As shown in Fig. 8, automated stages translate the sample and the process is repeated.
Although the solid hydrogel cannot be distinguished from the liquid solution in this brightfield
image (or even in differential interference contrast microscopy (DIC) due to the weak index
change), the localized solidification is demonstrated by the immediate immobility of the
trapped beads and the continued mobility of nearby beads used in the subsequent steps.

The localized gelation demonstrated in Fig. 8 has two benefits. First, 1064 nm dose (which
is toxic beyond approximately 1 GJ/cm? [56]) can be minimized by locally encapsulating cells as
soon as they are correctly positioned. Second, the lateral size of the structure is no longer
limited to the 345 um x 345 um area covered by the SLM but through a step-and-repeat
technique can be as large as the motion range of the stages holding the sample, which is 100
mm x 100 mm in the Cube. This enables the ability to pattern the gel within an arbitrarily large
single layer, and can be combined with a multi-layer printing technique to create 3D shapes of
mm-dimensions.

To illustrate complex 3D structuring with the 10 wt% PEGDMA monomer, multilayer grids of
silica beads encapsulated within the hydrogel are fabricated. As shown in Fig. 9(a), each layer
consists of 2 um silica beads arranged into a 6 x 6 bead grid. Spacing between each layer is 95
pum. The lateral registration between the layers is 4 um, limited by the manual micrometers
used. Fig. 9(b) demonstrates the ability to pattern large scale structures in x and y. Grids of 2
pum silica beads are arranged in 3x3 grids, and a supporting polymer voxel approximately 30 um
x 20 um is used to solidify the arrangement. The sample is translated in x and y, for a total of 10

exposures to fabricate a large scale single sheet.
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Fig. 9 (a, left) DIC image of a multi-layer grid of 2 um silica beads, where each layer contained 64 beads
organized into a 6x6 bead matrix. (a, right) Rendering of the multi-layer structure showing scale of the
arrangement. (b) Large scale pattern of 2 um silica beads organized into 3x3 bead grids which was
fabricated through 10 time sequential cures

The low viscosity of the 10 wt. % PEGDMA necessitated a pre-cure to pattern voxels with
cellular resolution. However, this results in a rapid accumulation of oligomers that limit the
ability to maintain patterning with consistent structure resolution. To investigate the impact of
higher viscosity on patterning resolution, an experiment similar to that of Fig. 8 was performed
in which single beads held in traps are used as a micro-rheometer as illustrated in Fig. 10.
Following the protocol developed above, a pre-cure of 2 seconds at 70 mW/cm? followed by a
patterned exposure of varying duration and power resulted in polymer voxels approximately
equal in diameter in cures 1 through 5. However, in cure 6 the oligomer concentration in the
surrounding monomer was sufficiently high that the radius of the polymer voxel patterned is
approximately 4 times greater than that of cures 1 through 5. Higher viscosity reduces the rate
of diffusion of oligomer outflow, but still necessitates a pre-cure to pattern structures with

cellular resolution. Furthermore, a 30 wt. % PEGDMA monomer is not optimal for maintaining
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cell viability. Use of a higher concentration of PEGDMA leads to a higher the concentration of

radicals, and increases the likelihood that cells will be damaged during encapsulation [57].

150 ms at 21 mW/cm? 3 um
50 ms at 3.5 mW/cm? 3 um
50 ms at 3.5 mW/cm? 2 um
50 ms at 3.5 mW/cm? 2 um
50 ms at 3.5 mW/cm? 2 um
50 ms at 3.5 mW/cm? 8 um

o U BW N

Fig. 10 Out-diffusion of oligomers generated when patterning PEGDMA monomer make it challenging to pattern polymer
voxels of a consistent diameter. (left) 2 um silica beads are sequentially encapsulated in polymer voxels of 30 wt% PEGDMA
monomer. After a bead is encapsulated, a new bead is trapped and translated until it is sitting adjacent to the edge of the
previously fabricated polymer voxel. Thus, the position of the beads marks the approximate radius of the previously cured
polymer voxel. Polymer voxels from cures 1 through 5 are all approximately 4-6 um in diameter. However, cure 6 resulted in
a significantly larger polymer voxel, as can be seen by the position of bead 7. (right) curing conditions and resulting voxel
radius. A pre-cure over an area of 345 um x 345 um, with a power of 70 mW/cm’ for a duration of 2 seconds was used. Each
patterned cure illuminated a region 6 pum x 6 um.

3.3 Live-cell 3D lithography via HOT + micro-stereolithography in PEGDMA
monomer
Patterning beads in PEGDMA is useful to characterize the capabilities of the system relating

to hydrogel feature sizes, and to demonstrate the ability to fabricate large scale structures
containing sub-structures patterned with micron control. However, the ultimate goal is to
pattern hydrogel structures that contain organized sub-structures of live cells. C2C12 cells are
an optimal starting point because spatial organization is critical to myotube development. The
work described in this section characterizes the capabilities and limitations of patterning cells in
PEGDMA.

The cells used here are C2C12 mouse myoblast (ATCC) cultured in growth medium (as

above), at 37°C and in 5% CO,. Upon reaching 70-80% confluency, cells are passaged with
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0.25% trypsin, and either re-plated for continued expansion or combined with polymer solution
for photoencapsulation. After encapsulation within the hydrogel scaffold, cells are assessed for
viability with the LIVE/DEAD’ membrane integrity assay, and imaged with a confocal laser

scanning microscope (CLSM, Zeiss LSM 510, Thornwood, NY) at 40x magnification.

Fig. 11 40X brightfield micrograph (single field, a&b; stiched fields, c) of live C2C12 cells encapsulated in
photopolymerized PEGDMA hydrogel. (a) Six C2C12 cells arranged in a line and encapsulated in layer 1 (b)
Three cells are arranged in a line that is placed below the first layer. The slight displacement of the
second layer enables an out of focus view of the layer behind. (c) Step and repeat grid fabricated through
a series of 9 cures. The images are mosaics of multiple images because the entire structure is larger than
the field of view of the Cube.

To demonstrate biologically relevant 3D cellular constructs, the system is used to fabricate
multi-layer lines of cells that could be used for myotube formation, and grids of cells that could

be used to study cell to cell communication. A two layer structure of linearly patterned C2C12
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myoblasts is shown in Fig. 11(a) and Fig. 11(b). The first layer consists of a line of 6 cells. Layer 2
consists of a line of 3 cells, slightly shifted to the side such that the first layer can still be seen.
Fig. 11 (c) show grids of cells fabricated using a step-and-repeat approach. In each grid, a single
cell was trapped and encased in a polymer voxel approximately 100 pm x 90 um in size. Fig.
11(b) highlights a challenge of the current system. It is not always possible to find cells freely
floating near the patterned structure. One solution is to increase the cell concentration, but this
can lead to unwanted cells becoming encased the cured polymer, which would negate the
purpose of the tool. Another solution was previously demonstrated by Erickson et al. by
creating a flow of cells through a portion of the sample. When cells are required, the sample is
translated, cells are selectively removed from the flow using optical tweezers, and the cells are
translated back for use in the fabricated structures [58]. Adding a flow of cells remains a topic
of future research.

While availability of cells constrained the complexity of cellular constructs that could be
fabricated, the primary goal of investigating cell viability after pattering samples in the live cell
lithography system could still be studied. To measure viability, single layers of organized cells
were placed in PBS buffer mixed with 1 pL calcein AM and 2 pL ethidium homodimer to
perform a LIVE/DEAD" viability assay. Samples containing cells exposed to traps for up to 5
minutes resulting in cell death (indicated by red fluorescence in the LIVE/DEAD viability assay).
Consistent with previous work [59], cells optically tweezed for 1 — 2 minutes with less than 200
mW per trap (approximately 1.47 GJ/cm?) were viable. Fig. 12 shows linear arrangements of

cells that were viable immediately after encapsulation.
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Fig. 12 Scanning fluorescence confocal micrograph of patterned C2C12 cells entrapped in 10 wt%
PEGDMA polymer scaffold. Using a LIVE/DEAD assay green fluorescence indicates intact cell membranes,
and red indicates a compromised cell membrane.

Showing that cells maintain viability immediately after pattering is important, but in order
to complete studies of cellular development and cell-to-cell communication, it is necessary to
maintain viable samples for up to several weeks. To determine if living cells held by HOT and
encapsulated in photopolymerized PEGDMA hydrogel can maintain long-term viability, multiple
samples are fabricated and tested over the span of multiple days. In these samples C2C12 cells

are encased within polymer voxels of 10 wt. % PEGDMA.

One concern in maintaining long term viability is enhancing the ability of the cells to adhere
to the hydrogel. A commonly used approach is to modify the monomer with a cell adhesion
peptide such as arginine—glycine—aspartic acid (RGD). This has not only been shown to promote
cellular attachment, but also to promote differentiation [60]. Thus, samples used in long term

viability tests include RGD.

After encapsulation, samples are immediately incubated at 37 °C and in 5% CO, for multiple

days. Growth media is replaced every 2 days. After incubation cells are assessed for viability
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with the LIVE/DEAD® membrane integrity assay, and imaged with a confocal laser scanning
microscope. Fig. 13 shows one of several Live/Dead assays completed with 10 wt. % PEGDMA
modified with RGD. Red fluorescence indicates a compromised cell membrane leading to cell
death, and green fluorescence indicates a healthy cell membrane. As can be seen in Fig. 13,
after 48 hours cells patterned in PEGDMA modified with RGD show minimal viability. This result
is representative of all the samples tested. Strategies to overcome this problem are presented

in the following two chapters.

131 ym

Fig. 13 Live/Dead Assay of cells optically trapped and encapsulated within 10 wt.% PEGDMA modified with RGD. Assay was
completed 48 hours after encapsulation, and resulted in minimal viability. (left) red fluorescence indicates a compromised
cell membrane (right) green fluorescence of remaining intact cell membrane.

3.4 Conclusions
This chapter demonstrates a new method for fabrication of complex cellular constructs with

lithographically-precise cellular arrangements. Use of monomer instead of water increases the
viscosity and decreases the index difference between the beads and surrounding media,
leading to a decrease of trap strength. However, the tweezing system is shown to be capable of
simultaneously manipulating 64 2 um silica beads in liquid monomer. This work also shows that
tweezing of objects at 1064 nm is possible without initiating polymerization of the PEGDMA

monomer.
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The micro-stereolithography system projects images from a 0.25 Mpixel spatial light
modulator illuminated at 405 nm through the adhesion-suppressed coverslip to pattern the gel
in 2-3 seconds per exposure. Precision x,y automated stages enable large lateral structure size,
after which micrometers are used to raise the fabrication platform in z for patterning of
subsequent layers. The gelation process is shown to preserve the location of trapped objects
and patterning of features with 10 um resolution is demonstrated. Multilayer constructs of
both beads and C2C12 cells are shown with positioning accuracy of approximately 1 um within

each layer, and registration between layers to within 4 um.

The two primary conclusions of this chapter relate to the repeatability in patterning the
PEGDMA and the viability of cells in these gels. In order to pattern features with cellular
resolution, it is necessary to pre-cure a large region of the sample to bring the liqguid monomer
close to the gel point. If this is followed with a short patterned exposure, then polymer voxels
with diameters close to that of a cell can be fabricated. However, when this process is
repeated, the presence of oligomers from earlier exposures influence subsequent exposures.
This makes it challenging to consistently fabricate polymer structures. The much more critical
limit of PEGDMA gels found was the failure to maintain cell viability over the span of multiple
days. As shown in Fig. 1, in a randomly seeded flask multi-nucleated cells began to develop over
the span of 8 days. In order to reach the goal of dynamically patterning multi-nucleated cells in

hydrogel, the viability of the samples must be improved.

Multiple factors could be responsible for low the viability of the cells. The experiments

are not executed in a sterile environment and cells are removed from the incubator for several
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hours during the patterning process. In an effort to minimize bacterial and mold growth, cells
are rinsed in antibiotics each time they are passaged, during patterning process all surfaces are
thoroughly and repeatedly cleaned with 70% Ethanol, and the growth media that the samples
are incubated in after patterning contains antibiotics. After patterning growth media is replaced
every one to two days. While bacteria and mold are not entirely eliminated by this process,

samples are not visibly infected. This indicates that cell death is not a result of contamination.

Remaining factors influencing viability relate to the materials used to encapsulate cells. It is
well know that radicals produced during polymerization readily react with oxygen, resulting in
reactive oxygen species (ROS) [61]. In a PEGDMA based monomer, these reactive oxygen
species can no longer contribute to chain-growth of the hydrogel, and multiple studies have

found that reactive oxygen species can be associated with cell damage [62,61].

Alternatively, recent research has focused on encapsulation of cells within thiol-ene
photopolymerized PEG peptide hydrogels for studies of: 3D cell biology [63,64], the controlled
release of therapeutically relevant proteins [65], for directing stem cell differentiation [66], and
for promoting tissue regeneration [67]. Unlike PEGDMA, reactive oxygen species produced
during polymerization of thiol-ene are consumed by the PEG-dithiol, and further can propagate
the step-growth of the hydrogel. It is expected that reducing the concentration of reactive
oxygen species surrounding the encapsulated cells by switching to a thiol-ene based hydrogel
will improve biocompatibility and viability of the samples. This expectation is validated in

Chapter 4.
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4 Live cell lithography in thiol-ene hydrogel scaffolds
In order to reduce reactive oxygen species that come into contact with patterned cells and

to reduce the influence of oligomer outflow on patterned hydrogel feature sizes, one can
consider thiol-ene hydrogels. Thiol-ene polymerization can be propagated by ROS and thus
consume ROS which has been shown to improve biocompatible of the hydrogel [61]. Further,
when used with LAP as a photoinitiator, thiol-ene is a highly sensitive monomer that can be
used to pattern structures with cellular resolution without requiring a pre-cure, as
demonstrated in the results presented in this chapter.

Thiol-ene polymerizes through step-growth instead of chain-growth of PEGDMA. The
hydrogel forms an orderly matrix-like structure, as shown in Fig. 14, with a tunable modulus
that can be controlled by the stoichiometric ratio of thiol-to-ene. A secondary benefit is that
thiol-ene can be designed to be degradable at a tunable rate. In this work, use of a degradable
hydrogel is important. It allows the cells to be supported, but over time allows the structure to
diffuse away allowing cells mobility to fuse. One approach to introduce degradability is to
modify the PEG Norborene to support ester links that are degradable in water. Additionally, cell
adhesion peptides, such as RGD, can be readily added to the matrix to promote cellular

attachment [60].

THIOL-ENE SYSTEM
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norbornene

Fig. 14 Step growth of Thiol-ene. A stoichemetric ratio of 0.8 thiols to enes is used to reduce the crosslink density.
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4.1 Materials and methods
To evaluate conditions required to polymerize features similar in size to that of a cell, and to

understand the influence of oligomer outflow on the diameter of structures fabricated through
a series of repeated exposures, initial patterning is done in the absence of cells. The monomer
is comprised of 10 wt. % 4-arm PEG-norbornene [68] dissolved in PBS, 0.05 wt. % LAP
photoinitiator, and 4 wt. % PEG-dithiol. This results in a stoichiometrically balanced (1 ene to 1

thiol) monomer.

To further test C2C12 viability and development, patterning was performed in both
degradable and non-degradable thiol-ene hydrogels. The non-degradable thiol-ene hydrogel
consists of C2C12 cells suspended, at a density of 1x10° cells/mL, in a stoichiometrically
balanced (1 ene to 1 thiol) monomer solution comprised of 10 wt. % 4-arm PEG-norbornene
dissolved in PBS, 0.05 wt. % LAP photoinitiator, 4 wt. % PEG-dithiol, and 0.135 wt. % CRGDS.
The degradable thiol-ene hydrogel consists of C2C12 cells suspended, at a density of 1x10°
cells/mL, in a monomer solution comprised of 10 wt. % 4-arm PEG-norbornene with an ester
link dissolved in PBS, 0.05 wt. % LAP photoinitiator, 3.2 wt. % PEG-dithiol, and 0.135 wt. %
CRGDS. The degradable thiol-ene has a stoichiometric ratio of 0.8 to reduce the cross-link

density.

Immediately after patterning, samples are incubated for several days to a week. Fused cells
are stained with AF-488 Phalloidin to visualize filamentous F-actin in the cytoskeleton, and DAPI

is used to stain the nuclei. The staining procedure is as follows:

1. Fix samples in 4% Paraformaldehyde for 30 minutes.
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2. Gently wash twice in phosphate buffered saline.

3. Permeablize for 3-5 minutes in 0.1 % Triton X-100 in phosphate buffered saline.

4. Gently wash twice in phosphate buffered saline.

5. Stain with fluorescent phalloidin (AF488-Phalloidin, or Rhodamine Phalloidin) diluted
1:30-1:40 in phosphate buffered saline with 1 % BSA for 35 min at room temperature.
Protect from light during staining.

6. Gently wash twice with phosphate buffered saline.

7. Counterstain with DAPI diluted 1:5000 in phosphate buffered saline for 5 minutes.
Protect samples from all light.

8. Wash twice with phosphate buffered saline and store in phosphate buffered saline until
imaging.

4.2 Lithographic capability of the instrument using thiol-ene monomer

The first goal of this section is to determine the duration and intensity of incident
illumination to match polymer features to the region of exposure. Strong agreement between
exposure area and resulting features are realized when the liquid monomer is exposed to the
curing source for 700 ms, with an incident power of 56 mW/cm?®. The second goal of this
section is to establish the impact of oligomer outflow on the consistency of repeatedly
pattering the same polymer feature. This is explored by patterning a series of separated
polymer voxels, and a continuous line of polymer voxels, and measuring the variations in

diameter of the features.

A series of polymer voxels just over 10 um in diameter are shown in Fig. 15. Each polymer

voxel is separated by 200 um, and the time between exposures is a few seconds, limited by the
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time required to translate the stages. The area of exposure is marked in Fig. 15 with a red

dashed line. As can be seen, exposures 1 and 2 do not fully form the desired polymer

structures. However, as measured by the full-width-to-half-maximum size of the polymerized

features, the variability in diameter of voxels 1 through 7 is only 16%, as shown in Fig. 16.

Comparatively, as shown in Fig. 10, the variability in diameter of voxels in the 30 wt % PEGDMA

hydrogel was 400 %. The improved consistency in patterning thiol-ene features indicates that

out diffusion of oligomers is still occurring, but at a significantly reduced rate as compared to

PEGDMA.

Cure 7 Cure 6 Cure 5 Cured
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Fig. 15 (top) Brightfield microphotographs of a series of 7 exposures that resulted in 10 um voxels each of which was
separated by 200 microns. The time between exposures is several seconds to allow time to translate the sample. Structures
are patterned with no pre-cure, illustrating greater spatial control and reduced oligomer out-diffusion. (bottom) features are
plotted with false color to enhance variations.
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Fig. 16 Taking the full width half maximum of a vertical slice through the polymer voxels it is seen that the diameter of the
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To extend the previous results showing only isolated voxels, | next patterned a polymer line
through a series of 10 exposures, as shown in Fig. 17. When polymerizing, the index difference
between the liquid monomer and polymerized hydrogel is very small. The structure is not
possible to visualize until it is rinsed and submersed in a secondary media with a different index
of refraction. As a result of the inability to see the polymerized regions during patterning, there

are slight discontinuities between each of the 10 segments of the line.

Fig. 17 Image mosaic of a polymer line fabricated through a series of 10 exposures, scale bar is 50 um. Each exposer
polymerized a region approximately 70 um x 20 um. The inability to visualize the structures during the fabrication process
due to the weak index difference between liquid monomer and solidified hydrogel made it challenging to maintaining a
perfect registration between cures.

By patterning acellular thiol-ene structures, it is possible to tune the incident power of the
curing source and the duration of exposure to match polymer features closely to the exposed
area. If the incident power, or duration of exposure are too long, then the sample will be over-
exposed, leading to a larger feature than desired. In all future work with cells, curing conditions

are retained such that the curing exposures lasts 700 ms with an incident power of 56 mW/cm?.

4.3 Live-cell 3D lithography via HOT and micro-stereolithography in thiol-
ene monomer
Cells patterned in PEGDMA did not maintain long term viability. It is hypothesized that this

is due to ROS present in PEGDMA, which motivated use of thiol-ene. Lack of long term viability
in PEGDMA did not establish if RGD is beneficial to cell development in this research,
necessitating studies of thiol-ene with and without RGD. Several representative live fluorescent

images of LIVE/DEAD assays are shown in Fig. 18. Samples are fixed and stained 4 days after
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encapsulation. When RGD is not used, cells show greater viability than samples patterned with
PEGDMA. However, samples patterned in thiol-ene without RGD show weak fluorescence,
indicating a compromised cell membrane. Alternatively, when RGD is used as shown in Fig. 18
(right), the cells retain viability, and fluoresce with equal intensity as compared to the
surrounding cells that were not exposed to the optical tweezer source, indicating that RGD is

beneficial to maintaining viability.

131 gm

Fig. 18 Live/Dead Assay of C2C12 cells photo-encapsulated in thiol-ene hydrogel after 4 day of incubation (left) Cells are
patterned in a vertical line, 4 cells long, in thiol-ene without RGD. (right) Cells are patterned in a vertical line, 3 cells long, in
thiol-ene with RGD.

The previous results indicate that thiol-ene with RGD can be used for creating C2C12
constructs that will maintain viability for multiple days. This is a sufficient duration for cells to
develop and fuse into multi-nucleated myotubes if incubated in differentiation media. In all
results to follow, cells are incubated after patterning in differentiation media that consists of
high glucose Dulbecco’s Modified Eagle’s Medium containing 10% horse serum, 1%

Penicillin/Streptomyocin, 0.5 ug/mL fungizone.

To evaluate the impact of hydrogel degradability on cell fusion, samples are fabricated in
degradable and non-degradable thiol-ene. In all samples, cells are arranged into lines with
holographic optical tweezers, and are encapsulated in a hydrogel voxel approximately 100 um

in diameter. Cells encapsulated in the non-degradable hydrogel are found to maintain viability,
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but never show signs of fusing into multi-nucleated cells. It is hypothesized that because the
entire volume around the line of cells is exposed to the polymerization source, and it is likely
that a thin hydrogel layer exists between the patterned cells. This layer cannot be broken down
by the cells, preventing fusion. Alternatively, cells encapsulated in the degradable hydrogel
were found to fuse within 4 days, as shown in Fig. 19. The brightfield image shows the
cytoskeletons fusing. This is further indicated by the green fluorescence of the joined
cytoskeletons shown in Fig. 19 (right). In this image, the DAPI stain is not limited to the nuclei.
This problem is resolved by modifying the staining procedure to decrease the DAPI
concentration from 1:1000 to 1:5000, and increasing the staining time from 1 minute to 5

minutes.

Fig. 19 (left) Brightfield image of a line of 4 cells that were patterned to form a line, and encapsulated in a degradable thiol-
ene hydrogel with RGD. Cells were incubated in growth media with 10% horse serum. After 4 days cells began to fuse as
indicated by the joining of the cytoskeletons. (right) Sample is fixed and stained with Phalloidin and DAPI. The joined
cytoskeletons are shown in the green fluorescence.

Fig. 20 shows two sets of patterned cells, each containing 8 nuclei, which were given 10 days
to incubate after patterning. The round morphology seen in Fig. 19 has transitioned into a more
tube-like cell, and there is mobility in the nuclei as can be seen by the uneven distribution of
nuclei along the length of the cell. To illustrate the flexibility in the pattering, Fig. 21 shows a

49



range of patterns including: letters, parallel lines, rings, and lines of cells containing 2 to 6

nuclei, all of which were patterned in the degradable thiol-ene.

Fig. 20 Cells are patterned, and incubated in differentiation media for 10 days. Cytoskeletons are stained with Phalloidin, and
nuclei with DAPI. The cells show further progress toward forming multi-nucleated cells. Development is sufficient to allow
the nuclei to move within the cytoskeleton. The two cells shown at left and right above each show 8 nuclei.

Fig. 21 Confocal images of a range of cells fusing after being arranged into a range of shapes including: letters, parallel lines,
rings, and lines of varying lengths. Cytoskeletons are stained with Phalloidin, and nuclei are stained with DAPI.

In all cases, the cells are fusing; however, the ability to pattern cells that develop beyond
the initial hourglass like fused structure remains inconsistent. In most cases, the cells that are
encapsulated in hydrogel remain round, showing no signs of having an organized cytoskeleton
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containing functional myofibrils. In order to form functional myofibrils, there needs to be some
organization of the actin filaments, along with other proteins inside the cells. This
developmental step is critical as it affects the ability of the C2C12's cells to contract. Cells that
are not encapsulated within hydrogel readily accumulate along the perimeter of the hydrogel
and form actin filaments within 7 days, as shown by the notable vertical striations in Fig. 22.
From this result it is hypothesized that the hydrogel is confining the cells, preventing the ability
to form fully functional myotubes. Several strategies to overcome this problem are presented in

the next section, and chapter to follow.

Fig. 22 Cells that grow around the perimeter of the hydrogel voxels readily form actin filaments are shown in the Phalloiden
stain as vertical lines along the length of the cell.

4.4 Conclusions
This work demonstrates that thiol-ene can be used to pattern structures with cellular

resolution. When LAP is used as a photoinitiator, the hydrogel rapidly polymerizes. This

removes the need to pre-cure, and results in more consistent feature dimensions. For
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comparison, when a series of 8 structures were polymerized, feature diameters were found to

vary by 16 % in thiol-ene as compared to 400 % in PEGDMA.

To assess viability, multiple LIVE/DEAD assays are completed. Cells encapsulated in thiol-ene
without RGD that are incubated for 4 days showed improved viability over that of PEGDMA.
Maximum viability is seen when cells are patterned in thiol-ene with RGD. Cells encapsulated in
a degradable thiol-ene with RGD that are incubated in differentiation media are shown to fuse
within 4 days, indicating differentiation that could lead to the formation of a multi-nucleated

cell.

However, cells encapsulated in the degradable thiol-ene are clearly not forming actin
filaments in the cytoskeleton. It is hypothesized that this is because the hydrogel is confining
the cells, preventing the ability to differentiate into myotubes. Consistent with previous work
[8,9,10] cells that grow along the perimeter of the hydrogel readily form myotubes. This
supports the conclusion that edges are critical for myotube formation, and suggests that a fully
3D geometry in which lines of cells are suspended in a monomer tube surrounded entirely by
gel would be optimal for 3D patterning of myotubes. However, this will require advancements
to the axial confinement of polymerization. With the current system, it would be possible to
pattern a hydrogel layer. The layer could lifted, and cells could be arranged in a line and a
hydrogel ring could be patterned around the cells. However, liquid monomer would still exist
between the cells. As a result, if one were to try to pattern a third hydrogel layer below the
ring, the defocused light would have sufficient power to polymerize the liquid monomer

between the cells.

52



Strategies have been demonstrated to improve axial confinement of one photon
lithography by adding absorbers, such as Tinuvin. This limits optical penetration in fabricated
layers. This has been used to pattern acellular structures that were later seeded with cells [69].
However, to my knowledge, research has not been completed to validate biocompatibility of

Tinuvin for live cell lithography. This remains a topic of future research.

Alternatively, the use of a femtosecond laser in combination with a two-photon initiator
would allow far superior axial confinement. This is because the probability of simultaneous
excitation by two photons is proportional to the square of the light intensity, and thus
excitation decays with the fourth power of distance from the focal point [70] as shown in Fig.
23. However, moving to two-photon polymerization is a significant change requiring an
expensive laser. This leaves two remaining options for patterning desired structures, which are

discussed to follow.

Fig. 23 Intensity profile of one photon polymerization vs. two photon polymerization. When polymerizing with a
femtosecond laser and a two photon initiator, axial confinement is significantly enhanced as the intensity of the
polymerizing source falls by the fourth power of the distance from the focal point [71].

The first option is to move to a 100% degradable hydrogel fabricated by crosslinking PEG
macromers with matrix metalloproteinase (MMP) sensitive peptides. This type of hydrogel,

shown in Fig. 24, is degradable by the cells in response to the secretion of MMP. Thus, the
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hydrogel selectively degrades only around the cells, allowing mobility for myotube formation
while simultaneously providing 3D biomechanical cues to influence differentiation. Furthermore,
it is possible to tailor the degradation rate from several days, to weeks, months or even years.
The hydrogel has been used to study a variety of cell types including studies of: human dermal
fibroblast migration through MMP degradable scaffolds modified with RGD [72], primary bovine
chondrocytes [73], valvular interstitial cells [74], and human mesenchymal stem cells [75].

However, this approach requires extensive studies to tune the hydrogel degradation properties.
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Fig. 24 Biomimetic hydrogel platform formed from a thiol-ene click reaction by photopolymerization. (left) Schematic of
biomimetic hydrogel formed from macromers of PEG tetranorbornene, MMP-sensitive peptide dithiol, which serves as the
crosslinker, and RGD mono-thiol, which provides cell adhesion sites. (right) Confirmation of degradation for a MMP
degradable hydrogel formed with the crosslinker, CVPLSLYSGC, which can be degraded by several MMP’s including MMP
1,2,3,7 and 9 [76]. Degradation is confirmed by placing the hydrogel in a solution containing a high concentration of
collagenase (100 U/mL collagenase type 1), which led to accelerated degradation. When the crosslinker was PEG-dithiol, no
degradation was observed. Data presented as mean with standard deviation as error bars (n=6).

The second option is to pattern a more complex sample consisting of two hydrogel materials.
In studies completed thus far, it is observed that cells accumulate on the exterior perimeter of
the hydrogel structure encasing patterned cells, and these cells form actin filaments. To
replicate this boundary, but add the control of patterning, one approach is to pattern a series of

hydrogel edges, arrange the cells along the perimeter of the hydrogel using holographic optical
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tweezers, and then encase the organized cells in a hydrogel with a low crosslink density. It is
hypothesized that this will provide the cells the required mobility to fuse and differentiate. This

option is explored in the chapter to follow.
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5 Patterning cells in a multi-material system
The research completed demonstrates the ability to arbitrarily pattern cells in a degradable

hydrogel, and consistently results in fusion of the cells. However, encapsulated cells maintain a
round morphology, and fail to form actin filaments. Cells that are not encapsulated in the
hydrogel readily accumulate along the perimeter of the hydrogel, fuse, and form actin
filaments. From these results, it appears that the hydrogel is constraining the cells, preventing
formation of fully functional myotubes. The goal of this section is to use two hydrogels to both
pattern the C2C12 cells and to guide their development into myotubes. The first hydrogel
structure will give the cells a boundary to grow along that is similar to the perimeter of the
hydrogel previously used to encapsulate patterned cells. The second hydrogel is used to hold
the arranged cells in place, but this hydrogel has a low crosslink density. It is hypothesized that
the low crosslink density hydrogel will allow the cells mobility for development, but will still

enable structured patterning of cells.

5.1 Materials and methods
The work in this chapter investigates C2C12 cells placed via HOT along the perimeter of a

thiol-ene hydrogel with a high crosslink density and encased in a secondary hydrogel with a low
crosslink density. The thiol-ene hydrogel with the high crosslink density is comprised of 10 wt.
% 8-arm PEG-norbornene with an ester link dissolved in PBS, 0.05 wt. % LAP photoinitiator, 3.2
wt. % PEG-dithiol, and 0.135 wt. % CRGDS. This monomer has a stoichiometric ratio of 0.8 of

thiol-to-ene.

The thiol-ene hydrogel with a low crosslink density consists of C2C12 cells suspended, at a

density of 1x10° cells/mL, in a monomer solution comprised of 10 wt. % 8-arm PEG-norbornene

56



with an ester link dissolved in PBS, 0.05 wt. % LAP photoinitiator, 1.6 wt. % PEG-dithiol, and

0.135 wt. % CRGDS. This monomer has a stoichiometric ratio of 0.4 of thiol-to-ene.

To prevent samples from detaching from the coverslip, a mercaptopropyltriethoxysinale
(MPTS) coating is used. Prior to use of this coating approximately 60% of samples were lost to
detachment from the coverslip during the incubation period after patterning. With this coating
all samples remain attached, and the coating had no visible adverse effects on C2C12 cell

development. The coating materials and coating procedure is as follows:

1. Pipette 90 mL of 95% ethanol into a polypropylene cup.
2. Slowly add drops of glacial acetic acid to adjust the pH to 4.5 to 5.5.
3. Add 250 uL MPTS. Allow the solution to react for 5 mintues.
4. Submerge coverslips in the ethanol/silane solution for 2 to 3 minutes.
5. Rinse coverslips with 95% ethanol.
6. Bake slides at 80°C for 15 minutes.
7. Store slides at -20°C until use. Slides are only stable at room temperature for one to two
days.
5.2 Live-cell 3D lithography via HOT and micro-stereolithography in a multi-

material thiol-ene monomer
A two-step procedure is used to pattern the samples. First, a series of 10 hydrogel voxels are

patterned on a coated coverslip. Each polymer voxel is patterned by exposing an area of 43 um
x 128 um to 405 nm illumination. Each exposure is one second in duration with a power of 56
mW/cm?. The exposures are repeated either two or three times. Two exposures results in

polymer voxels slightly larger in scale than the area illuminated. Three exposures results in
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features much larger than the area exposed. The voxels are separated by 200 um, as shown in

Fig. 25.

---- Y D D Gy
200um

Fig. 25 3D view of patterned 8 Arm PEG Norborene rectangles on coverslip. The distance from the edge of one rectangle to
the edge of the next is 200 um. Each rectangle is close to 100 um long. If the hydrogel feature is over-exposed by repeatedly
curing the same area, then the dimensions are larger.

Currently, the fabrication system only supports brightfield imaging, and the index difference
between the patterned voxels and the surrounding liquid monomer is very low, making the
patterned voxels difficult to find when arranging cells. For example, polymer voxels shown in
Fig. 26 and Fig. 27 are patterned, rinsed twice with PBS and re-submerged in PBS to prevent
drying. Images of the voxels that are taken from the Cube are shown at left, and are shown at
right as they appear after post processing using Imagel to enhance contrast. As shown, the
polymer voxels are very difficult to see. Overexposing to make much larger structures makes

finding the voxels to pattern the cells easier.

Fig. 26 Polymer voxel submersed in PBS that is fabricated by exposing an area 128 um x 42 pm to TWO 1 second 405 nm
exposures with a power of 56 mW/cm? (left) brightfield image taken in the Cube (right) Using contrast enhancement with
Image) to make the polymer feature easier to visualize
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Fig. 27 Polymer voxel submersed in PBS that is fabricated by exposing an area 128 pum x 42 um to THREE 1 second 405 nm
exposures with a power of 56 mW/cm> (left) brightfield image taken in the Cube (right) Using contrast enhancement with
Imagel to make the polymer feature easier to visualize

When patterning samples with cells, the polymer voxels patterned in the first step are
rinsed twice with PBS without removing the coverslip from the Cube to ensure that the sample
remains aligned with the imaging optics. Then, the secondary monomer solution that contains
cells is then deposited on the sample. Optical tweezers are used to arrange cells around the
polymer voxels with the high crosslink density. After arranging cells, the pattern is held in place
by exposing an area of 343 um x 343 um to two 405 nm exposures each 1 second in duration
with a power of 56 mW/cm?. This over-exposes the monomer, readily polymerizing a large
hydrogel voxel with a low crosslink density to hold the cells in place. A diagram of step 2, and an

image of the resulting patterned structures are shown in Fig. 28.
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Fig. 28 (left) Top view of cells (shown as black circles) arranged around the polymer voxels patterned in step 1 (marked with
dark blue). The cells are held in place in a hydrogel with a very low crosslink density (marked as light blue circles.) (right)
patterned two hydrogel sample with two cells arranged along the border of the hydrogel voxel with the higher crosslink
density.

In Fig. 29, a brightfield image of a sample is shown just after patterning, and after
incubating at 37 °C and in 5% CO, in differentiation media for 2 days. Two polymer voxels are
shown with a series of 10 cells pattered around the voxel at left, and 8 cells patterned along the
bottom of the voxel at right. After incubation, a large multi-nucleated cell fused along the
perimeter of the hydrogel voxel with the low crosslink density, as shown along the top portion
of Fig. 29(right). The cells patterned into a line along the left hydrogel voxel with the high
crosslink density broke into two parts. The top 4 cells of this line grew into the cell along the
perimeter of the hydrogel voxel with the low crosslink, as shown in the confocal image of Fig.
29. The remaining cells maintained a generally round morphology, only showing initial signs of

fusing.
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Immediately after patterning After 2 Days incubation in Differentiation Media

Fig. 29 (a) Brightfield image cells patterned along the perimeter of two hydrogel voxels with a high crosslink density that are
encased in a secondary hydrogel with a low crosslink density. (b) Brightfield image of the sample after 2 days incubation in
differentiation media (c) Confocal image, 40x water immersion. The cytoskeleton was stained with rhodamine phalloidin,
and DAPI stained the nuclei. The first 4 cells on the left high crosslink density voxel joined the very long cell that grew along
the perimeter of the hydrogel with the low crosslink density. However, the cells on the right high cross linking density voxel
collapsed into an undefined ball during the 2 day incubation period.

A sample with 15 cells arranged around the high crosslink hydrogel voxel is shown in Fig. 30.
A brightfield image taken immediately after patterning is shown without markings at left, and
with markings along the perimeter of the high crosslink hydrogel, and low crosslink hydrogel at
right. In Fig. 31 the brightfield images of the sample can be seen before and after incubation. A
large cell grew around the perimeter of the hydrogel with the low crosslink density, indicating
that in the span of 2 days cell fusion is occurring. Within the hydrogel with the low crosslink
density the cells along the top right of the hydrogel voxel with the high crosslink density are
fusing, but remaining cells are not. In the confocal image of Fig. 32, it is apparent that more
cells have multiple nuclei, but as a result of replicating as opposed to fusing. The consistent

growth of large cells around the perimeter of the hydrogel is shown in Fig. 33.
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Fig. 30 Brightfield image of cells arranged around a hydrogel voxel with a high crosslink density, and encased in a significantly
larger hydrogel voxel with a low crosslink density. An unmarked image is shown at left, and at right key features are noted

Immediately after patterning After 2 Days incubation

Fig. 31 Brightfield image of 15 cells patterned around a polymer voxel with a high crosslink density, and encased in a
secondary polymer voxel with a low crosslink density (left) just after patterning (right) after 2 days incubation.

62



Fig. 32 (left) brightfield image of arranged cells after incubation (right) confocal scan of arranged cells with Rhodamine
Phalloidin staining the cytoskeleton, and DAPI staining the nuclei.

Fig. 33 Cells consistently grow along the perimeter of the hydrogel with the low crosslink density, shown as a series rings in
the confocal image above.

5.3 Conclusions
This chapter explored the possibility of using the perimeter of a hydrogel with a high

crosslink density to guide myotube formation, while using a hydrogel with a low crosslink
density to support cells. It was hypothesized that the low crosslink density hydrogel would be

sufficiently strong to hold the cell in place after patterning, but weak enough to allow the cells
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mobility to fuse. It was found that even a very low cross linking density hydrogel did not provide
sufficient mobility to allow for consistent formation of multi-nucleated cells. It is hypothesized
that degradation of the hydrogel was not sufficiently fast and localized around the cells to allow
mobility for fusion. A topic of future research will be investigations of cell fusion in MMP
degradable thiol-ene hydrogel. This hydrogel is selectively degraded by the cells, allowing
strength to support the cells, but an absence of hydrogel immediately surrounding the cells

such that fusion and myotube formation can occur.
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6 The Pocketscope
Optogenetics is an emerging technology that combines genetics with optical methods to

monitor and manipulate the activity of specific populations of 10’s to 100 neurons at a time
[77,78]. The approach has the potential to improve accuracy in mapping function to neural
circuits of the brain, and mental illness to circuits that have been compromised. This is shown
by research that has led to an improved understanding of epilepsy [79], depression [80], drug
addiction [81], and Parkinson’s disease [82]. The potential of optogenetics to improve
understanding of neurological diseases, and reduce projected healthcare costs has led to
multiple large-scale national and international efforts including: the Brain Initiative, the Brain
Activity Map (BAM) and the Human Brain Project.

Optogenetics relies on two complimentary techniques: Calcium imaging to monitor neural
activity and photostimulation to manipulate neural activity. Calcium imaging is made possible
through calcium indicators, which are fluorescent molecules that can be introduced into tissue
such that fluorescence microscopy can be used to track action potentials. When an action
potential occurs, there is a rapid uptake of calcium into the cell body, allowing calcium ions in
the soma to interact with calcium indicators present within the cell body. This interaction alters
the characteristics of the bound calcium ions, changing their fluorescence properties making
the action potential an optically detectable event.

There are two types of calcium indicators: chemical indicators such as Fura-2, and
genetically encoded indicators such as GCaMP. Chemical indicators are typically bound to
chelator groups, enabling the indicator to readily permeate the cell membrane, thus loading the

sample. Fura-2 is excited at 350 nm and 380 nm and the ratio of emissions at the two excitation
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wavelengths is directly correlated to the amount of intracellular calcium. Thus, using this ratio it
is possible to cancel variables, such as dye concentration and cell thickness, allowing Fura-2 to
be used simultaneously as an indicator of cellular activity as well as a quantitative measure of

intracellular calcium levels.

As an alternative to chemical indicators, genetically encoded indicators can also be used for
calcium imaging. The benefits of genetically encoded indicators is that they do not require
loading, and offer greater stability for chronic imaging. Genes encoding proteins are transfected
to cell lines, or transgenic animals expressing the dye can be created. This indicator operates
through a conformation change that leads to emitted fluorescence when GCaMP binds with

calcium ions.

Photostimulation is a complimentary capability to calcium imaging, allowing the ability to
either cause or silence action potentials. For example, RuBi-glutamate cleaves when
illuminated, stimulating glutamate receptors in a neuron, causing an action potential.
Alternatively, when Halorhodopsin is illuminated it leads to an influx of chloride ions in a cell
body, leading to hyperpolarization of the cell which inhibits action potentials. A wide range of
opsins for photostimulation having varying properties relating to the response time, sensitivity,
excitation, and emission wavelengths [83] have been developed and are available through the

Deisseroth lab.

Multiple approaches to instrumentation for optogenetics are emerging including: optical
fibers, and microscopes that include either digital micromirror arrays (DMD), or nematic liquid
crystal based spatial light modulators (NLC SLM). Several research projects have demonstrated
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optical fiber-based illumination for stimulating neural circuits [80, 84]. The benefits of optical
fibers are that they can be implanted and left deep within the brain for chronic experiments
with photostimulation over the span of up to a year [85]. The flexibility of the fiber allows the
animal full mobility, enabling studies in complex environments such as water and mazes.
However, optical fibers only allow photostimulation in broad regions of the brain, meaning that
the ability to study circuits with single cell resolution is lost. For this reason optical fibers are
commonly used to isolate a region of interest within the brain, and that region is then further

analyzed with single cell resolution, using alternative techniques.

To improve spatial resolution to the single cell level, approaches using DMDs and NLC SLMs
are being explored. Both approaches require the mouse head to be held fixed under a
microscope. The mouse has less mobility than fiber based approaches, but is typically able to
run on a ball, and can be presented with a computer-generated scene to provide visual stimuli.
The skull is either removed or thinned such that the region of interest can be viewed. A
coverslip is sealed over the hole in the skull, resulting in a chronically implanted window
enabling long-term studies of neural circuits [86]. When a DMD is used, the array is imaged to a
two-dimensional plane in the sample, allowing selective illumination of regions of the brain for
calcium imaging and/or photostimulation. This approach allows for high speed targeting of cells
at rates of 23 kHz — 32 kHz [87]. However, because light is utilized in the image plane as
opposed to the Fourier plane, this approach does not provide a means to monitor and
manipulate neural circuits within a three dimensional volume, and light is used inefficiently

when targeting a low density of cells.
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Alternatively, NLC SLMs can be operated in the Fourier plane, selectively redirecting
incident illumination within a three dimensional volume in the focal plane of an objective lens.
If one is attempting to illuminate a sparse volume of focal points, this approach maintains
efficient use of light. However, NLC SLMs have a demonstrated maximum response time of 500
Hz [88], which is not ideal for mapping neural activity when action potentials can occur within a
single millisecond. Further, 100% diffraction efficiency and uniformity of the diffracted spot
intensity is challenging. To maximize the dimensions of the addressed volume, it is desirable to
align the system such that the 0™ order is in the center of the field of view. If a significant
amount of light is lost into the 0" order, and the 0" order is not entirely blocked, then this light
can damage cells, or influence measurements of activity. The compounds used for
photostimulation and calcium imaging are designed to be highly sensitive, capable of
responding to as little as 8 mW/mm? [89]. This enables low incident power to manipulate and
monitor activity, decreasing the likelihood of damaging the sample. However, this means that
even if a small fraction of light is present in ghost orders, or the 0™ order, it is potentially

sufficient to influence a measurement.

The chapters to follow present the design, implementation and demonstration of an
inexpensive one photon microscope, referred to as the “Pocketscope” incorporating an NLC
SLM that enables calcium imaging and photostimulation to map neural circuits in brain slices.
Algorithms were created to minimize losses to the 0" order and ghost orders. The SLM has
switching speeds of up to 500 Hz, enabling temporal sequence through targeting patterns to
study the response of a surrounding network to stimulation of a series of neurons. The tool can

be used to study wide range of samples, from single dendritic spines to larger three
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dimensional populations of neurons, and allows study of complex neural activity such as the
integration of inputs arriving on multiple dendritic branches, which is by its nature a three

dimensional problem

This work is a collaborative effort with Rafael Yuste at Columbia University, making the
division of tasks important to note. | was solely responsible for all work completed at BNS on
the STTR. This chapter describes the opto-mechanical system and software. | designed the
optoelectronic system and wrote the control software, while Columbia provided guidance on
the optogentic application. Chapter 7 motivates the need for improved beamsteering efficiency
and describes two approaches | implemented. Finally, | took the tool to Columbia where we
tested it for fast 3D calcium imaging of neurons in brain slices. The materials and methods used
to prepare brain slices are documented in Chapter 8. This procedure was developed by Prof.
Yuste at Columbia University. All animal handling and experimentation was performed
according to NIH and local IACUUC guidelines. | did not directly handle brain slices, but once the
brain slice was placed in the system | worked with Prof. Yuste’s group to gather the results
presented in Chapter 8.

6.1 The Pocketscope Optics

The optical layout of the Pocketscope is shown in Fig. 34. Below the sample a white light
LED and fold mirror are used for brightfield imaging. This enables the software to auto-detect
the positions of objects to target within a field of view of 470 um x 635 um in a maximum of
10 planes separated by 10 um. After the locations of cell bodies have been detected, the
software automatically computes a hologram such that when the SLM (Boulder Nonlinear

Systems, PDMHS512-532) is illuminated by the 488 nm laser the system can be used for
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targeted calcium imaging and photostimulation.

An optical relay is used to image the SLM to the back aperture of the microscope objective
(Olympus, LUMPLFLN40X/W), and is also used to de-magnify the image of the SLM by 60%.
Underfilling the objective with the image of the SLM effectively reduces the pixel pitch, enabling
the SLM to generate targeted excitation points with a field of view that spans 440 um x 440 um.
However, the demagnification reduces the NA of the excitation, expanding the radius of the
waist of a diffraction limited 1% order spot from 0.366 pm to 0.915 pm. Likewise this increases
the axial extent of the depth of focus from 0.915 um to 5.71 um. This is an acceptable tradeoff
for targeting cell bodies which typically have a diameter of approximately 10-20 um, but could be
limiting for studies of smaller features such as dendritic trees or dendritic spines.

As shown in Fig. 34, a dichroic can be placed between the fold mirror, and the fluorescent
filter cube such that single focal point or wide field photostimulation can be used in conjunction
with calcium imaging. This enables the ability to perturb activity of neural circuits by inducing or
silencing activity. Calcium imaging can then be used to monitor the response of the circuit to the
perturbation.

The sample is imaged to the camera (Dalsa, Genie M10240) by relaying the intermediate
plane to the camera. The imaging system de-magnifies the image of the sample by 66%, such that
a 470 um x 630 um area within the sample is imaged onto the 3.5 mm x 4.7 mm active area of the
camera. The Fourier plane in the relay system enables extended depth of field imaging, as will be

discussed to follow.
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Fig. 34 Optical layout of the Pocketscope (top) and mechanical layout (bottom).

In order to image neural activity within a 3D volume the system is designed to support two

imaging modalities. In the “traditional” modality, the objective is mounted on a piezo-driven

translation stage (Edmund Optics, 85-008). The stage can translate across a maximum range of
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100 um, with a step response time of 20 ms. As the objective translates it is possible to add
defocus to the SLM such that the plane of excitation and imaging do not need to be co-aligned.
Further, the SLM can be used to correct for aberrations caused by targeting neurons deep within
scattering tissue.

The “modern” modality, as an alternative to 3D imaging through time sequentially scanning
of 2D planes, is to make use of extended depth of field imaging through wavefront coding. This
concept was first demonstrated in 1995 by Dowski et al. [90] who added a cubic phase mask to
the imaging arm of a microscope. If the mask is placed in the pupil plane of the image, it
introduces a strong aberration that overwhelms other aberrations present in the image,
including defocus. This can be used to modify the point spread function of fluorescent sources
within the sample such that the axial variance of the transverse profile of the PSF is slowed, as
shown in Fig. 35. By post processing the images through a deconvolution routine, the aberration
can be removed, leaving a projection of the volume onto a single plane., The depth of field has
been demonstrated to increase by a factor of up to 10x [91], however, the extent over which the
depth of field can be extended is dependent on the NA of the imaging system. The Pocketscope
is designed to be compatible with extended depth of field imaging, but demonstration remains a

topic for future research.
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Fig. 35 Cubic phase mask used to extend the depth of field of a fluorescent imaging system [Error! Bookmark not defined.]
(left) the point spread function of a conventional microscope as compared to that of an extended depth of field microscope
(right) cubic phase mask.

6.2 Automated Cell Body Detection
A range of techniques have been demonstrated for identifying the locations of cell bodies,

using approaches of segmentation and edge detection [92]. In this work, cell bodies are
detected through a correlation routine which offers simplicity and high speed detection with
an accuracy of 94 %. An example of automated cell body detection is illustrated in Fig. 36. The
brightfield image of a brain slice loaded with calcium indicators is shown Fig. 36a. The image is
analyzed in a raster fashion, first applying a threshold condition to ignore pixel values below a
minimum peak value, as shown in Fig. 36b. The algorithm then searches for pixel peaks that
are greater than the surrounding 5x5 pixel values. For this example 147 peaks were found.
Each peak is then correlated with a Gaussian peak that is 7 pixels in diameter. If the correlation
is sufficiently high, then the location is noted as a cell body. To determine an appropriate
minimum peak value for a fluorescing object, pixel values are dynamically reported as the mouse
is translated across the camera output.

For comparison of this approach and others, cell bodies are detected using threshold

conditions and edge detection algorithms built into Imagel, as shown in Fig. 37. The same
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brightfield image of a brain slice loaded with calcium indicators is used in this example. In Fig.
37b, threshold conditions are applied using Image J, using the same lower bound from the
previous example. In Fig. 37c, the Image J edge detection technique is utilized to identify the
location of cell bodies. In Fig. 37d an overlay is shown of cell body locations detected with the
Pocketscope, and with Imagel. In Fig. 37e cell bodies that were detected by Image J, but were
not detected by the Pocketscope software are noted. From this example, 7 of 109 cell bodies
present were not detected with the Pocketscope algorithm. The reason is that a peak within
these cells that is greater than the surrounding 5x5 pixels. To improve auto-detection, better
methods to identify peaks must be utilized. Although the Pocketscope algorithm results in a
decrease in automated cell detection accuracy of 6%, the Pocketscope algorithm offers speed

and simplicity of implementation.
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Fig. 36 Pocketscope SW automated cell body detection method (a) A brightfield image of neurons in a brain slice that have
been loaded for calcium imaging (b) The image of the brain slice after threshold conditions have been applied (c) Locations of
local peaks that are greater than the surrounding 5x5 pixels. (d) An overlay of the image with the threshold applied, and
identified cell body locations noted in red.
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Fig. 37 Cell body detection with Image J (a) brightfield image of a brain slice loaded with calcium indicators. (b) applying
threshold conditions (c) edge detection (d) overlay of detected edges with Image J, and detected cell bodies using the
algorithm developed for the Pocketscope (e) 7 of 109 cell bodies that the Pocketscope software failed to note the presence

of.

After the cell locations are identified, the positions of detected cells are denoted with white
circles that are superimposed with the camera output, as shown in Fig. 38. One cell is denoted

with a red circle that corresponds to the currently selected location in the “Soma Locations”
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listbox. This enables targeted locations to be shifted in x, y, z; and the intensity of a given target
to be adjusted with respect to the other targeted cells. Holograms to target the cell bodies are
automatically computed making use of the graphics processing unit for sub-millisecond
computations as will be presented in the chapter to follow. An example of fluorescence as a
result of targeting 43 10 um fluorescent beads suspended in glue is shown in Fig. 39. Some beads

are slightly out of focus due to the limited depth of field of the 2D imaging system used in this

example.
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Fig. 38 The bead locations are auto-detected, and indicated with white circles. The currently selected bead from the “Soma
Locations” listbox is shown in red.
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Fig. 39 Fluorescence as a result of targeting 10 um silica beads. Not all the beads are in focus because the cubic phase mask is
not in use in this example.

Use of the software requires the ability to map coordinates on the screen to targeted
locations within the sample. This is calibrated using the affine transformation. A series of three
holograms are loaded to the SLM steering a single spot to a position within the field of view. By
manually selecting the locations of the focal points the affine transformation is utilized to map

the location of mouse clicks to locations of targeted excitation on the SLM.

6.3 Arbitrary spatio-temporal targeting
After a series of target patterns have been generated, arbitrary spatio-temporal targeting

can be defined by loading a sequence of target patterns, that can be displayed on the SLM in
increments of the camera frame rate. After the desired targeting sequence is defined, the
software will initiate the loop, and will store the camera data in a pre-allocated buffer that is
capable of storing up to 5 minutes of data. After the fluorescence signals have been recorded
all the data corresponding to the test is saved including: the target x,y,z locations and intensity

settings for each focal point of each hologram used in the sequence, the holograms used, the
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raw images from the recording for later processing if desired, and intensity measurements from

each targeted locations as a function of time.
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7 Maximizing beamsteering efficiency of computer generated

holograms
SLMs are potentially powerful tools for optogenetics research, enabling the user to

selectively and efficiently redirect incident illumination to focal points within a 3D volume.
However, when applied to neuroscience, it is critical to maintain precise control over the
redirection of light. If significant light is lost to the 0" order, or if light is lost to ghost orders as
shown in Fig. 40, then this could damage the sample, or influence measurements of the neural
network one is trying to probe and manipulate. Because the compounds used for
photostimulation and calcium imaging are designed to be highly sensitive, capable of
responding to intensities as little as 8 mW/mm? [89], even small variations in ghost orders and
the 0™ order can influence a measurement. Additionally, if there is significant variation in the
intensity of 1% order focal points across the field of view, then cells with activity could fail to
fluoresce in calcium imaging experiments and focal points could fail to stimulate action
potentials uniformly along neural circuit. This could lead to incorrect conclusions about
interconnectivity of neurons. For these reasons, the precision required for the redirection of
light within a 3D volume is far more demanding for optogenetics than for holographic optical
tweezers where a ghost trap is unlikely to significantly interfere with the ability to execute an
experiment. Thus, for optogenetics, much more attention must be paid to the efficiency of

beamsteering, and to the methods used to compute holograms.
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Fig. 40 Image of the Fourier plane taken when an SLM is used to apply a hologram. The hologram is designed to produce
three focal points with a weighting function applied such that the intensity of two focal points should be approximately
equal, and the third focal point should be 10x brighter. Ideally the 0" order would not be visible, and there would be no
ghost orders. (left) the raw camera data (right) false color to highlight the locations of the desired focal points which are
noted in red circles, the ghost orders which are noted with green circles, and the 0™ order which is noted with a black circle.

In the work presented in this chapter, two methods are developed to maximize
beamsteering efficiency. First, the algorithm used to compute holograms in the first half of this
thesis, Lenses and Gratings, is replaced with a 3D Weighted Gerchberg Saxton (WGS) [93]. The
WGS sacrifices speed and computational ease in favor of improving first order uniformity.
Second, intensive calibration efforts are utilized to accurately and regionally map the phase
response of the SLM to voltage. In this chapter, the effects of assuming a regionally invariant
phase response across the active area of the SLM are quantified. This is a common assumption
that is shown here to degrade beamsteering efficiency.

The 3D Weighted Gerchberg Saxton is an iterative technique that is shown here to
converge to 90% uniformity within 10 iterations. An example distribution of spot intensities
for a 512 x 512 pixel hologram producing 25 spots is shown in Fig. 41(top), and a corresponding
plot of uniformity as a function of number of iterations, as defined by Di Leonardo [93] is
shown in Fig. 41(bottom). In collaboration with Martin Persson at Gothenburg University,

Martin and | implemented the algorithm on the graphics processing unit to minimize
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computation time. The result is that a 512 x 512 pixel hologram can be computed in less than 1

ms per iteration. The core of the software is available as freeware [94].
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Fig. 41 (top) Plot of 1st order intensity for 25 spots, shown as the software iterates up to 20 times to compute the hologram.
(bottom) Plot of uniformity as a function of number of iterations. Within 10 iterations uniformity is generally 90% or greater.

7.1 SLM Calibration
Ideally, SLMs would provide a spatially uniform phase response to uniformly applied input

voltage, thus eliminating the need for regional calibrations. However, backplane topography
from the polishing process, non-uniformities in deposition of mirrors, and variations in

uniformity in the liquid crystal layer introduced during the build process all lead to a spatially
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varying phase response. Furthermore, the drive scheme used to DC balance the liquid crystal

can greatly impact the uniformity.

In Fig. 42a and Fig. 43a, plots are shown of typical phase response curves of an SLM as a
function of input grayscale value. The two plots differ depending on the DC balancing drive
scheme. DC balancing is required because Nematic LC contains impurities. The impurities begin
to drift when a DC voltage is applied across the LC and can form a space charge layer. Because
these impurities have a charge, a back EMF will result when the space charge layer is formed.
This back EMF will cause the switching characteristics of the liquid crystal to change. Thus, to
keep the impurities from drifting it is necessary to toggle the voltage applied to the pixel with

time.

The preferred drive scheme is shown in Fig. 42. In this case, the coverglass of the SLM is
held at a constant voltage of 2.5 volts (or gray level of 127 given 8 bit drive electronics) as is
shown in red. The voltage applied to the pixel toggles at a rate of 1 kHz between the
programmed value A (A=63 on blue trace or A=21 on green trace) and the inverse value A’ =
(255-A). As a result, the field across the LC material at any given moment is the difference
between the cover glass voltage and the pixel voltage. As a result, using a passive cover glass
drive scheme, the maximum electric field across the LC layer is 2.5 V. Because Nematic LC
responds to the amplitude of the drive signal and not the sign there is a symmetric phase

response about grayscale 128.

If the 2.5 V field is found to be limiting, then the coverglass can be actively driven with a

square wave as is shown in Fig. 43. The voltage at the pixel is still toggled with time at the same
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rate, but depending on the value written to the pixel, the pixel voltage is either in-phase or out-

of-phase with the coverglass. As a result, the full 5V field is available and the phase response is

no longer symmetric. The problem with this drive scheme is that it takes time to update the

voltage on all the pixels of the backplane, but the voltage update of the coverglass, which is

essentially a single pixel, is fast. This time difference introduces a voltage skew across the SLM.

The timing is implemented such that the coverglass voltage is updated at the same time as the

pixels in the middle of the SLM are loaded, thus distributing the skew.
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Fig. 42 (a) Typical phase response of an SLM as the voltage applied to the pixels is varied. This with a passive coverglass drive
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scheme. (b) DC balancing drive scheme for an active coverglass SLM
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In order to calibrate the nonlinear optical response of the LC to voltage, a diffractive
method is developed here. The SLM is divided into 16 regions, as shown in Fig. 44. In one
region, a checkerboard pattern with a period of 4 pixels is applied to the SLM, while the
remaining regions are held at a constant voltage. Use of a high frequency checkerboard pattern
enables the calibration to take into account the extra voltage required to overcome inter-pixel
cross talk, whose effects are more noticeable when high frequency patterns such as holograms
are considered. In the calibration routine the voltage applied to the pixels that are white is held
constant at 5 V, and the pixels that are varied experience a time dependent voltage that
decrements from 5 V down to 0 V. By monitoring the intensity of the first order in the Fourier
plane while varying the voltage applied to the pixels (and thus the phase shift between the

pixels) a mapping of input grayscale to output phase shift can be established.

-

Fig. 44 Pattern written to the SLM during calibration. The SLM is divided into 16 subsections. A checkerboard pattern is
written to one section, while the rest of the SLM is held blank. A series of 256 images are loaded to the SLM during
calibration of each region. One check is held at a constant value of 255, while the other check value is decremented from 255
to 0. As the series of patterns are loaded to the SLM, the intensity of the 1% order is measured. The process is repeated for
each of the 16 regions of the SLM.

Fig. 45 shows a simulation of the intensity pattern in the Fourier plane when writing a series
of checkerboard patterns to the SLM. This is used to generate a look up table (LUT) that

remaps input 0 — 255 to an output grayscale data set that results in a linear 0 — 21t phase shift,
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and to quantify the phase error and expected impact on beamsteering efficiency when a

uniform phase response is assumed.

Phase=0,0 Phase=0,m/2 Phase=0,m Phase=0, 3n/2 Phase=0, 2n

Fig. 45 Intensity of the Fourier plane when checkerboard patterns of varying phase are written to the SLM.

The raw intensity measurements of the 1** order are shown in Fig. 46 for an SLM designed
to be used with an active coverglass drive scheme, and a passive coverglass drive scheme. In
the two figures corresponding to the two drive schemes there are 17 traces. The first 16 traces
correspond to the intensity of the 1% order when testing each of the 16 sub-sections of the
SLM. The 17" trace corresponds to the intensity of the 1% order when a checkerboard pattern is
written to the entire SLM. The intensity of this trace is notably higher than that of the
subsections. Because more light is re-directed to the first order when the entire SLM is analyzed
as a single region, the detector saturates, necessitating a decrease in the detector gain. Due to
the difference in gain between regional and global calibrations, one should not draw
conclusions about the intensity of the subsections as compared to the entire SLM. However,
the shapes can be compared, which provides information about the regional phase response of

the SLM, and the extent to which regions vary from the global response.

In order to convert the 1°' order measurements to phase, the raw measurements must be
scaled to range from 0 to 1, as shown in Fig. 47. Equations 6 and 7 can be used to map scaled

intensity measurements to phase. In order to compensate for noise in the measurements,
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particularly near the 0, i, and 2m points, the raw phase data is fit to a 5™ order polynomial
using the GNU Scientific Library. From this the curve fit, a regional look up table can generated
such that input O to 255 results in a linear increase in phase delay from 0 to 2. The process is
repeated for each of the 16 regions in the SLM, and for the entire SLM as a single region. The
phase curves can be used to define error bars of the maximum error across each of the 16
regions for each graylevel if a global calibration is used as opposed to a regional LUT. This is

shown in Fig. 48.

Phase = 2 x asin(y/Intensity ) (Phase < i, measuring 1% order) Eq. 6
Phase = 2 = [m — asin(y/Intensity]  (Phase >m, measuring 1% order) Eq. 7
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Fig. 46 Measurements of 1st order intensity vs grayscale for 16 regions of the SLM, and for the SLM as a single region.
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Regional Phase Variation vs. Input Grayscale
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Fig. 48 Regional variability in phase shift when considering 16 regions of the SLM

If it is assumed that the phase response is uniform, then this leads to a regionally
dependent phase error causing a reduced intensity of desired 1°* order focal points, and
increase the intensity of the 0™ order. To quantify this effect, and isolate the effect from other

possible sources of error that can lead to inefficient beamsteering, a simulation is utilized. First,
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an ideal hologram that is used to produce 3 focal points is computed. A secondary hologram is
computed that is identical to the first hologram, but includes regional phase errors that are
introduced when a uniform phase response is assumed. The phase error presented here is
based on measurements of Fig. 48 (right). The result of adding phase error shifts the regional
tilt of the hologram, and the location of 2i wraps as shown in Fig 49. By assuming a Gaussian
incident wavefront, and Fourier transforming the two holograms, it is possible to quantify the
change in 0" and 1° order intensity. For this example of a hologram that is designed to produce
3 focal points, the phase error leads to a decrease in 1% order intensity of 2.72%, 2.76%, and

2.73% at each focal point, and a 16.85x increase in the 0" order intensity.
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Fig 49 (a) Ideal hologram to produce 3 focal points. (b) Modified version of the hologram where phase errors were
introduced based on measurements of the regional phase response. (c) the difference between the two holograms.
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Fig 50 (top) Fourier transform of the ideal hologram, the Fourier transform of the hologram with phase error due to
assuming an invariant phase response, and the difference between the Fourier Transform of the two images. (bottom) Plot
of the intensity of the desired focal points, and the unwanted ghost orders for an ideal hologram, a hologram with phase
error, and the difference in intensity between the two. When a uniform phase response is assumed, the resulting phase error
results in a decrease in 1* order intensity of 2.72%, 2.76%, and 2.73% at each focal point, and a 16.85x increase in the o™
order intensity.

7.2 Conclusions
In order to harness the potential for SLMs to selectively and efficiently redirect incident

illumination to focal points within a 3D volume for optogenetics research, it is critical to
maintain precise control over the phase of wavefronts. In this work, the phase response of the
SLM is found to be regionally variable. If the phase response is assumed to be invariant, then
the resulting phase error for the SLM tested will vary up to 0.15 waves. This error used in
combination with this example hologram resulted in a reduction in 1* order beamsteering

efficiency 2.72%, 2.76%, and 2.73% at each focal point, and a 16.85x increase in the 0™ order
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intensity. When considering highly sensitive calcium indicators and opsins for photostimulation,

this error could be sufficient to alter measurements of activity in neural circuits.
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8 Using the Pocketscope For Calcium Imaging

8.1 Materials and Methods
The preparation procedure, as documented in this section, was supplied by Prof. Yuste at

Columbia University. All animal handling and experimentation were performed according to
NIH and local IACUUC guidelines. We prepared 400 um thick coronal neocortical slices in mouse
primary visual cortex from postnatal day 14 C57/BL6 (GeneTex , GTX85913) with a vibratome
(Leica VT1200) in ice-cold oxygenated modified artificial cerebro-spinal fluid (ACSF Tocris
Bioscience, 3525/25ML) that included 1 mM CaCl, and 3 mM MgS0O,, in which NaCl was
replaced by an equimolar concentration of sucrose (in mM): 27 NaHCOs, 1.5 NaH, PO, 222
sucrose, 2.6 KCI. We then placed the slices in oxygenated standard ACSF at 37 °C for 30 min. For
AM dye loading, we deposited the slices onto the bottom of a small Petri dish (35mm in
diameter) filled with 2 ml of ACSF, ventilated with 95% O, /5% CO, and placed in a slide warmer
at 37 °C (Fisher Scientific). The dye solution is prepared by adding 48 ul DMSO and 2 ul Pluronic
F-127 (10% solution in DMSO, P-6866, Molecular Probes) into a tube of 50 ug Oregon green 488
BAPTA-1 AM (0-6807, special package, Molecular Probes). Thus, the dye solution finally
contains 0.1% (1 mM) AM-ester dye and 0.4% Pluronic F-127 in DMSO. A small amount of the
dye solution is first pipetted directly over the slice so that the slice is initially exposed to a high
concentration of the AM dye, and the remainder ejected into the petri dish. The loading is
terminated by transferring the slices into fresh ACSF. The slices are maintained at room
temperature for at least 30 min before imaging. During imaging, the slices are kept in an

oxygenated bath of normal ACSF.
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8.2 Imaging Neurons in Brain Slices
In the design of the imaging system presented in Chapter 6, a 635 pum x 470 um region of

the sample is imaged to a 1024 x 768 pixel camera. This results in each pixel imaging 0.6 um of
the sample, which is sufficient for imaging a low concentration of 10 um fluorescent beads
suspended in glue, as it is a highly transparent sample. However, for imaging neurons in brain
slices that are highly scattering, it is challenging to identify the locations of cell bodies with an
average of 16x16 pixels per cell. Thus, for work with brains slices, the image relay system is
modified such that the field of view is 160 um x 210 um . An example brightfield image of a
brain slice is shown in Fig. 51. This is an image of layer 5 in mouse primary visual cortex, imaging
a plane approximately 20 um into the sample. Imaging neurons one cell layer into the thickness
of the sample increases scattering, making it more challenging to see cell bodies. However, cells

at the top surface of the slice exhibit low viability.

Fig. 51 Brightfield image of a brain slice taken in the Pocketscope. The image is from L5 in mouse primary visual cortex, 20
um below the top of the 400 um slice.
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8.3 Fluorescence signals
A series of 10 calcium imaging experiments were run over the span of an hour. In each

experiment 15 to 25 cells were targeted, and fluorescent activity was recorded at a rate of 20
fps for a duration of 30 seconds. Typical results are shown in Fig. 52 and Fig. 53. In the plots
showing fluorescent spikes with a high intensity and long duration, the cell experienced a burst
of activity containing many action potentials. Synchronous events between multiple cells are
shown in the two figures. This does not necessarily mean that the cells are interconnected;
however, it is an indicator that the cells warrant further investigation. Fluorescent spikes with a
low intensity, and short duration were also recorded. This indicates that fewer action potentials

occurred during the bursts.

Given fluorescence traces from imaged neurons, it is desirable to make statements about
the number of action potentials that occurred during the fluorescence spike. A number of
algorithms have been developed to accomplish this based on thresholding [95] template
matching [96], linear deconvolution [97, 98], and fast non-negatively constrained optimization
methods [99]. Most of these approaches either explicitly or implicitly assume a model relating
bursts of action potentials to the fluorescence observations. For example, one can assume that
a spike train is convolved with a filter, such as an exponential [100]. It is desirable to validate
the model used in the instrument through simultaneous use of a patch clamp and calcium

imaging. For this project, combining the two technologies remains a topic of future research.
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Fig. 52 Calcium imaging with brain slices in the Pocketscope. (a) A fluorescence image of a single time slice in the 30 second

recording taken while targeting 15 cells. Fluorescence activity with respect to time is plotted for 3 cells in the sample. The

cells of interest are denoted with red numbers directly to the left of the cell. (b) an overlay of fluorescence with a brightfield

image of the targeted cells. (c) a recording of fluorescence activity with respect to time for 3 cells in the sample. Cell 1 was

highly active, having 15 bursts of action potentials in the 30 second recording. Cell 2 had one synchronous event with Cell 1.

For a reference of the noise level, cell 3 exhibits no activity during the recording window.
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Fig. 53 Calcium imaging with brain slices in the Pocketscope. (a) A fluorescence image of a single time slice in the 30 second
recording taken while targeting 15 cells. Fluorescence activity with respect to time is plotted for 3 cells in the sample. The
cells of interest are denoted with red numbers directly to the left of the cell. (b) Recorded fluorescence with respect to time
for one cell. The reduced intensity and duration of activity indicates fewer action potentials in the bursts of activity. (c) A
recording of fluorescence activity with respect to time for 2 cells in the sample, again capturing synchronous activity
between two cells.

8.4 Conclusions
This work demonstrates use of an epi-fluorescence NLC SLM based microscope that is

capable of targeting light within a 3D volume for experiments with calcium imaging and
photostimulation. The microscope is compatible with extended depth of field imaging
techniques, enabling the tool to map interconnectivity of neural circuits in brain slices, which is
by nature a 3D problem. Use of the tool was demonstrated for calcium imaging of populations
of 15 to 25 cells. The tool was sufficiently sensitive to record synchronous activity between
multiple cells, and activity containing large and small bursts of action potentials. The tool is
capable of creating arbitrary spatio-temporal excitation patterns, enabling more complex

studies of circuit activity. For example, research is showing that neural circuits fire in
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predictable repeating patterns. Using the Pocketscope, one can use a combination of
photostimulation and calcium imaging to perturb firing patterns and monitor the response of
the circuit. This compact design is therefore a useful tool towards the goal of imaging and

optically manipulating neurons in neural circuits in 3D in a simultaneous fashion [101].
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9 Future Work
This research created a live cell lithography platform capable of fabricating millimeter scale

hydrogel scaffolds containing micron scale sub-structures of viable living cells. Patterns of
C2C12 cells were shown to be viable over days and, with appropriate choice of hydrogel
material, would begin the process of fusion and myotube formation. This work found that
strategies must be employed to limit confinement of cells in hydrogel scaffolds such that cells
can be supported by hydrogel, and feel the presence of hydrogel in 3D, but not limit the ability
of the cells to differentiate. In order to provide the cells mobility, the next step is to consider
MMP degradable hydrogels, which selectively degrade due to chemicals excreted by the
entrapped cells. Two potential projects that could be explored after the problem of cell

confinement is resolved are discussed in the sections to follow.

9.1 Hydrogel coatings for medical implants
Each year over 5 million Americans are implanted with medical devices ranging from hip

replacements to pacemakers. While largely beneficial, implants continue to be plagued with
problems of biocompatibility and biostability that can lead to implant failure and rejection. The
body’s natural response to a foreign object is an influx of inflammatory cells whose purpose is
to isolate and eliminate the foreign object. If this cannot be accomplished and inflammation
persists, the foreign object is encapsulated in fibrotic connective tissue [102]. This can lead to a
range of problems for medical implants including insulating barriers around electrodes, scarring
of heart valve sewing rings, and fibrous layers surrounding vascular grafts [103] that can result
in complete loss of interaction between the implant and the surrounding tissue. The cost of

rejected medical implants is extensive. Considering only four of the top 11 surgeries involving
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implanted medical devices, and taking the most conservative estimates of failure rates due to
medical implant rejection, the annual cost is $1.87 billion [104].

This has led to significant research efforts aimed to improve the interface between host
tissue and implanted medical devices. Most research is completed in animal models, making
controlled repeatable studies with large sample sets challenging. Alternatively, the live cell
lithography fabrication platform offers an improved methodology to study the effects of
varying concentration of peptides and controlled duration of release of growth factors such
that optimal biochemical cues can be defined to promote acceptance of medical implants. This
will enable future researchers to more optimally incorporate growth factors and peptides into
implant coatings without introducing unwanted adverse effects.

A variety of methods have been considered to improve biostability of medical implants. One
approach is surface functionalization of implants with peptides such RGD. RGD is commonly
used to promote cellular attachment and differentiation which, in the context of medical
implants, leads to the formation of an extracellular matrix that is critical to acceptance of the
implant. However, studies have found the effectiveness of surface functionalization varies
depending on the material being functionalized. For example, RGD functionalized titanium
entirely fails to promote cell adhesion [105].

Variability in effectiveness of surface functionalization led to interest in coating implants
with thin hydrogel layers. The presence of a hydrogel layer has been shown to reduce
background effects arising from non-specific protein adsorption. This is critical, as non-specific
protein adsorption does not naturally occur in the normal wound healing process, and may be

an instigator of the foreign body reaction which leads to rejection of medical implants. Further,
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hydrogel layers loaded with peptides have been shown in bone implants to enhance osteogenic
cell adhesion, proliferation, and differentiation. [105]. Hydrogel coatings can also be designed
to deliver a controlled release of one or more growth factors shown to enhance integration of
the coated object into the surrounding tissue [106].

While preliminary results with hydrogels, growth factors, and peptides are promising for
promoting implant acceptance, the critical task remains to determine the right combinations
and concentration of peptides and growth factors, and the ideal duration of release of
biochemical cues to most effectively promote growth without causing adverse side effects. This
is a complex problem that varies depending on the type of the host tissue and the materials
used in the implant.

In order to address this need, a controlled methodology must be developed to optimize
hydrogel formulations for coatings of medical implants and to determine appropriate
biochemical cues to incorporate into the implant when applicable. In order to contain the scope
of the problem, one can start with the smaller problem of promoting cellular ingrowth in
hydrogel coatings for repair of large scale bone defects, and/or in hydrogel based
osteochondral implants.

Although a number of different methods are under study to repair large scale bone defects,
to date most common procedures still rely on bone grafts [107]. Fresh bone grafts provide a
source of osteoprogenitor cells, osteoinductive growth factors, and a structural scaffold for new
bone formation. However, bone grafts results in loss of structure in donor area and can induce
both local and systemic immune responses that can diminish or destroy the osteoinductive and

conductive processes [108]. Thus, there is a need to improve medical implants for large scale
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bone defects such that they incorporates growth factors that mimic the biochemical cues that
naturally occur in bone grafts.

Researchers have identified a range of growth factors that can be incorporated into bone
implants to promote ingrowth [109]. Bone morphogenetic proteins (BMP), such as rhBMP-2
and rhBMP-7 (OP-1) are currently marketed for spinal fusion and long bone non-unions in
tibiae, respectively [110]. While BMP growth factors are finding increased use, many studies
have found the release rate and concentration are critical to avoiding unwanted side effects
[111,112,113,114,115]. This has led researchers to consider degradable microspheres
fabricated from PLGA, which can be designed to degrade at a consistent rate delivering growth
factors over the span of a week to a month. This approach has been successfully used for
regeneration of osteonecrotic bone [116]. However, current fabrication techniques for PLGA
microspheres result in wide variability in the diameter of the microspheres, ranging from 4 to
400 um within each batch [117]. The variability in diameter leads to a regionally highly variable
duration of release which is less that optimal for promoting growth and can lead to side effects.
To define optimal concentration of growth factors and peptides in hydrogel coatings, there is a
need for a platform that can execute precisely controlled studies of cellular ingrowth as a
function of growth factor type, growth factor infusion concentration, the duration of release,
and the concentration of microspheres in the sample. This type of controlled study cannot be
completed with any other currently available technology.

My solution is to use the live cell lithography fabrication platform to organize C2C12 cells,
the position and distribution of PLGA microspheres infused with rhBMP-2, and the structure of

the supporting hydrogel network. This solution brings a previously unattainable level of control
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to the study of hydrogel coatings, enabling precise repeatable studies of the influence of
growth factors and peptides on cellular development and differentiation such that optimal
coatings can be defined. Not only will this enable the ability to fabricate many samples with the
same architecture such that studies of variability in cell development independent of changes in
the structure of the scaffold can be completed. But this also allows for variables to be
introduced by changing the number of microspheres encased in the hydrogel, the diameter of
microspheres selected, and the distance of the microspheres from the cells.

The C2C12 cell line differentiates rapidly, and treatment of C2C12 cells with rhBMP-2 causes
a shift in the differentiation pathway to osteoblastic. By allowing the ability to select the
distribution and diameter of the rhBMP-2 infused PLGA microspheres patterned around the
cells, one can control the concentration and duration of release of the growth factors, thus
controlling differentiation, and sending biochemical cues to promote external cells to integrate
into the scaffold.

PLGA microspheres infused with rhBMP-2 can be fabricated, and evaluated for growth
factor release using previously established techniques [116]. Similar to processes presented in
this thesis[12,13], cells and microspheres can be arranged using holographic optical tweezers,
and solidified into a permanent structure of MMP degradable hydrogel using maskless
projection photolithography.

Following patterning, samples can be thoroughly rinsed with phosphate buffer saline to
remove residual liquid monomer, cells, and microspheres. The samples can be incubated in a
solution of growth media and C2C12 cells suspended at a density of 1x10° cells/mL. Cellular

ingrowth can be imaged and tracked every 1 to 2 days over the span of up to 10 days with
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brightfield microscopy. Additionally, samples can be fixed, stained with alizarin red, and imaged
on the confocal microscope to test for production of alkaline phosphatase as an indicator of
osteogenic differentiation. By quantitatively measuring alkaline phosphatase inside and outside
the hydrogel coating as a function of the number and diameter of PLGA microspheres in the
hydrogel it is possible to quantitatively define the ideal coating for promoting bone formation.

Consistent with research completed in this thesis, crosslinked polymers can be used as
structural support for the evaluated coatings. In this application use of RGD modified MMP
degradable hydrogel will be critical, as MMP degradability allows the hydrogel to selectively
degrade in response to cellular ingrowth. This enables the coating to be readily permeable to the
cells in the surrounding tissue.

By manipulating cellular concentrations, growth factor dose and duration of release, ideal
conditions to promote cellular adhesion and differentiation will be identified. These cues will
not only enhance cellular growth within the scaffold, but will also promote growth from the
external environment into the scaffold as can be measured by confocal fluorescent imaging and
tracking of cellular growth through brightfield microscopy. This future work could enable
researchers to more optimally incorporate growth factors and peptides into implant coatings to
promote integration of implants into the host tissue without adverse effects of overdosed

growth factor release.

9.2 Living Neural Networks
An alternative future project could relate to patterning neurons in hydrogel to study neural

circuit formation, enabling greater control in studies of the mechanisms of neural growth and

communication. Using the live cell lithography platform 2D and 3D living neural networks
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(LNNs) can be fabricated with precisely defined connectivity and structure. This will enable a
range of research projects. For example, it is known that artificial LNNs are capable of sensing
and transducing minute environmental perturbations. The ability to rapidly fabricate 2D and 3D
neural networks has potential to improve diagnostics for drug and toxin screening, and
chemical and biological sensing. Furthermore, LNNs can be used to study biocompatibility at
the interface between a prosthetic device and human body. Similarly, research into the
regeneration of nerve connections for spinal cord injuries could greatly benefit from a platform
that would allow experiments to quickly determine what type of chemical or biological agents
could stimulate the neural growth and re-establishing of neural connections.

In the last decade, many methods to fabricate LNNs have been investigated. 2D patterning
of cells is commonly accomplished by lithographic deposition of polylysine is used to direct
neuronal cell attachment and growth on planar electrode arrays [118,119,120]. Unfortunately,
it has since been established that neurons constrained to a stiff 2D environment behave
differently as compared to their in vivo environment [121]. As a result, a variety of methods to
construct complex 3D tissue scaffolds are under study [122,123,124]. While these methods
result in 3D structures that define scaffold shape, they provide no control over the internal
distribution of cells within the scaffold. Such random-cell 3D printers are particularly
inappropriate for neurobiology in which connectivity is of ultimate importance. Alternatively,
the live cell lithography fabrication platform can be utilized to fabricate hydrogel structures
precisely arranged living neurons, and true 3D structuring of cells.

The specific goals of this future project are two-fold. First, to demonstrate the feasibility of

combining optical trapping with photopolymerization and multi-layer stereolithography to
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fabricate a 3D biocompatible living neural network for use in neuroscience and biomedical
research, as well as in chemical and biological sensing applications. Second, demonstrate that
the LNN fabrication platform can rapidly fabricate neural networks, and dynamically vary the
placement of cells and the structure of the polymer scaffold supporting the neural network
such that precise repeatable studies of neuronal growth and communication can be completed.
In order to realize this goal, it is necessary to determine if the fabrication platform is capable of
incorporating channels throughout the scaffold for guided neural growth. A known solution
from the stereolithography research community incorporates a strong absorber to limit optical
penetration and thus layer thickness approximately 20 um. Absorbers, such as Tinuvin, have
been used in recent tissue scaffold research [28] indicating possible biocompatibility. The
largest difference between the proposed approach and traditional structural 3D printing is the
low viscosity of the liquid monomers which, in this case, causes rapid out-diffusion of active
oligomeric fragments. Over the course of repeated exposures, these can cause gelation in
unexposed regions. If Tinuvin is found to be insufficient it is possible to fabricate MMP
degradable multi-material structures, where one material is designed to degrade in a day, and
the other is designed to degrade over the span of a year. Thus, then entire structure is initially
polymerized, but elements of the structure rapidly dissipate enabling defined cellular

outgrowth along the edges of the channels formed by materials that degrade slowly.

If this work were to be completed, viability studies completed in this thesis with C2C12
cells, would need to be repeated with neurons. It has been shown that neurons exposed to
optical tweezers can retain viability [125]. To confirm this result, cells can be tweezed for
varying amounts of times exposed to varying power per trap, and can be polymerized within
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100 um voxels. A LIVE/DEAD assay can be used to quantify viability immediately after tweezing,
and after multiple days. Alphanumeric patterned coverslips can be used to track cell exposure

to the trapping source, and resulting viability.

Initial work would focus on the 2D problem, fabricating a simplistic 2D grid containing channels
to direct neural outgrowth. Phase contrast imaging can be used to map neural growth.
Furthermore, long term studies of interconnectivity of neural circuits can be probed non-
invasively and in 3D using calcium imaging and photostimulation with the Pocketscope, as this
eliminates the need for patch clamping or micro electro arrays within the scaffold to stimulate

and record neural activity.

Following 2D patterning, a simplistic 3D grid of cells can be fabricated with channels to direct
neural growth. Once the fabrication system has been optimized and verified for neurological
research, the tool can be used to study neural circuit formation, and mechanisms for plasticity
and repair. This can be accomplished by stimulating a firing pattern and measuring how the

network responds as a function of the connectivity pattern that has been imposed.

This future research will bring live cell lithography to the neuroscience and broader tissue
engineering community, and will provide scientific and clinical researchers with optical
instruments of unprecedented flexibility and control. Within the neuroscience community this
will provide a tool to understand neural circuit formation in a controlled 3D environment,
resulting in a much needed intermediate level of complexity between cell cultures and living
brains. Outside of neuroscience research this will allow greater control for basic biological

studies of cellular communication and growth.
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