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Abstract

Limitations with existing methods and materials used for nerve repair shows the
significant interest to keep researching new materials for nerve implants. Recent studies show the
importance of material properties to cell behavior. This body of work focuses on understanding
the effect of material properties on the behavior of PC12 neurons. The first part of the work
attemepts to quantify the relationships between cell parameters and substrate properties. Based
on this study, random topographies with surface roughness of 0.5 um and Young’s modulus of
2MPa are the optimum substrates for neurite outgrowth in PC12 cells. The second part
investigates the feasibility of creating precise patterns on aerogel susbtrates for alignment by
means of plasmonic photopatterning techniques. Those results have shown a degree of alignment

in neurites due to the continuous topography.
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Chapter 1. Introduction

1.1 Nervous System

The nervous system is a complex network with two interconnected parts. The central
nervous system (CNS) oversees the processing of information, and the peripheral nervous system
(PNS) is in charge of transmitting data between the body and the central nervous system [1].
Neurons are the cells specialized to carry this information in the form of electrical signals using
unique structures such as dendrites and axons [2]. Nerves are bundles of axons that can be
damaged preventing the flow of information throughout the nervous system. This kind of injury
can result in life-defining consequences such as the loss of sensory and mobility capacities [3]. A
key feature that differentiates the peripheral from the central nervous system is that the PNS has
a higher regenerative capacity than the CNS [4, 5].
1.1.1 Nerve Injuries

After an injury, the nerve may react in different ways. Wallerian degeneration is the process
that occurs after an axon is severed. This process degrades the entire nerve distal direction from
the cell body [6]. This process occurs without damaging the cell body of the neuron, which ensures
its regeneration afterward [7]. After Wallerian degeneration, Schwan’s cells proliferate, forming a
column that provides a pathway for the axonal regeneration [8]. The Growth cone is a specialized
structure built by lamellipodium and filopodia that helps nerves regenerate. This structure explores
the extracellular environment to determine the direction of the growth using biochemical and
physical cues [9].
1.1.2 Nerve Regeneration

There are twenty million Americans that suffer from peripheral nerve injuries (PNI),

which results in $150 billion in annual health-care [10, 11]. Even though regeneration occurs



naturally, it is at a slow rate; the best outcomes suggest 1-2mm/day [12]. The timeframe for
reinnervation is not infinite [13, 14]. In summary, peripheral nerve injuries are a standard
incidence in humans. They cause the loss of motor, sensory, or autonomic function in the
denervated body part leading to severe functional impairment as well as muscle atrophy [5, 15].
1.1.3 Current Peripheral Nerve Repair Techniques

There are multiple techniques to speed up the process of peripheral nerve repair; epineural
microsutures, grafts, and laser nerve welding. Epineural microsutures is a common technique that
directly repairs the nerves with a surgical treatment that sutures the two ends of a fractured nerve
together [16]. Grafts are a surgical practice used when there is a gap between the nerve ends. The
nerve ends are joined by a section of another nerve [17]. Nerve grafting can be divided into
autographs and allograft depending if the nerve used to replace the injury is from the same patient
or a donor. Laser nerve welding is a technique that uses the thermal heating of a laser beam and
subsequent cooling to repair the nerves. It avoids the introduction of foreign materials into the
injury [18]. There have been multiple technological advances in the last years, but the complete
recovery of nerve function is hardly ever accomplished [16]. It is essential to keep researching
peripheral nerve repair and regeneration to find a way to achieve a better recovery after nerve
trauma [19].
1.2 Response of neurons to their surroundings

Limitations with existing methods and materials used for nerve repair necessitate the
design and characterization of novel biomaterials. Such techniques should enhance the desired
neural responses and functionality. Artificial nerve guidance conduits developed as an alternative

way to repair peripheral nerve injury still cannot obtain satisfactory prognosis in clinical settings.



Nervous tissue, both central and peripheral, is formed by a complex three-dimensional
environment with a wide range of topographies, morphologies, and sizes. When studying novel
techniques for nerve regeneration, the factors that can be considered are biochemical signals,
material properties, and external stimuli. Various studies have focused on the biochemical
signals that influence cell behavior, but recently there has been a rise in how physical parameters
affect cells [20]. These physical parameters are material properties of biomaterials that can be
modified and tuned to meet specific requirements for tissue regeneration and regulate cell
behavior [21]. Physical parameters that have been studied include substrate roughness and
Young' modulus.

1.3 PC12 Cells as Neuronal Analogs

In vitro studies are the starting point to investigate the cell behavior in neural cells, which
can then be translated into in vivo assays and clinical neuroscience. When working in vitro, cell
culture is used. Cell cultures are the removal of cells from an animal or plant to be grown in an
artificially controlled environment [22]. Primary cell culture can be differentiated from
secondary cell culture. Primary cell culture cells are obtained directly from animal tissue. On the
other hand, in secondary cell culture, the cell line is already disassociated from tissue. Secondary
cell culture allows the proliferation of cells in laboratory conditions [23]. There are drawbacks
and advantages to both types of cell cultures, and there needs to be a basic understanding of
those differences. For example, secondary cells are cost-effective and easy to reproduce, but their
behavior might not be exactly as those of primary cells [24]. Current studies use the
hippocampus or cortex cells for the CNS and Dorsal root ganglia (DRG) and superior cervical

ganglia (SCG) as primary cells. As a secondary cell line, PC12 cells have been widely used.



PC12 cells are a useful model for neurobiological and neurochemical studies of the
peripheral nervous system [25, 26, 27, 28, 29, 30, 31, 32, 33]. PC12 cells are a cell line obtained
for a white rat pheochromocytoma cancer cells [25]. In the absence of NGF, cells have round or
ovoid shapes and form small clusters of cells and proliferate. With the introduction of nerve
growth factor (NGF), PC12 cells stop proliferating and start growing extensions, giving the
second type of phenotype. Moreover, PC12 cells have a homogeneous cell chromosome. It
suggests that the cell line will remain genotypically and phenotypically stable in vitro for many
generations [34].

1.4 Introduction to aerogels

Aerogels are an attractive class of mesoporous materials with tunable chemical, physical,
bulk, and surface properties. Aerogels have a wide range of applications, from aerospace to
biomedical applications, due to their excellent features such as their incredibly high porosity, low
density, etc. [35]. Aerogels have great potential for biomedical applications such as drug delivery
[36], cardiovascular implantable medical devices [37], tissue engineering [38], and wound care
applications [39]. Moreover, recent studies show the potential for this material for in vivo and in
vitro studies [40, 41, 42, 32]. Aerogels were presented by Kistler in 1932 to refer to those gels
for which the liquid was exchanged with gas without collapsing its nanostructure of a pearl-like
network of particles [43]. Aerogels can be classified depending on their appearance, their
microstructure, or their composition. According to their presence, aerogels can be described as
monoliths, powders, or films. Based on the structure, aerogels can be classified as microporous
(<2 nm), mesoporous (2-50 nm), and mixed-porous aerogels [44]. Most often, aerogels are sorted
based on their composition, inorganic, organic, and inorganic-organic hybrid aerogels [35]. Of

interest to this study, three different types of aerogels are described; Polyurea Crosslinked Silica



Aerogel (PCSA), Carbon Aerogel (CA), and Memory Shape Polymer Aerogel (MSPA). The
different aerogels will be further discussed in chapter 3.
1.5 Research aims

The work presented here aims to build a pool of knowledge from which an aerogel scaffold
could be used for peripheral nerve regeneration. Few studies have used aerogel as supportive
scaffolds for nerve regeneration, and therefore an initial effort in vitro needs to be accomplished
to assert the possibilities of this material. Moreover, the variety and tunable properties of aerogels
allow for a better understanding of how material properties affect cell behavior. The research work
presented here has different aims. First, to understand the impact of substrate topography on nerve-
like cells in vitro. Various properties of cells are measured and compared between the different
substrates. Second, to understand the effect of the substrate Young’s modulus on nerve-like cells
in vitro. Additionally, the introduction of a plasmonic photopatterned is added to PCSA to
investigate cell behavior due to continuous topography.
1.6 Thesis Outline

The work presented here has been organized in the following manner: Chapter 2 reviews
the theoretical background related to neural scaffolds, aerogels, PC12 cells, and the techniques
used to measure surface roughness and stiffness. Chapter 3 discusses the materials used in this
study, as well as the methods used to synthesize them. Chapter 4 shows the details and protocol
followed to culture cells onto the different substrates. The different results obtained in this study
are found in chapter 5. The first round of results focuses on the success rate in cell culture in
each of the different aerogel substrates. The response of cells in the different aerogel substrates is
then explained. The collagen behavior is later described and illustrated. The final two sections

focused on the material properties of the aerogel substrates and the relationship between cell



response to those materials properties. Chapter 6 investigates the preliminary results of layering a
continuous topography onto aerogel and the overall results regarding cell culture on it. The last

chapter concludes this work.



Chapter 2. Theoretical Background
2.1 Biophysics of cell behavior
Cells adhere to the Extra Cellular Matrix (ECM) using focal adhesions, which uses actin
micro-filaments and integrins. Focal adhesions interact with the proteins of the EMC [45]. This
process is critical for cells to function correctly [46]. Focal points are made up of large quantities
of proteins, more than sixty have been identified to be involved in focal adhesions. These
proteins have catalytic roles as well as adaptor roles. Focal points allow the cell to attach to the

ECM but also allow communication between the cell and its environment [47].

Figure 1: Cell attachment (a) Increased substrate stiffness induces the formation of focal

adhesion complexes (green). (b) Increased substrate stiffness induces actin polymerization and
alignment (red) in human mesenchymal stem cells [48].

Moreover, cell shape is a consequence of the internal cytoskeletal process and adhesion
molecules within the cell membrane that interacts with its surrounding [49]. Cell spreading and
migration have been described using a model by Bischofs et al. This model uses Young’s

modulus and the Poisson ratio of the substrates. The cell-matrix contacts are coupled through the



actin cytoskeleton. This proposed model assumes that the work the cell actively pulls on its
surrounding matrix is minimized;

AW = Pjjuf; () (2.1)
Were P;; is the anisotropic force contraction dipole described by

P;; = Pnn; (2.2)
where P is the dipole strength, n is its orientation at the cell position rc, and uf; is the strain of the

environment. Moreover, the matrix is assumed to behave like a spring with a constant K, the

work produced by the cell to produce a force for movement equals to:

F2

W= (2.3)

In isotropic substrates where the Young’s modulus (E) is equal throughout the substrate, all Ks
are equal, and the different focal adhesions act similarly. On the other hand, the forces in
anisotropic substrates are various due to variance in Young’s modulus throughout the substrate
(E1, E2). Therefore, there is a directionality of the cell towards the maximal effective stiffness

[50].

K >K, E

(b)

Figure 2: Local elasticity of the substrate is represented by spring constants K (a) In an
isotropic matrix, were all constants are equal due to uniform young’s modulus on the substrate
(E). (b) In an anisotropic matric, where the forces are dependent on the local stiffness of the
substrate (E1, E2) [50].



2.2 Attachment of PC12 Cells

PC12 cells have been shown to attach poorly to surfaces that are not coated with proteins
[25, 51]. Studies have shown how PC12 cell attachment increases when substrates are coated
with laminin, collagen, and other extracellular matrix components [33, 27, 26, 52, 31]. To culture
PC12 cells in vitro, the substrate needs to be coated with rat tail collagen I, before cell seeding
[25].
2.3 Aerogels

Aerogels are an attractive class of mesoporous materials with tunable chemical, physical,
bulk, and surface properties. They have great potential for in vitro and in vivo applications (e.g.,
scaffolds, artificial membranes, medical inserts, nerve repair conduits, etc.)
2.3.1 Mechanical Properties

Aerogels have characteristics such as: 90% porosity (resulting in densities as low as 0.003
g/cm3), highly open porous structure, (allowing the exchange of nutrients without interfering with
the nerve cell), high mechanical strength, high surface-to-volume ratio (typically 600-1000 m2/g),
and tolerance for chemical treatments [53]. Multiple techniques are used to investigate the
mechanical properties of aerogel. Aerogels have an open pore network with an unusual
combination of small pore size and high porosity. Porosity is described as the void space in a solid
[54]. The basic technique used for aerogel porosity is nitrogen adsorption/desorption. The amount
of adsorbed gas weight uptake and sample volume are used to measure porosity [55]. The porosity

is defined as:

Vnitrogen
Padsorption_ Ve (2-4)
solid



Where P is the porosity of the aerogel, Vhitrogen IS the volume of nitrogen adsorbed by the aerogel,
and Vsoiid is the volume of the aerogel. The mechanical strength of aerogels is measured using
three-point bending, uniaxial compression, or ultrasonic techniques [56].
2.3.2 Aerogel chemistry

A sol-gel process synthesizes aerogel. It is a wet-chemical technique consisting of the
formation of a liquid sol phase into a solid gel phase divided by multiple steps; solution formation,
gelation, aging, and drying [57]. The sol phase is formed by a uniform colloidal solution. The
sedimentation rate of the colloidal particles can be understood using Stokes’ law, assuming that

the particles are spherical;

3
ax _ |[5-(e'-p)g

= [Zr“Z(;Jn’—p)g] (2.5)

dt 6mrn

Where n represents the viscosity of the solvent, r is the radius of the particles, p’ is the density of
the colloidal particles, and p is the density of the solvent [57]. With small solid particles, the van
der Waals interactions dominate over the gravitational forces, and therefore the particles display
Brownian motion [43]. Once the solution is formed, the gelation process occurs, where the sol is
transformed into a gel phase that consists of a 3D continuous robust network enclosing a liquid
phase [58]. The solid and liquid phases are linked within each other. The liquid does not allow the
solid network to collapse, and the structural network does not allow the liquid to free flow [59].
Aging refers to the process in which the gel network is strengthened [57]. Multiple processes occur
during aging. For example, the structure and properties of the gel will change due to the
condensation of particles and monomers form the liquid phase into the existing network.
Moreover, the contraction of the structure causes a spontaneous shrinkage due to the flexibility of

the internal structure [58].
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2.3.3 Gel drying

After gelation and aging, the next step consists in drying the gel. There are three different
types of drying: air drying, supercritical drying (SCD), and freeze-drying. Depending on the
technique used, the product obtained is different. Air drying of the gel cause shrinking and
fracture due to capillary tension on the small pores. The nanostructure of the aerogel collapses
due to this pressure forming a xerogel. The capillary tension or pressure can be described using

Young-Laplace equations;

P = 2yLycosf (26)

r

Where P is the capillary pressure, y .y represents the liquid and vapor interfacial tension,

0 is the contact angle, and r is the pore radius [58].

Network Pore

Capillary
forces Pore fluid

Figure 3: Diagram of capillary forces on small pores. Capillary forces on small pores cause
collapsing of the internal aerogel structure when air drying [58].

SCD is used to avoid the collapsing of the structure of the gel. This technique consists of
increasing the temperature and pressure above the critical point of the liquid, transforming it into
a supercritical fluid where each molecule can freely move without surface tension. Reaching the
supercritical state allows the liquid to be separated from the gel network creating an aerogel.

Freeze-drying involves freezing the solvent insides the 3D network of the gel as well as lowering

11



the pressure below sublimation to remove the solvent without the liquid-vapor interface. The

product of this process may be called cryogels.

Supercritical
P (MPa) drying path

A R 4

137

Triple point <@=======
Vapor

>
.0 T (oC)

Figure 4: Phase diagram for SCD. Dotted arrows show the steps followed during supercritical
drying to dry aerogels without collapsing their internal structure [60].

2.4 Substrate topography

It has been shown that the attachment of cells to the extracellular matrix (ECM) not only
allows for cell attachment but also communication within its surroundings. Therefore cells are
spatially aware of the underlying topography of substrates they are attached to and respond
differently depending on the type of topography [29, 61, 30, 62, 31]. Moreover, during nerve
injury, Schwan’s cells proliferate and organize in longitudinal cell columns called bands of
Bungner. This structure serves as a substrate for regenerating peripheral nerves. This natural
regeneration already points towards how important topography is during nerve regeneration.
Topography has been defined as the arrangement of the three-dimensional and structural features

of a material [63, 64].
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2.4.1 Cell Behavior due to Substrate Topography

The initial studies on substrate topography included the culture of embryonic neurons in
grooves and filaments formed with clotting blood or fish scales [63, 65]. Even though useful,
those studies did not draw clear conclusions due to the close relationship between the
topographical features and chemical features of the techniques used. It wasn’t until micro and
nanofabrication techniques were developed that those two components were differentiated [66,
20]. Some of these new micro and nanofabrication techniques are described below.
Photolithography is the formation of a pattern using a light-sensitive polymer. Ultrashort pulsed
laser ablation is the use of high-intensity laser at short timescales to produce different shapes
onto the material. LIGA is a hybrid technique that involves lithography, electroplating, and
molding. E-beam lithography is a computer-controlled electron gun that shapes an electron
sensitive material. Replica molding is the use of casting and curing 3D structures onto an
elastomer, usually polydimethylsiloxane (PDMS). Electrospinning is a technique were fibers are
electrostatically spun onto a scaffold. Etching uses physical and chemical means to remove parts
of a material forming topographical features.
2.4.2 Substrate topography classification

There is a large range of techniques that forms different topographies onto substrates.
Materials can be classified between random surface patterns and deterministic topographies.
Moreover, deterministic topographies can be further classified as continuous and discontinuous.
Continuous topographies consist of grooves and fibers. They can be divided into anisotropic or
isotropic depending on wheatear or not those structures are directionally dependent or not.
Discontinuous topographies consist of pillars and cones and can also be classified as anisotropic

or isotropic. Furthermore, discontinuous topographies can also be periodic or random. Both

13



continuous and discontinuous substrates can be secondary classified as graded or continuous

[20]. Random surface patterns are classified using roughness parameters and porosity [67].

(A) Continuous Topographies

Anisotropic Isotropic

il

Discontinuous Topographies

Anisotropic Isotropic
WL 1) eeees
. 900 O

et | {1 ] I
.. XXX Y
1L 0 ececoe

Random

(B) Graded

Figure 5: Classification of surface topographies. (a) Continuous and discontinuous can be
both be classified as anisotropic and isotropic topographies. Moreover, discontinuous
topographies can also be classified as random or periodic. (b) Examples of uniform and graded
topographies within continuous and discontinuous topographies. [20]
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2.4.3 Analysis of Surface Topography

According to the American National Standard, topography is defined as the “three-
dimensional representation of geometric surface irregularities” [68]. Moreover, lay, waviness, and
surface roughness are three characteristics used to define surface topography [69]. Lay refers to
the overall direction of the surface configuration. Both waviness and surface roughness refers to
the surface irregularities, with waviness referring to larger irregularities and surface roughness
refers to fine deviations of the surface [69]. There are multiple amplitude parameters used to
measure surface roughness, such as root mean square (Sq), skewness of topography (Ssk), kurtosis
of topography (Sku), maximum surface peak height (Sp), maximum pit height (Sv), etc. The
arithmetic mean of the absolute height (Sa) was chosen to measure the surface roughness of the
aerogel samples used in this study since it’s the most common parameter [70]. Sa can be described

as,;

Sa = %fA |z(x, y)|dxdy (2.7)

According to the ASME B46.1 standard, there is a vast majority of instrumental techniques

used to quantify surface roughness. These techniques can be classified into profiling, area
profiling, and area averaging [71]. Profiling techniques provide quantitative measurements of
surface peaks and valleys using a high-resolution probe. This analysis can be represented
mathematically as a height function with lateral displacement, z(x) [72]. Examples of such
techniques include stylus instruments, phase-shifting interferometry, and optical differential
profiling. Area profiling techniques produce 3D representations of the surface roughness by
scanning multiple steps forming multiple parallel profiles and can be mathematically represented
as z(x,y). This technique provides more details than profiling techniques, but it is time and

computer memory consuming. Some examples include atomic force microscopy, confocal
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microscopy, and interferometry. Area-averaging techniques don’t require as much time and CPU
memory but do not provide the kind of high magnification that the other two technologies do. For
this work, the technique used to measure surface roughness is white light interferometry, which is
an area profiling technique.
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Figure 6: Types of substrate topography measurements (a) Profile measurement (b) Area
measurement [70].

2.4.4 White-light interferometry

An interferometer uses electromagnetic waves and the superposition of those to create an
interference pattern to then extract information. When two waves are in the same phase, they
show constructive interference where their amplitudes add up. On the other hand, when two

waves are out of phase, they show destructive interference where the amplitudes cancel each

other [72].
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Figure 7: Interference between two waves (a) Constructive interference, wave a and b

constructively interfere forming wave c. (b) Destructive interference, wave a and b destructively
interfere to form wave c [70].

Typically, an interferometer uses a beam of light is split into two beams and recombining
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them to create an interference pattern. This pattern can then be analyzed to measure the
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difference in paths between the two beams. The optical path difference between them allows
measuring the different heights in the sample [73], and can be described by:
PD = dsinf (2.8)
Were the angle 0 represents the angle between the two traveling waves.
When using a white light source, beams at different wavelengths interfere, and sets of

fringes for the different wavelengths are created [74].
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Figure 8: White light interferometry. (a) Interferogram using white light (top) vs. laser
(bottom). (b) Signal from the reference beam, test beam, and the combination of both resulting in
the detected signal [75].

3D microscopes based on WLI use an interferometer and a computer-based scan that
combines all the different wavelengths fringes into a surface roughness measurement. The results
are shown as a 3D substrate with a color-coded height scale. This technique allows for fast non-

contact high-resolution measurements of surface roughness [76].
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Figure 9: Set-up of a white light interferometer. Essential components of a white light
interferometer consisting of the light source, beam splitter, objectives, mirrors, etc. [70].

2.5 Young’s modulus
Young's modulus (E) measures the material’s stiffness. Mathematically, E is the ratio of
stress vs. strain. Stress is defined as the force per unit area while strain is the ratio of deformation

over initial length.

__ stress (0‘) N
~ strain (s) [mz] (29)
Where,
__ Force (F) N
stress (o) = Area (D) [mz (2.10)

elongation or compression (dL) [m]

strain (¢) =
( ) Lenght of object (L)

(2.11)

There are three different kinds of stress, depending on how the material is deformed.
Tensile stress is used when the sample is stretched or lengthened. Compressible stress is used

when the sample is compressed or shorten. Finally, shearing stress refers to a deformation with a
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right-angle compared to the previous techniques [77]. The slope of the linear portion of a stress

Vs. strain graph represents the Young’s modulus.

Yield Point o= ctiffness

S\O‘EJ /

Failure Point

Stress

Nonelastic Region

Strain
Figure 10: Graphical representation of Young’s modulus. Stress vs. strain graph. The linear
part (black) of the diagram represents the elastic region with its slope representing the Young’s
modulus. The non-linear part (red) of the chart shows the nonelastic area [77].

2.5.1 Cell behavior due to Stiffness

Stiffness has already been proven an essential feature of the activity and fate of cells such
as fibroblasts, myocytes, smooth muscle cells, and bone marrow-derived mesenchymal stem
cells [78, 79, 80]. Recent works show that Young’s modulus affects stem cell differentiation
[81]. Solid tissues in the body have a variety of stiffness, forming a microenvironment specific
for each type of cell. Native brain tissue is a soft tissue with Young’s modulus value of 0.5-1kPa,
skeletal muscle is around 10kPa, cartilage, and bone have a higher order of stiffness [82, 83].
2.5.2 Analysis of Young’s modulus

Stiffness with soft gels can be measured using rheology [83]. In this work, the substrates
were solid, so a typical tension test was used. Often, to compare the strength of various materials,
a tension test is used, where a “dog-bone-shaped” sample, is subjected to increasing tensile load

[84]. The increasing load and change in length are measured during the test, and the circular
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cross-section, as well as the length of the specimen, are measured previously to get the stress and

strain measurements [85].
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Figure 11: Diagram and example of a sample for tensile testing. Dog bone shape sample.
The forces applied to the sample while experiencing tensile strain with the diagram of load vs.
extension [85].

In this study, compression of the samples was used to measure Young’s modulus. In
compression testing, the stress and strain equations are the same as for tensile testing, except the
force is taken negative, and the initial length is larger than the displacement. Therefore, negative
stress and strain are obtained [86].

2.6 External Stimuli — electrical stimulation (ES)

Besides biochemical cues and material’s properties, external stimuli are also a factor that
can affect cell behavior. Due to the electrical nature of the nervous system, electrical stimulation
(ES) has been used for nerve regeneration. The exact mechanism by which ES enhances nerve
regenerations is not well understood. However, numerous studies show the positive effects of ES
in nerve cells [87]. It has been hypothesized that electrical conduction may increase the overall
differentiation and may up-regulate the essential proteins for neurite [88]. Moreover, ES may

increase cell adhesion rate, neurite-bearing cell rate, and neurite alignment rate [52]. Sabri et al.
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have already studied the effects of an electrical bias on non-conductive aerogels, but a similar
study with conductive aerogels is in progress [32].
2.7 Plasmonic Photopatterning of Polyurea Crosslinked Silica Aerogels

This work has mainly focused on understanding cell behavior in random topographies.
However, a study regarding a continuous topography on top of the aerogel has been investigated
using aligning liquid crystal (LC) molecules thanks to a collaboration with Peng et al. Multiple
techniques have been recently developed to accomplish the alignment of liquid crystal (LC)
molecules into oriented patterns. Some of those techniques include: beam steering [89, 90], g-
plates [91, 92], geometric phase wave plates [93, 94], programmable origamis [95, 96],
controlled placement and assembly of particles [97], predesigned microfluidic electrokinetic
flows in LCs, and command of active matter [98]. Recently, an approached for surface photo-
patterning was published based on plasmonic photomasks and photo-alignment techniques to
aqueous LC systems. This approach is biocompatible as it was used with cells (e.g., bacteria) and
peptide amphiphiles [99, 100]. Moreover, this technique does not require surfactants and
eliminates multiple steps of exposure to different polarized beams due to the use of plasmonic
metamasks that control light polarization [101] rather than standard photomasks that control only
the intensity of transmitted light.

This technique has been previously shown to manipulate the flow trajectory of bacterial
cells. Liquid crystals allow to control the geometry of the cell motion, polarity of cell motion,

and spatial distribution of cells. This technique can be used for designing dynamic biomaterials.
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Chapter 3. Materials and Methods: Substrate Synthesis and Preparation

3.1 Introduction

The research work presented here investigated cellular response to different types of
aerogels. The aerogels were selected based on the range of their surface roughness and their
Young’s modulus. Since the goal of this study is to understand the effect of substrate stiffness and
surface roughness on the behavior of PC12 cells, substrates were selected so that a wide range of
stiffness and pore size would be covered. This will assist with developing a comprehensive
understanding of nerve response to substrate cues and how these factors affect cell behavior. The
aerogels chosen for this study were Polyurea Crosslinked Silica Aerogel (PCSA), Carbon Aerogels
(CA), and Memory Shape Polymer Aerogels (MSPA). The different aerogel types used have been
summarized in Table 1. CA aerogels were provided by Lawrence Livermore National Laboratory
(LLNL), and the MSPA aerogels were provided by the Leventis group, Department of Chemistry,
Missouri University of Science and Technology.

Table 1: List of Aerogels used in this study

PCSA
(Polyurea Crosslinked Silica Aerogel)

ACA

(Activated Carbon Aerogel)

BRF-CA

(Base-catalyzed Resorcinol Formaldehyde Carbon
Aerogel)

ARF-CA

(Acid-catalyzed Resorcinol Formaldehyde Carbon
Aerogel)

Mix-14

MSPA Mix-18

(Memory Shape Polymer Aerogel) aL-DEG

aL-TEG

CA (Carbon Aerogel)
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3.1.1 Polyurea Crosslinked Silica Aerogel (PCSA) Preparation

Polyurea Crosslinked Silica Aerogel (PCSA) was prepared according to the methods
described in detail previously [40] [102] [32] and summarized here. First, 8.75mL of methanol
was added to 1.5mL of deionized water. To this mixture, 3.85mL tetramethyl orthosilicate
(TMOS) (Sigma-Aldrich) and 0.25mL (3-aminopropyl) triethoxysilane (APTES) (Sigma-
Aldrich) were added and mixed for 15 sec, which then formed a colloidal suspension. The
mixture was then poured into cylindrical molds, covered in methanol (Sigma-Aldrich), and
allowed to cure for 12-24 hrs. The gels were in a 4-day acetonitrile bath with washes repeated
every 24 hrs. To cross-link the gels, they were placed in a 33gr Desmodur N3200 (Bayer) and
94mL acetonitrile (Sigma Aldrich) mixture for 24 hrs placed in an acetonitrile bath in a 70°C
oven for 3 days and washed every 24hr with acetonitrile for 4 days. The gels were then dried in a
critical point dryer (CPD) and stored in an environmental chamber until needed.

3.1.2 Carbon Aerogel (CA)

Carbon aerogels (CA) combine the unique 3-D aerogel topography with electrical
conductivity, thermal and chemical robustness, and excellent mechanical properties not observed
in other aerogel materials [103, 104]. The inherent electrical conductivity of CA, combined with
the 3-D surface and 3-D printed capabilities, makes them an attractive candidate for biomedical

applications [105].

Figure 12: SEM image of CA structure. SEM image of the nanoporosity of BRF-CA.
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Three different types of carbon aerogels were used in this study. Acid-catalyzed
resorcinol formaldehyde (ARF-CA) carbon aerogel and base-catalyzed resorcinol formaldehyde
(BRF-CA) carbon aerogels and Activated Carbon Aerogel (ACA) which have very different pore
structure and pore diameters. ARF-CA has a pore diameter typically larger than 1um while BRF-
CA has pores typically less than 1um. Both ARF-CA and BRF-CA follow a similar method for
synthesis. Resorcinol and formaldehyde were mixed with water and acetic acid, with different
proportions of those chemicals for each type. Those gels were cured and then soaked in acetone
followed by supercritical drying in liquid CO: at a critical temperature of 55°C and at a pressure
range of 1200-1400 psi. The aerogels were subjected to a heat treatment process where the
samples were heated in a tube furnace under a nitrogen atmosphere at 1050°C for 3hrs with a
heating and cooling rate of 2°C/min. BRF-CA and ARF-CA samples were sterilized as

previously described [106, 88]. Figure 13 shows the basic outline for CA synthesis.

Critical Point

’ or Freeze

2@95 Gelation _ Drying
Thermal or .
Chemical
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Aqueous GO Reduction Graphene
Suspension Aerogel

Figure 13: Diagram of CA Synthesis. Sol-gel synthesis of graphene-based aerogels with the
main steps represented; gelation, CPD, and end result [105].

3.1.3 Shape Memory Polymer Aerogel (SMPA)

Shape Memory Polymer Aerogels (SMPA) are soft flexible aerogels that differ greatly
from their silica and carbon-based counterparts. It is a new class of aerogels that combines the
low density and high porosity expected of aerogels with the features of shape-memory materials
(SMMS), which undergo deformation and recovery. An external stimulus such as temperature

triggers a shape memory effect in these materials. A triisocyanate core accomplishes this effect
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with rigid isocyanurate cross-linking nodes that allow the aerogel to restore its shape after
deformation. This memory shape effect is explained by the strain of the Mixed-Alcohol
poly(isocyanurate-urethane) (PIR-RUP) aerogels above glass-transition temperatures (Tg)
followed by fixing them in the temporary shape at temperatures below T4 and reheating them
back to high T4 temperatures. Four different types of SMPAs were investigated in this study. The
differences between them reside in the proportions of the precursors as well as the gelation time
[107] which in turn lead to differences in pore size and the elastic modulus. Figure 14 shows the

reagents and chemical reaction for SMPA synthesis.

Part A.
isocyanurate-based ethylene glycol-based
trilsocyanate diols: HO-R-OH (ALC)
HO OM
(CHy)gNCO 0
o, _N._0 DEG
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0
N3300A HO o (¢] o oM

TTEG

Part B.
(CHYNH(CO)O R~
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HO R~ OM Y T
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Figure 14: Diagram of SMPA synthesis. (a) Reagents for synthesis of SMPA. (b) Chemical
reaction for SMPA. [107].

3.2 Aerogel Characterization

The material properties of the aerogels presented so far were characterized to further
investigate the relationship between the cell behavior and the material’s properties (surface
roughness and Young’s modulus).
3.2.1 Surface roughness

High-resolution 3D images of the substrates and cells were obtained using the Profilm3D
(Filmetrics Inc. San Diego, CA) profilometer. Prepared samples were sputter-coated prior to

imaging. Image analysis was performed using the web-based software from Filmetrics. The area
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roughness analysis was determined using the arithmetic mean height (Sa) over an area of
200x200um?. Three independent trials (n=3) were performed. Each trial consisted of ten separate
measurements (N=10).
3.2.2 Young’s modulus measurements

The compressive test was performed using the ESM303 motorized test stand, and the
Series 5 digital Force Gauge (Mark-10 Corp, Copiague, NY). The extension rod G1024 and a
compression plate G1009 were attached to the 100N gauge to perform the compression studies.
The system was set to perform all experiments at a compression rate of 0.5mm/min to measure
the load (N) versus the traveled distance (mm). The compressive strength of all substrates used in
this study were measured both under dry conditions as well as while submerged in cell culture
medium for 24 hrs at 37°C to simulate cell culture conditions. Results have been reported in the

next chapter.
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Chapter 4. Materials and Methods: Neuronal Cell Culture

4.1 PC12 cells

PC12 cells have been extensively used as a model for peripheral neurons due to their
response to nerve growth factor (NGF) with the outgrowth of axon-like neurites [108] and their
expression of neuronal markers such as peripherin [109]. Peripherin is a neuronal intermediate
filament protein mostly found in the peripheral neurons. This protein helps assemble filamentous
network forming unique molecular shapes [110]. Moreover, PC12 cells have been extensively
used as a model to explore the influence of electrical stimulation [111, 112, 32].
4.2 PC12 cells culture conditions

PC12 pheochromocytoma cells obtained from the American Type Culture Collection
(ATCC, Manassas, VA) were grown in RPMI 1640 medium supplemented with GlutaMax,
HEPES buffer (Life Technologies, CA), complemented with 10% heat-inactivated horse serum,
50 pg/mL penicillin/streptomycin, and 5% fetal bovine serum, forming a complete medium [25].
Cells were seeded at a density of 1x10* cells/cm? in all cases. Cells were sustained in a 5% CO:
incubator at 37°C. Three independent trials (n=3) were prepared for each experiment, and a control
(TCPS) was run in parallel for each trial. Results were averaged over three separate trials for each
set of conditions.
4.3 Priming of PC12 cells

Before each experiment, PC 12 cells plated on collagen I coated TCPS cells were
“primed” for neural differentiation. Priming of cells consisted of culturing cells with 50 ng/ml
NGF for 8 days an RPMI 1640 medium supplemented with GlutaMax, HEPES buffer, 1% horse
serum, and penicillin/streptomycin. This medium was replaced every 2-3 days. After 8 days, the

cells were collected from the dish, centrifugated at 550rpm, cell clusters were broken by passing
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them through a 229 needle, and frozen until used for experiments. Details of this protocol have

been described previously [113].

4.4 Collagen Coating

Aerogels and TCPS substrates were washed in ethanol and sterilized for 30 min under ultra-
violet (UV) light (254nm). The substrates were then coated with collagen. Rat tail type 1 collagen
(Invitrogen, Carlsbad, CA) was diluted to a concentration of 0.05 mg/ml in 20 mM acetic acid [32,
102]. The collagen solution was laid on the substrate to reach a protein density of 4 pg/cm? and
allowed to sit for 1 hr at room temperature and under sterilized conditions. The excess collagen
solution was then removed with a vacuum line, and the samples were rinsed twice with serum-free
RPMI 1640 prior to the cell culture step [32, 42]. This protocol was modified when culturing PC12
cells onto SMPA. The ethanol step was replaced by using a serum-free medium. This change was
caused by an increase in volume observed when submerged in ethanol. It has been hypothesized
that the expansion was still occurring during cell culture. However, an improvement was found
when the ethanol step was substituted for a serum-free medium. Even though this modification
showed a higher density of cells attached, the overall number of cells observed was lower than

previous substrates.

4.5 Fixation for Scanning Electron Microscopy

Samples were fixed in 2.5% glutaraldehyde (Tousimis, Rockville, MD) in 0.1M sodium
cacodylate buffer for 15 min, drop by drop. The medium-glutaraldehyde mixture in the substrates
was substituted with 2.5% glutaraldehyde in 0.1 sodium cacodylate buffer for 2 hrs at room
temperature. Following this bath, two times 10 min washes with 0.1 M sodium cacodylate buffer
were performed. Samples were immersed in an aqueous solution of 1% osmium tetroxide (Electron

Microscopy Sciences, Hatfield, Pa) for 1 hr at low temperature. After this immersion, two washes
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of 10 min in sodium cacodylate buffer were performed, and then the samples were dehydrated by
a series of 10 min each washes in 10%, 30%, 50%, 70%, 90%, and 100% ethanol. Finally, all
substrates were fully air dry before sputter deposition of 10 nm gold/palladium film before imaging

[32, 42].

4.6 Scanning Electron Microscopy

Nova NanoSEM 650 Field Emission Scanning Electron Microscope (FEI, Hillsboro, OR,
USA) or a Phenom Pure Desktop SEM (PhenomWorld, Nederlands) were used to image the
samples. The FEI Nano NanoSEM 650 ESEM scanning electron microscope was equipped with
a through lens detector (TLD) in secondary electron (SE) operation. The imaging was carried out
in field-free lens mode at the primary electron energy of 30 keV. The working distance was
adjusted to 5 mm. The Phenom Pure desktop Scanning Electron Microscope (SEM) was operated
using the 10keV and Backscatter electron detector (BSD) in full mode [32, 42].
4.7 Analysis of the Cell Properties

Five different cell properties were measured to understand the impact of the different
substrates and their unique properties on the PC12 cells. These were contact area, neurite length,
number of neurites per cell, number of branches per neurite, and length of branches, as described
in Table 2. These properties were measured using NIH open-source software Image J. The overlaid
scale bar from the SEM images was used to calibrate the measurement tools and therefore allowing
for accurate measurement of those morphological parameters. Figure 15 shows a representative
SEM image where the traces were created using ImageJ and superimposed on a PC12 cell to
measure the different cell properties. In blue, the perimeter of the cell area was estimated to get

the contact ell area. In green, the neurites were traced to show how they were measured. The
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amount of neurite traces per cell body was used to measure neurite density. A similar process was

followed for neurite branches and is shown in yellow.

Table 2: Description of all cell properties measured in this study.

Cell Properties Unit Definition
. The longest cytoplasmic extensions that originate
Neurite length HM 1 trom the cell body.
Neurite density The Amount of neurite traces per cell body.
Contact area um? | Area surrounded
Cytoplasmic extension originating from another
Branch length HM | tension
Branch density Number of branches per neurites

Neurite selection was performed as defined in detail elsewhere [32, 40]. Neurites were treated as
vectors and measured with a series of straight-line segments using the line segment tool. Neurites
were defined as the most extended cytoplasmic extensions originating from the cell body and
were also counted per cell body. The cell body perimeter was underlined to get its contact area
using the freehand tool, which allowed to create irregular shapes following the cell perimeter.
Branches originating from neurites were counted and measured using the same method as

neurites.

Figure 15: Traces of the cell properties using SEM images and ImageJ. (a) Original SEM
image (b) SEM image with superimposed traces. In blue, the contact cell area is shown. The
neurite length trace is shown in green. The branch length is shown in yellow.
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In some of the studies presented here, the neurite orientation is also essential to evaluate.
In that case, the cell body was treated as the origin point of a polar plot (Figure 17b), and the
neurite orientation was measured with an angle from 0° to 360° using the straight-line tool
(Figure 17¢). For the substrate with a linear plasmonic photo-pattern, the analysis was carried
with the pattern in the orientation of the 0° and 180°, while studies with an electrical the cathode
was orientated on the north pole. The overall direction of the neurites was determined using the

following vector projection analysis:

x = %Z?’ﬂ L; cos 8, (4.1)
1 .
y=-XiLiL; sing; (4.2)

where N is the total number of neurites measured, L is the individual neurite length, and 6

represents the neurite angle from the horizontal axis [11].

Figure 16: Measurement of neurite alignment. (a) Neurite length is measured using ImageJ, as
previously described. (b) The straight-line tool was used to measure the angle of the neurite by
lining it with the overall orientation of the neurite.
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Figure 17: Measurement of the angle of the neurite. (a) The cell body is used for the origin of
the polar plot. (b) The neurite alignment is used as the basis to measure the angle of the neurite.
(c) Polar plot representation of the neurite measured.
4.8 Collagen Characteristics

To attach and grow PC12 cells on aerogels and TCPS, a layer of collagen was first
placed. To better understand the effect of the aerogel substrate on the PC12 cells, it was
important to first understand how the aerogels affected the behavior of the collagen layer, if at
all. The different substrates were prepared for cell culture as described previously, with
sterilization as well as collagen coating, after which the samples were fixed, and sputter coated.
Topographical analysis of the collagen-coated substrates was compared with the topographical
analysis of the substrates without any collagen coating. SEM images of the collagen-coated

substrate were observed and analyzed to fully understand the differences between the substrates

[32, 42].

4.9 Statistical Analysis

Statistical analysis to determine differences between experiments were performed using a
two-tailed student's t-test. The student’s t-test is used to compare the averages of two samples to
see if there is a significant difference between them [114]. A p-value or probability value is
calculated to determine the significant difference between the two sets. The average of both sets
was determined to be significantly different if the p-value is smaller than 0.05 (p < 0.05). Neurite

length, cell area, neurites per cell, and neurite branches were calculated in different substrates in
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three independent trials. Each trial consisted of 100 to 200 measurements. The average of those
measurements was used for the standard deviation. The error bars used in graphs were obtained
by calculating the standard error of mean using the three independent trials (n=3) performed.
Statistical analysis and error bars were determined using Excel 2016. Graphs were obtained
using Origin9.
4.10 Electrical Stimulation

As published previously [32], an electrostimulation device was used to provide a DC
bias, while PC12 cells were cultured onto the ARF-CA to understand how a conductive substrate
would affect the cell behavior. Electrodes used in this study were constructed as previously
described [32] . ARF-CA and TCPS substrates were first coated with four pg/cm2 collagen

(Invitrogen), as discussed previously and seeded with primed PC12 cells (Figure 18).

Silicone
Electrodes encapsulant

Figure 18: Electrical stimulation chamber: (a) Schematic diagram of the custom-built
electrical stimulation chamber used for ARF-CA and TCPS substrates [32].

4.11 Plasmonic Photo-Patterning
It has been previously shown the importance and impact of continuous topographies on
cell behavior. Cells cultured onto continuous topographies extend longer neurites with

directionality. A precise patterning of aerogels and glass (control) was created using a plasmonic
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photo-patterning technique. The photosensitive azodye material SD1 (Sigma-Aldrich, St. Louis,
MO) and n,n-dimethylformamide solvent at 0.3 wt% concentration were mixed. This solution
was spin-coated on cleaned aerogel discs at 3000 rpm for 30 sec. The aerogel disks were heated
at 90°C for 30 min and then exposed for 5 min in the photo-patterning exposure system with
photonic meta-mask [98]. The custom-made photonic masks made of aluminum film contained
the desired pattern with a 150nm thickness, perforated with rectangular nanoslits, each of a
length 220nm and width 100nm. The photosensitive substrate was irradiated through the
photomask with a predesigned pattern. The irradiation causes the locally polarized beam to
realign the photosensitive molecules of SD1 perpendicularly to the polarization of light.
Therefore, the polarization pattern of light was imprinted onto the photosensitive layer that was
used to align the liquid crystal.

SD1 is a partly water-soluble compound. An additional layer of polymerizable material
was added, causing a separation of the SD1 layer from the water. A mixture of monomer RM257
(EM Industry) and toluene at the concentration of 10 wt% with photoinitiator Irgacure 651 (Ciba,
Inc, Base, Switzerland) at the concentration 5 wt% of RM257 was prepared. This solution was
spin-coated onto the SD1 aerogel disks at 3000 rpm for 30s and then heated at 55°C for 5 min to
evaporate the solvent and photo-polymerize under an unpolarized ultraviolet (UV) light with an
intensity of 1.4 mW/cm2 for 30 min. This liquid crystalline polymer pattern was expected to
replicate the pattern of SD1 alignment beneath it. Aerogel disks and glass slides containing the
pattern were then ready for cell culture. Preparation of plasmonic photo-patterning onto

substrates courtesy of Dr. Chenhui Peng [115].
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Chapter 5. Results and Discussion: Response of PC12 Cells to Substrate Properties

5.1 Viability of PC12 Cells on Aerogels

In this section, the results of culturing PC12 cells on 5 different types of aerogels are
reviewed and the focus will be on viability and success or failure of the methodology. These
aerogels were listed in Table 1 (Chapter 3) following sections describe the results of growing
PC12 cells on different aerogel substrates and any complications associated with working with
each type of aerogel. The methods described in Chapter 4 were used as the baseline for PC12
cell culture.
5.1.1 Polyurea Crosslinked Silica Aerogels (PCSA) as a Neuronal Scaffold

PCSA has been successfully used as a substrate for PC12 cell differentiation and neurite
outgrowth, which has been observed routinely and repeatedly. An example is shown in Figure 19
where both SEM and profilometry images capture the outline of a cell cluster containing

extensions on this aerogel substrate.

Figure 19: PC12 cell culture onto PCSA. PC12 cells were successfully attached and
differentiated in PCSA. (a) SEM image of cells cultured on PCSA. (b) Profilometer image of
cells cultured on PCSA.
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5.1.2 Activated Carbon Aerogel (ACA) as a Neuronal Scaffold

Activated Carbon Aerogel was successfully used as a substrate for PC12 cell attachment
and differentiation. However, ACA is inherently more brittle than other types of aerogels and the
processing steps required for fixing cells made this substrate challenging to work with. While
cell proliferation and neurite extension were observed, large fissures appeared in the aerogel
structure and as a result it was not possible to reliably measure cell properties.
5.1.3 Based-catalyzed Resorcinol Formaldehyde Carbon Aerogel (BRF-CA) as a Neuronal
Scaffold

BRF-CA was successfully used as a substrate for PC12 cell differentiation (Figure 20).
The methods described previously were followed without any obstacle, resulting in cell
attachment and differentiation that were analyzed and discussed in a future section. No

deformities or fissures were observed.

o
[\]

Figure 20: BRF-CA as a substrate for cell culture. PC12 cells were successfully attached
and differentiated in BRF-CA. (a) SEM image of cells cultured on BRF-CA. (b) Profilometer
image of cells cultured on BRF-CA.

5.1.4 Acid-catalyzed resorcinol formaldehyde Carbon Aerogel (ARF-CA) as a Neuronal
Scaffold

ARF-CA was successfully used as a substrate for PC12 cell attachment and
differentiation. Like BRF-CA, no modifications of the baseline methods were made since the

PC12 cells attached and differentiated (Figure 21).
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Figure 21: ARF-CA as a substrate for cell culture. PC12 cells were successfully attached and
differentiated in ARF-CA. (a) SEM image of cells cultured on ARF-CA (b) Profilometer image
of cells cultured on ARF-CA.

5.1.5 Shape Memory Polymer Aerogel (SMPA) as a Neuronal Scaffold
Four different SMPAs were successfully used as a substrate for PC12 cell differentiation;

Mix-14, Mix-18, aL-DEG, and aL-TEG (Figure 22).

Figure 22: SMPA as a substrate for cell culture. (a) SEM image of cells cultured on Mix-14.
(b) SEM image of cells cultured on Mix-18 (c) SEM images of cells cultured on aL-TEG.

5.2 Response of PC12 cells

Those aerogels that were successfully processed in the previous section were further
analyzed and the response of PC12 cells was quantified. In this section the behavior of PC12
cells on each substrate type is summarized. For each substrate type, five cell properties were
measured and are reported here. These are contact area, neurite length, neurite density, neurite

branching, and finally branch length, as listed in Table 2 (Chapter 4).
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5.2.1 Response of PC12 cells to PCSA

The contact area was measured and compared to the contact area of those cells cultured
onto the control (TCPS). A smaller contact area was measured in cells cultured on PCSA.
Neurite length and neurite density were measured, and the results were similar to previously
published work [32] and confirmed our previous observations. Neurites were longer on PCSA
than on the control (TCPS) substrates, while the neurite density was smaller when compared to
the cells cultured on the control (TCPS). Both neurite branching and branch length were
measured and found to be shorter with lower density when cultured on PCSA compared to the
control (TCPS).
5.2.2 Response of PC12 cells to BRF-CA

A similar trend to that of cells cultured on PCSA was found in those cultured BRF-CA
regarding contact area, neurite length, neurite density, branch density, and branch length. The
contact area was found to be smaller when cells were cultured in BRF-CA than the control
(TCPS), while neurite length was more significant. Neurite density, branch length, and branch
density was also found to be smaller when cells were cultured in BRF-CA than the control
(TCPS)
5.2.3 Response of PC12 cells to ARF-CA

ARF-CA was effectively used as a substrate for PC12 cell culture, and similarly, all
parameters regarding cell properties were measured. The contact area was found to be smaller
when cultured in ARF-CA than the control (TCPS). Similarly, neurite length was also found to
be shorter when cells were cultured in ARF-CA compared to the control (TCPS). Neurite density

was found to be larger in cells cultured in ARF-CA compared to the ones cultured on the control
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(TCPS), while branch length and branch density was measured to be smaller when cultured in
ARF-CA.
5.2.4 Response of PC12 cells to SMPA Mix-14 and Mix-18

Mix-14 and Mix-18 SMPA supported cell attachment and differentiation; however, not
all cell properties were measured. Only cell area, neurite length, and neurite density were
observed and analyzed. All three measurements were found to be smaller in cells cultured in
SMPA Mix-14 and Mix-18 than those cells cultured on the control (TCPS).
5.2.5 Response of PC12 cells to SMPA aL-DEG and aL-TEG

In contrast to previous substrates, aL-DEG and aL-TEG SMPA showed a lower success
rate for cell attachment, and no neurite extensions were observed. Like the other SMPA
substrates, the methodology was slightly changed to take into consideration the volume
expansion found during the sterilization step using ethanol and was exchanged for serum-free
medium. A smaller amount of contact cell area measurements was made in comparison to
previous substrates, and no analysis was made for the other four cell properties.
5.2.6 Summary of Response of PC12 cells to Aerogels

The cell responses reported in the preceding sections are now summarized and shown in
Figure 23. Three independent trials (n=3) with a hundred measurements each (N=100) were used
to create this Figure. As the graph shows, the cells cultured on the control (TCPS) were
measured to have a larger contact area than the cells cultured on any of the aerogel substrates.
According to the t-test, the difference between the control and all other aerogel substrates is

statistically significant (*) with p < 0.05.
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Figure 23: Contact Area averages of PC12 cells cultured on different substrates. Contact
area measured on cells cultured on each substrate used in this study. Statistical significance (t-
test) with p<0.05 (*) found between all substrates compared to the control (TCPS).

For in vitro experiments, neurite length is a critical parameter that helps identify the best

substrate to support nerve regeneration. Figure 24 shows the average values for the neurite length

measurements on all substrates discussed earlier in this chapter. The most noticeable feature is

the increase in neurite length for those cells cultured on PCSA and BRF-CA aerogels when

compared to the control. On the other aerogels namely ARF-CA, SMPA, the neurites measured

were shorter than those on the control and on PCSA and BRF aerogels. All measurements made

showed a statistically significant difference by the t-test, p < 0.05 (*) compared to the control

(TCPS).
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Figure 24: Neurite length averages of PC12 cells on varying substrates. Neurite length
average for the cells cultured in each substrate used in this study. Statistical significance (t-test)
with p < 0.05 (*) found between all substrates compared to the control (TCPS).

Neurite density (defined as the number of neurites per cell body) was also measured for
all substrates and summarized in Figure 25. All aerogel substrates showed a lower neurite

density compared to TCPS (Control) with a statistical significance according to the t-test p<0.05
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Figure 25: Neurite density averages of PC12 cells on different substrates. Neurite density
average measured on the cells cultured in each of the different substrates used in this study.
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Following contact cell area, neurite length, and density, the next cell property measured
was branching; branch length and branch density. As previously stated, only three aerogel
substrates showed branching. The averaged values of the cells with branches showed a p < 0.05
in the t-test compared to those cultured on the control (TCPS). Figure 26 shows the average
branch length of the cells cultured on all the different substrates compared to the control (TCPS).
PC12 cells cultured onto the SMPA substrates showed no neurite extensions. Consequently, no
branches were observed either. Therefore, a value of zero is shown for both branch length and
branch density. Within the different aerogels, the cells cultured on BRF-CA exhibited the

shortest branch, while those cultured on PCSA and ARF-CA had longer branches.
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Figure 26: Branch length averages of PC12 cells on various substrates. Branch length
average measured on cells cultured in each substrate used for this study. Statistical significance
(t-test) with p < 0.05 (*) found between all substrates compared to the control (TCPS).

A similar process was performed for branch density, defined as the number of branches
per neurite. Figure 27 shows the average branch density for all substrates. For the cells cultured

onto SMPA substrates, no branches were observed and an expected value of zero is shown on
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those substrates. A similar pattern is found in branch density as in branch length, where the cells
cultured on the control (TCPS) had the highest value with a statistical difference compared to the
non-SMPA aerogels.
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Figure 27: Branch density averages of PC12 cells on different substrates. Branch density as
a function of varying aerogel and control (TCPS). Statistical significance (t-test) with p < 0.05
(*) found between all substrates compared to the control (TCPS).

5.3 Collagen Behavior

After observing the cell behavior of PC12 cells on different aerogel substrates, another
apparent difference was observed, collagen behavior. According to the manufacture of the
collagen used, the collagen should be presented as a firm, clear gel. Throughout the experiments
performed in this study, two different morphologies were observed, first the morphology
described by the manufacturer as a nanometer-scale thickness gel that rests between the aerogel
substrate and the cells. This morphology was observed in substrates of small pore diameter in the
BRF-CA (Figure 28a) and the PCSA. However, in a larger pore diameter, the collagen was
mainly observed as a layer of dispersing fibers (Figure 28c). This dual morphology can be

further seen in some areas of the larger pore diameter substrates. After a closer look into the
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substrates with a larger pore diameter, the initial observation of change in morphology of the
collagen can be further assessed. In those areas of the large pore diameter substrate where the

structure of the aerogel has a larger contact area, space is created for the gel of collagen to rest.

Those spaces showed a thin layer of collagen gel formed by fibers (Figure 28b).

Figure 28: The three different collagen morphologies found. (a) In small nanometer pore
diameter substrates, a homogeneous thickness layer is deposited on top of the substrate where the
collagen fibers are not observed. (b) In micrometer pore diameter substrates that have areas with
larger contact area, the layer of collagen is seen as a thin film of fibers that stretch over the
substrate. (c) Collagen in the form of filaments without the formation of a thin film.

The collagen behavior seemed to be different depending on the pore diameter of the substrate.
However, closer observation showed that the initial morphology observed in the smaller pore
diameter substrates could also be found in the rest of the substrates. Those areas of larger pore
diameter substrates where there is a larger contact area for the collagen to support itself showed a
similar collagen morphology than the previous substrates.

After the collagen behavior has been addressed regarding its behavior, the next question
that was studied was whether the collagen layer masks the surface roughness of the substrate
used for PC12 cell culture. To fully answer it, the surface roughness (Sa) in all substrates used
for PC12 cell culture was determined with and without collagen. A t-test was performed between
the two conditions of the substrate, and no statistical significance, p<0.05 (*), was found (Figure

29).
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Figure 29: Surface roughness of all substrates with and without collagen. Surface roughness
measured to show that coating the substrates with collagen does not change the underlying
surface roughness of the substrate.

5.4 Material Properties of Aerogel Substrates

The material properties of the various substrates used for cell culture were measured to
add a deeper understanding of the cell behavior on the different aerogel substrates. At the end of
this section, a summary of all the features is shown where the different aerogels are compared
with each other and to the control (TCPS). Pore diameter, surface roughness (Sa), and Young’s
modulus were measured for each substrate. As shown in Figure 29, surface roughness was
measured with and without collagen to understand that the collagen layer does not mask the
topography of the substrate. Similarly, the Young’s modulus of the substrates was measured in
two different conditions, after being submerged in medium for 24hrs at 37°C as well as a control,
where the substrate was not immersed. To adequately address how PC12 cells react to the

stiffness of the material, it is essential to focus on Young’s modulus measured in similar
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conditions as the cell culture. Therefore the difference between those two conditions is
significant.
5.4.1 Material Properties of (PCSA)

The first main material property of PCSA that was observed during cell culture was the
structure of the aerogel by means of SEM imaging. The pore diameter of the PCSA is in the
nanometer range, and therefore the pores of the substrate are not visible when imaging cells, but
it is shown in the form of surface roughness. The surface roughness of the PCSA was measured.
As it has been mentioned in chapter 2, section 2.4.3, the topography of the substrates was
measured using the surface roughness (Sa). PCSA was measured to have a larger surface
roughness than the control (TCPS), showing an order of magnitude difference between those two
substrates. Moreover, in comparison to the control (TCPS), PCSA was found to be softer by
1MPa.

5.4.2 Material Properties of the BRF-CA

BRF-CA was also subjected to the same material properties tests described previously.
When comparing the structure of the BRF-CA to PCSA, the pore diameter and surface roughness
had similar scale values. Pore diameter was determined to be at the nanoscale, just like with

PCSA.

Figure 30: BRF-CA structure. (a) Macroscopic image of the aerogel with a reference bar of
micrometers. (b) SEM image of BRF-CA with a reference bar of 100um. (¢) SEM image of
BRF-CA with a reference bar of 10um.
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When observing the cell behavior at a larger magnification, the pore diameter is not
observable, and it translates into a small surface roughness. Likewise, the surface roughness was
measured and compared to the control (TCPS). BRF-CA was found to have a similar Sa to the
PCSA, with a magnitude of difference with the control. Moreover, the measured Young’s
modulus of BRF-CA was found to be 3MPa lower than the control, and 2MPa lower than the
PCSA. Even though both PCSA and BRF-CA have similar morphologies and topographies, there
is a difference in Young’s modulus.

It is important to note that BRF-CA and PCSA are similar substrates regarding their
Young’s modulus and surface roughness, but differ in their conductive properties. An experiment
regarding electrical current in PCSA has been previously published [32] . Currently, a similar
study has been performed where cell properties cultured in BRF-CA with and without an
electrical bias are compared. Furthermore, this future study can be compared to the previous
study regarding PCSA. Therefore, the conductive properties could be very well be isolated from
the topography and stiffness.

5.4.3 Material Properties of the ARF-CA

ARF-CA was observed to have a unique structure compared to previous aerogel

substrates. The ARF-CA structure was easily observed as a chain of beads connected, leaving

voids between different chains that formed the pores (Figure 31).

Figure 31: ARF-CA structure. (a) Macroscopic image of the aerogel with a reference bar of
micrometers. (b) SEM image of ARF-CA with a reference bar of 100pum (c) SEM image of BRF-
CA with a reference bar of 10pum.
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The pore diameter was measured and determined to be larger than 10 pum, bringing a complete
order of pore diameter compared to previous substrates. The measurement of surface roughness
confirmed the difference in structure observed. ARF-CA Young’s modulus was also measured
and found to be similar to BRF-CA. Consequently, the ARF-CA substrate has a different
topography but similar young’s modulus compared to the other CA substrate, BRF-CA. Likewise
to the conductivity of BRF-CA, ARF-CA can also be used to understand the electric stimulation
to a conductive substrate as compared to a dielectric.
5.4.4 Material Properties of the MSPA Mix-14

The MSPA Mix-14 was tested to understand its materials properties. When Mix-14 was
observed using the SEM, the pore diameter and structure were determined to be quite different
from previous substrates with the polymer chains visible at micrometer scales. Unlike ARF-CA,
the structure of the aerogel was less similar to beads but of a continuous chain (Figure 32). The
pore diameter was measured to be an in-between ARF-CA and BRF-CA, around 3um. The
stiffness of this aerogel was expected to be quite low, as it is a memory shape material.
Therefore, Mix-14 is an aerogel substrate that bridges the structure and surface roughness of
ARF-CA and the other two substrates (PCSA and BRF-CA) while bringing a different Young’s

modulus.

Figure 32: SMPA Mix-14 structure. (a) Macroscopic image of the aerogel with a reference bar
of micrometers. (b) SEM image of SMPA Mix-14 with a reference bar of 100um. (c) SEM
image of BRF-CA with a reference bar of 10um.
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5.4.5 Material Properties of the MSPA Mix-18
Similar results were obtained regarding the MSPA Mix-18, as they were found in Mix-
14. The pore diameter was found in the same range as Mix-14. The aerogel structure, surface

roughness, and Young’s modulus are similar to those of Mix-14 (Figure 33).

Figure 33: SMPA Mix-18 structure. (a) Macroscopic image of the aerogel with a reference bar
of micrometers. (b) SEM image of SMPA Mix-18 with a reference bar of 100um. (c) SEM
image of BRF-CA with a reference bar of 10um.
5.4.6 Material Properties of the MSPA aL-DEG

Another type of MSPA is aL-DEG. This type of aerogel substrate was first observed
using SEM. The aerogel structure was found to be extremely similar to that of the ARF-CA,
which can be described as large beads connected, forming polymer chains (Figure 34).
Moreover, the Young’s modulus was expected to be found lower than the control and the non-
memory shape aerogels. Even more, the stiffness of aL-DEG was found to be even lower than
the previous MSPA substrates. AL-DEG was measured to have an order of magnitude lower than

Mix-14 and Mix-18. Consequently, this substrate allows for a similar surface roughness and pore

diameter of ARF-CA while showing a different range of Young’s modulus.

Figure 34: MSPA aL-DEG structure. (a) Macroscopic image of the aerogel with a reference
bar of micrometers. (b) SEM image of SMPA aL-DEG with a reference bar of 100um. (c) SEM
image of BRF-CA with a reference bar of 10um.
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5.4.7 Material Properties of the MSPA aL-TEG

The MSPA aL-TEG properties were also measured and studied. The structure of this
substrate was similar to Mix-14 and Mix-18 (Figure 35). This type of aerogel substrate allows for
an in-between pore diameter compared to the other SMPA, with a pore diameter larger than the
Mix-14 and Mix-18 but lower than the aL-DEG. The Young’s modulus of this aerogel substrate
was found to be like aL-TEG. Therefore, this substrate allows a comparison with aL-DEG where

the Young’s modulus is similar, but the structure and surface roughness is different.

Figure 35: SMPA aL-TEG structure. (a) Macroscopic image of the aerogel with a reference
bar of micrometers. (b) SEM image of SMPA aL-TEG with a reference bar of 100um. (c) SEM
image of BRF-CA with a reference bar of 10um.

5.4.8 Summary of all Aerogel Material Properties

The different material properties of the aerogels used for PC12 cell substrate are key to
further understand how cell behavior responds to materials’ properties. As mentioned, three
different properties were measured, pore diameter, surface roughness, and Young’s modulus.
Pore diameter is described in Figure 36, where the substrates have been plotted with increasing
pore diameter. Both PCSA and BRF-CA substrates have similar pore diameters in the nanoscale.
The control (TCPS), a non-porous substrate, was labeled to have a value of zero. Mix-14 and
Mix-18 have a similar pore diameter around 2um, while ARF-CA and the memory shape aL-
DEG have similar pore diameters above 10um. The last memory shape aL-TEG is found

between the two different groups of memory shape aerogels.
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Figure 36: Aerogel’s and control (TCPS) plotted with increasing pore diameter. Control
(left) and aerogel (right of the red dotted line) have been plotted with increasing pore diameter.
TCPS was assumed to be zero due to the lack of porosity.

The next material property measured for the aerogel substrates is surface roughness. The
summary of all surface roughness of each substrate can be found in Figure 37. Profilometer

images of each substrate’s surface roughness can be found in Figure 38.
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Figure 37: Distribution of the different substrates’ surface roughness (Sa). The multiple
substrates used for PC12 cell culture have been plotted as a function of increasing surface
roughness (Sa)
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Figure 38: Profilometer images of the substrates’ topographies with increasing surface
roughness. Surface roughness of (a) TCPS (Control), (b) PCSA, (c) BRF-CA, (d) ARF-CA, (e)
Mix-18 SMPA, (f) Mix-14 SMPA, (g) aL-TEG SMPA, (h) aL-DEG SMPA.

Moreover, similar similarities can be found in the surface roughness graph as it was
found in the pore diameter. PCSA and BRF-CA substrates have similar pore diameters, in the
nanometer size, and have similar topography in the nanometer height. On the other side of the
spectrum, the SMPA aL-DEG and aL-TEG have the larger pore diameter and the higher surface
roughness (Sa).

Finally, the last material property measured for the aerogel substrates for PC12 cell
culture was their Young’s modulus. In this case, the aerogel substrates were measured in two
different conditions, as received or synthesized and after 24hrs of being submerged in cell
culture medium at 36°C. A student’s t-test was performed to determine the p-value between each

substrate in the two conditions tested for. The majority of substrates showed a p > 0.05, and
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therefore it was concluded that there was no difference between the Young’s modulus between
the substrate when submerged or not. The summary of all the measurements can be found in

Figure 39.
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Figure 39: Distribution of the different substrates’ Young’s modulus (MPa). In black, the
stiffness was measured at room temperature without submerging the aerogel; in grey, the aerogel
was immersed in cell culture medium for 24hrs at 36°C.

5.5 Relating material properties and cell behavior

Until this point, the results regarding the material properties of the substrates used for cell
culture have been shown, as well as the different cell behavior of the PC12 cells cultured on
those substrates. In this section, the neurite length measured in all substrates is compared to the
surface roughness (Sa) (Figure 40a) and Young’s modulus (Figure 40b). Neurite length and
surface roughness are compared, plotted, and fitted using a Gaussian fit in Origin9, where the
optimum surface roughness is found around 500nm for neurite regeneration. Similarly, neurite

length observed in the different aerogel substrates and control is plotted into the respective
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Young’s modulus of those substrates. The data is plotted and fitted with a cubic polynomial in

origin, showing an optimum Young’s modulus of 2MPa for neurite regeneration.
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Figure 40: Neurite length as a function of material properties (a) Neurite length as a function
of surface roughness with a gaussian fit, R? of 0.961. (b) Neurite length as a function of Young’s
modulus with cubic fit, R? of 0.801.
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Chapter 6. Results and Discussion: Plasmonic Photo-Patterning on Aerogels
6.1 Successful transfer of pattern onto aerogel substrates

Polyurea crosslinked silica aerogels were successfully patterned by means of a plasmonic
photo-patterning technique. This was confirmed by performing phase contrast microscopy and
scanning electron microscopy on aerogels after the patterning step had been completed.
Effective culture of PC12 cells on patterned aerogel substrates and glass (control) was also
accomplished. Alignment of cells/ neurites to the pattern was concluded after performing
analysis of the cell behavior and will be discussed in detail later in this chapter.

After one day (24 hrs) of cell culture, cells showed neurite outgrowth, indicating that the
collagen-coated plasmonic photo-patterned aerogels are suitable substrates for neuronal scaffold
applications and that the process is compatible and non-toxic. The uniformity and continuity of
the polymer layer containing the pattern was evaluated at different locations using SEM and
profilometry techniques on both the aerogel and the glass substrates. Figure 41a shows an image
of the boundary between the plasmonic photo-pattern and the substrate over approximately a 200
nm range. The height of the plasmonic photo-pattern edge was measured at different points. A
representative measurement is shown in Figure 41b, where a “step height” measurement is taken
at the location indicated by the green and red markers of Figure 41a. Furthermore, the SEM
analysis of the boundaries concurs with the uniformity and continuity results inferred from the

profilometry images of Figure 41c.
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Figure 41: Imaging of plasmonic phofé;pattern. (a) Profilometry image of the plasmonic
photo-pattern border. (b) Step height measurement. (c) SEM image of the plasmonic photo-
pattern boarder.

6.2 Neurite alignment in Plasmonic Photo-patterned Substrates

When evaluating the response of the PC12 cells to plasmonic photo-patterned substrates,
it was determined that the cells do indeed follow some degree of alignment with the pattern
underneath (Figure 42). Initially, the response of PC12 cells to a glass or aerogel substrate
lacking any patterning was evaluated. Results show that the distribution of neurites, as expected,
does not have a preference in orientation (Figure 42a, 42e, and blue traces in 42e and 42f).
However, PC12 cells grown on patterned glass and aerogel substrates show a preferred direction
of alignment. This alignment is consistent with the pattern on the substrates (Figure 42b, 42d,

and red traces in 42e and 42f).
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Figure 42: Neurite orientation (a) in glass (control) (b) in PCSA (control) (c) Glass with a
plasmonic pattern (c) PCSA with a plasmonic pattern (e) Average neurite orientation in glass
without (blue) and without a plasmonic pattern (red) (f) Average neurite orientation in PCSA
without (blue) and without a plasmonic pattern (red).
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Chapter 7. Conclusion and Future Works

This body of work focuses on understanding the effect of material properties on the
behavior of PC12 neurons and how these reponses can be utilised to (a) understand cell
mechanisms and (b) design neural prosthetics that can deliver the desired outcome. The first part
of the work attemepted to quantify the relationships between cell behavior and substrate
properties, while the second part investigated the feasibility of creating precise patterns on
aerogel susbtrates for alignment by means of plasmonic photopatterning techniques.

It was previously shown that PC12 cells grow longer extensions on aerogel susbtrates
when compared to their response on control susbtrates. However, it was not a comprehensive
study and only one type of aerogel was explored. The work presented here investigated the
response of PC12 cells to aerogels with different pore structures and different Young’s moduli,
presenting a comprehensive analysis of the findings. Key cell properties such as neurite length
and orientation were studied and quantified. Results showed an optimum range for substrate
stiffness and pore structure that lead to the fastest regeneration rate on aerogels. Topographies
with a Sa of the order of 0.5 um demosntrated an increased neurite outgrowth while Young’s
moduli in the range 1-3MPa support the fastest neurite regeneration rate. Therefore, based on
the results of this study, random topographies with surface roughness of 0.5 pm and Young’s
modulus of 2MPa are the optimum substrates for neurite outgrowth in PC12 cells.

Other key cell properties were also impacted by the substrate properties. A decrease in
neurite density was observed for all experiments performed on aerogels. Furthermore, the cell
contact area was found to decrease with lower stiffness and higher surface roughness. Those
results have shown a degree of alignment in neurites due to the continuous topography. Further

investigations are needed.
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Future steps for this work should consist of using more aerogel substrates with different
materials properties from the ones used in this study — for example, SMPAs with smaller
surface roughness similar to those of PCSA. On the other hand, further investigation of the
plasmonic photo-patterning of aerogels should be performed. This part of the experiments would
help further align and enhance neurite outgrowth. The alignment of neurites is essential due to

the nature of peripheral nerve repair.
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