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ABSTRACT

NANOENGINEERED TISSUE SCAFFOLDS FOR REGENERATIVE MEDICINE IN
NEURAL CELL SYSTEMS

By
Volkan Mujdat Tiryaki

Central nervous system (CNS) injuries present one of the most challenging problems.
Regeneration in the mammal CNS is often limited because the injured axons cannot regenerate
beyond the lesion. Implantation of a scaffolding material is one of the possible approaches to this
problem. Recent implantations by our collaborative research group using electrospun polyamide
nanofibrillar scaffolds have shown promising results in vitro and in vivo. The physical properties
of the tissue scaffolds have been neglected for many years, and it has only recently been
recognized that significant aspects include nanophysical properties such as nanopatterning,
surface roughness, local elasticity, surface polarity, surface charge, and growth factor

presentation as well as the better-known biochemical cues.

The properties of: surface polarity, surface roughness, local elasticity and local work of
adhesion were investigated in this thesis. The physical and nanophysical properties of the cell
culture environments were evaluated using contact angle and atomic force microscopy (AFM)
measurements. A new capability, scanning probe recognition microscopy (SPRM), was also used
to characterize the surface roughness of nanofibrillar scaffolds. The corresponding
morphological and protein expression responses of rat model cerebral cortical astrocytes to the
polyamide nanofibrillar scaffolds versus comparative culture surfaces were investigated by AFM
and immunocytochemistry. Astrocyte morphological responses were imaged using AFM and
phalloidin staining for F-actin. Activation of the corresponding Rho GTPase regulators was

investigated using immunolabeling with Cdc42, Racl, and RhoA. The results supported the



hypothesis that the extracellular environment can trigger preferential activation of members of
the Rho GTPase family, with demonstrable morphological consequences for cerebral cortical

astrocytes.

Astrocytes have a special role in the formation of the glial scar in response to traumatic
injury. The glial scar biomechanically and biochemically blocks axon regeneration, resulting in
paralysis. Astrocytes involved in glial scar formation become reactive, with development of
specific morphologies and inhibitory protein expressions. Dibutyryl cyclic adenosine
monophosphate (IBcAMP) was used to induce astrocyte reactivity. The directive importance of
nanophysical properties for the morphological and protein expression responses of dBcAMP-
stimulated cerebral cortical astrocytes was investigated by immunocytochemistry, Western
blotting, and AFM. Nanofibrillar scaffold properties were shown to reduce immunoreactivity
responses, while PLL Aclar properties were shown to induce responses reminiscent of glial scar
formation. Comparison of the responses for dBcAMP-treated reactive-like and untreated
astrocytes indicated that the most influential directive nanophysical cues may differ in wound-

healing versus untreated situations.

Finally, a new cell shape index (CSI) analysis system was developed using volumetric AFM
height images of cells cultured on different substrates. The new CSI revealed quantitative cell
spreading information not included in the conventional CSI. The system includes a floating
feature selection algorithm for cell segmentation that uses a total of 28 different textural features
derived from two models: the gray level co-occurance matrix and local statistics texture features.
The quantitative morphometry of untreated and dBcAMP-treated cerebral cortical astrocytes was
investigated using the new and conventional CSI, and the results showed that quantitative

astrocyte spreading and stellation behavior was induced by variations in nanophysical properties.
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Chapter 1

Introduction

1.1 Motivation

Tissue engineering, or regenerative medicine, is a multidisciplinary field that merges expertise
from engineering, physics, and biology. Tissue engineering is based on experimental
observations that, when injury sites are supplied with artificial scaffolds, the cell populations can
regenerate and re-establish original functions within the surrounding tissue. Tissue engineering
applications depend on the location of the organ or injury. Fundamental research is needed to

design tissue scaffolds with appropriate mechanical, topographical, and biochemical properties.

Central nervous system (CNS) injuries present one of the most challenging problems.
Regeneration in the mammal CNS is often limited because the injured axons cannot regenerate
past the lesion. Implantation of a scaffolding material is one of the possible approaches to this
problem, and recent experiments have shown promising results. However, more research is still
needed before CNS tissue scaffolds can be designed and implemented successfully.
Characterizing physical properties of tissue scaffolds and determining the corresponding cell
behavior are required in order to improve the current tissue scaffold applications. The physical
properties of the tissue scaffolds have been neglected for many years, and it has only recently
been recognized that significant aspects include nanophysical properties such as nanopatterning
[1, 2], surface roughness [3, 4, 5], local elasticity [6], surface energy [7, 8], surface charge [9],

and growth factor presentation [10]. In this dissertation, the rat neural cell system was used to



model human CNS injuries. The advantages of using rats over other organisms as a model of

human disease have been reviewed by lannaccone and Jacob [11].

The characterization of tissue scaffold physical properties must be at the same nanoscale
level as the cell-matrix interactions. Atomic force microscopy (AFM), a milestone invention in
nanotechnology, has been used to investigate the surface roughness, elasticity, nanofibrillar
architecture, and even growth factor presentation of tissue scaffolds [10]. Therefore, AFM has
great potential for determining physical properties of tissue scaffolds. Conventional AFM was
designed for planar substrates and therefore cannot provide automated property measurements
along individual cylindrical nanofibers. Scanning probe recognition microscopy (SPRM), the
integrated version of AFM with image processing, pattern recognition, and computer vision
techniques, was developed in the Electronic and Biological Nanostructures Laboratory at
Michigan State University. It can auto-track individual nanofibers, and therefore has the
capability of collecting data from an individual nanofiber, and was recently used to characterize
the physical properties of nanofibrillar scaffolds with higher detail than a conventional AFM [12,

13, 14, 15]. SPRM is expected to be used for new investigations of tissue scaffolds.

AFM is a surface technique that provides three-dimensional topography of samples. To
identify cellular mechanisms, internal protein expressions must also be analyzed through the use
of immunostaining. Immunostaining is a general term in biochemistry that applies to any use of
an antibody-based method to detect a specific protein in a sample. Immunostaining covers a
broad range of techniques used in histology, cell biology, and molecular biology that utilize
antibody-based staining methods. Two of those techniques are immunocytochemistry and
Western blotting, which are used in this dissertation. Both techniques are used to investigate cell

behavior in response primarily to nanophysical cell environments.
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1.2 Overview of tissue engineering for neural cell systems

Tissue engineering uses cells and/or scaffolding materials that will facilitate regeneration around
a lesion, and improve or replace the biological function of an organ. This is a difficult task
because the material has to provide appropriate signals to the tissue over time. To be successful,
the scaffolding material has to mimic all aspects of the natural environment of cells. It should
provide appropriate mechanical support to the cells in the lesion area, and should be degraded
during the healing process. The type of tissue dictates the appropriate methods of tissue

engineering.

Mammals have a nervous system that is divided into the peripheral nervous system (PNS)
and the CNS. The CNS consists of the brain, spinal cord, optic, olfactory, and auditory systems,
and the PNS includes all other neural cells outside the CNS. The regeneration capability differs
between the two systems. The neurons in the PNS are able to regenerate to some extent; but the
neurons in the CNS often cannot regenerate and CNS injury usually results in paralysis. Neural
tissue engineering seeks the optimum engineering and life science approach that will provide the
appropriate environment for the neurons to grow past the lesion and re-gain their original

function.

Current neural tissue engineering applications have been tested on animals, and promising
results have been obtained [1]. The regeneration capability of rodents is known to be better than
that of humans. Until the techniques can be perfected for rodents, clinical applications are not yet

warranted.



1.3 Nanoscale imaging of tissue scaffolds

Optical microscopy has been the most commonly used technique in the biomedical sciences;
however, its resolution is limited by the optical diffraction limit, which is on the order of half the
wavelength of light. Assuming a light source with a wavelength of 500 nm, the optical
diffraction limit, also known as Abbe diffraction limit, would be approximately 250 nm. This
resolution is not enough to visualize the nanostructures of cells such as receptors, protein
assemblies, channels, and nanoscale membrane protrusions [16]. The Abbe diffraction limit was
one of the reasons why researchers sought a higher-resolution instrument. AFM, invented in
1986, is able to provide atomic resolution of samples under certain conditions. Since its
invention, AFM has been successfully used for biomedical investigations including tissue

engineering [10,14], drug delivery [17], protein folding [18], and clinical medicine [19].

Other techniques that provide nanoscale images are transmission electron microscopy (TEM)
and scanning electron microscopy (SEM), which were invented in 1931 and 1938, respectively.
Both techniques have been used to observe biological nanostructures. AFM has several
advantages over TEM. TEM provides a two-dimensional projection of a three-dimensional
volume of the sample while AFM provides a three-dimensional surface profile of the sample.
TEM sample preparation involves expertise in fixation and sectioning, and the sample must be
observed in vacuum. AFM sample preparation is easier than that of TEM as thin sectioning is not
required and standard culture preparations can be used. Capturing an AFM image can be done in
ambient air, and even in a liquid environment, which makes investigation of living cells possible.
SEM and TEM techniques do not allow live cell imaging because they require a vacuum. A
modified version of SEM, called the environmental SEM (ESEM), operates at atmospheric

pressure and can be used to investigate living cells. Image capture time by AFM is longer than
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by TEM, but the scan speed of AFM in the newest commercially available instruments is
increased. AFM can be used not only for imaging at the nanoscale but also for characterizing the

mechanical properties and surface charges of regenerative tissue scaffolds.

1.4 Summary of the following chapters

Details about the CNS, neural tissue engineering applications, and CNS injury are discussed in
Chapter 2. The new SPM family member, SPRM, its principle, and its recent applications are
presented in Chapter 3. Chapter 4 addresses confocal laser scanning microscope (CLSM), which
provides three-dimensional localization of proteins and other cellular structures. The protein
expression estimation technique using CLSM is included in this chapter. In Chapter 5,
characterization of nanophysical properties of tissue scaffolds are described. The consequences
of the nanophysical environment for the neural cell system are presented in Chapter 6. In Chapter
7, a new cell morphology evaluation technique is proposed. The advantages of the technique are
compared to the conventional method. Finally, the summary of the dissertation and

recommended future work are given in Chapter 8.

Figures that use images that originate from the candidate’s thesis work are identified by an

asterisk in the figure caption.



Chapter 2

Central nervous system

The nervous system is responsible for signal transmission throughout the animal body. The
system is divided into the CNS and the PNS. The CNS consists of the brain, spinal cord, optic,
olfactory, and auditory systems, and the PNS includes all other neural cells outside the CNS. The
CNS transmits and interprets signals and also excites the PNS, whereas PNS innervates the

muscles, and transmits and receives signals from the spinal column.

This dissertation will focus on neural tissue engineering applications for the rat CNS model.
The differences between rat and human brain have not yet been fully addressed. The human
brain is the largest among mammals relative to body size. Another difference is that the cerebral
cortex of rodents is smoother than that of humans. Nonetheless, the advantages of using rats over
other organisms as a model of human disease have been documented [11] and use of a rat model

system is an accepted neural cell system investigative procedure.

2.1 Cellular components of the CNS

Neurons and glial cells are the two classes of cells in the CNS. Neurons are the main signaling
cells, and glial cells are the supporting cells in the CNS. There are three different types of
neurons in terms of function: sensory neurons respond to touch, sound, light and other stimuli
affecting cells of the sensory organs that then send signals to the spinal cord and brain. Motor

neurons receive signals from the brain and spinal cord, cause muscle contractions, and affect
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glands. Interneurons connect neurons to other neurons within the same region of the brain or
spinal cord. Neurons cannot undergo mitosis, whereas glial cells are able to divide. Although

neurons cannot divide, they can extend or sprout axons under certain conditions.

Glia are not directly involved in information processing, but have vital roles such as
supporting and insulating neurons, removing debris after injury, directing outgrowth of axons,
and releasing growth factors. Glial cells are grouped as microglia and macroglia. Microglial cells
are phagocytes that become activated after injury, infection, or disease. Macroglial cells are
classified into oligodendrocytes, pericytes, and astrocytes. Oligodendrocytes insulate axons by
providing a myelin sheath to enable efficient signal transmission in the CNS. Pericytes are

connective tissue cells that occur around small blood vessels.

The importance of astrocyte functions is apparent from the ratio of the number of astrocytes
to neurons, which is 1:6 in worms, 1:3 in the rodent cortex, and 1.4:1 in the human cortex. This
indicates that the role of astrocytes increases as the complexity of the tissue increases [20]. The
majority of the glial cells are astrocytes, which have a star-shaped cell body (Figure 2.1).
Astrocytes are the key support cells for CNS neurons and have many roles; their functions
include transferring nutrients from capillaries to neurons, removing wastes from neurons,
contributing to the blood brain barrier, maintaining the potassium ion concentration in the
extracellular space between neurons, and controlling the blood flow. Astrocytes are a very
heterogeneous population of cells with specific morphologies and properties [21]. They are
considered to be the cellular bridge between the capillary basement membrane and the neurons

[22].
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Figure 2.1: The blood brain barrier is formed by endothelial cells, basement membrane, and

astrocyte endfoot. [22]. For interpretation of the references to color in this and all other
figures, the reader is referred to the electronic version of this dissertation.

The cerebral cortex contains two types of matter: gray and white. White matter consists of
myelinated and unmyelinated axons, whereas grey matter consists of the dendrites, cell bodies,
neuroglia, unmyelinated axons, and axon terminals. Astrocytes are classified into fibrous and
protoplasmic on the basis of cell morphology and anatomy. The astrocytes in gray matter are
protoplasmic, whereas those in white matter are fibrous. Human astrocytes are known to be

larger, structurally more complex, and more diverse than rodent astrocytes [23].

2.2 CNS extracellular matrix
The extracellular matrix (ECM) is the part of animal tissues that usually provides structural
support and regulates intercellular communication. Animal cells, except blood cells, are
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anchorage-dependent, and they adhere to a solid tissue composed of an ECM and resident cells
or an adjacent cell to survive. The solid tissue ECM may have physical properties such as soft or

stiff, thick or thin, and smooth or rough.

Cells adhere to other cells and the ECM through cell adhesion molecules. The ECM contains
many types of structural and directive proteins such as collagens (type I, II, III), multiadhesive
matrix proteins (laminin, fibronectin, entactin) and proteoglycans. The CNS ECM includes
fibronectin, laminin, tenascin C, and proteoglycans. Epi-fluorescent images of ECM proteins in a

matrix surrounding a capillary in a rat cerebrum are shown in Figure 2.2.

(b)

Figure 2.2: Epi-fluorescent images of ECM proteins and astrocytes in blood brain barrier.
Immunolabeling was performed with antibodies against glial fibrillary acidic protein (GFAP) in
order to dye astrocytes green, and either fibronectin (a) or laminin (b) with red. An astrocyte
endfoot is shown by a single arrow, and an astrocyte cell body is shown by a double arrow in
(b). Scale bar, 35 um. [15].

2.3 Glial scar
Recent research indicates that the regenerative capability depends on the glial cells. After the
CNS injuries in mammals, glial scar formation creates a barrier to axon regeneration. Glial scars

consist mainly of reactive astrocytes and proteoglycans. Glial cells are believed to have a key



role in determining CNS regenerative capability. The response of astrocytes to injuries is called
reactive astrogliosis. During astrogliosis, astrocytes enlarge, become stellate, proliferate, and up-
regulate GFAP expression. Astrocytes are present in all CNS tissues without overlapping
domains. However, in severe reactive astrogliosis astrocytes form overlapping processes.
Astrocytes express four classes of proteoglycans: CSPG, heparan sulfate proteoglycans (HSPG),
and keratan sulfate proteoglycans (KSPG) are inhibitory to neurite outgrowth [24]; whereas
dermatan sulfate proteoglycans (DSPG) promotes axon regeneration in hippocampal neurons
[25]. FGF2, a growth factor in the CNS, is known to be up regulated after injury, and promotes

the proliferation and stellation of astrocytes in culture [26].

The reactive astrogliosis and glial scar formation has some beneficial functions such as
protection of neural cells, restriction of the spread of inflammation and infection, and promoting
tissue repair [27]. However, reactive astrogliosis has potential detrimental effects such as
inhibition of axon regeneration [27]. Consequently, developing a scaffolding environment that
would preserve the beneficial and attenuate the potential detrimental aspects of reactive

astrogliosis would be highly useful in the CNS regenerative medicine [27].

2.4 History of neural tissue engineering applications

Currently, there is no available treatment to restore the nerve function in the CNS (Figure 2.3).
Research in the CNS regenerative medicine increased after the 1980s. The developments were
complicated due to the controversial results from several studies. Embryonic spinal cord grafts
and peripheral nerve tissue grafts were able to support regeneration in the CNS; however, the

nerve fibers often did not grow back across the peripheral-central transition zone [28]. Therefore,
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efforts are focused on designing an environment that is permissive to axonal regeneration.
Recent research shows that the permissive environment has to contain not only biomolecular

signals, but also physical guidance cues [29, 30].
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Figure 2.3: Comparison of regeneration in (a) PNS and (b) CNS. [29].

Physical guidance of axons is considered to be an important part of nerve repair. In the

nineteenth century, autologous nerve grafts [31], metal tube [32], bone [33], and fat sheaths [34]
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were used to physically guide the regeneration of the PNS. Autologous nerve grafts were
accepted as the gold standard for treatment of PNS injuries in the late 1980s [35,36]. The other
material types that are currently under research are nonautologus tissue, natural-based materials,
and synthetic materials. Among those materials, synthetics are attractive because their physical
and chemical properties such as surface roughness, surface energy, degradation rate, elasticity,
and growth factor presentation can be optimized for specific applications. The challenges of the
synthetic materials are the different inflammatory response of a body and compatibility with cell
adhesion and tissue repair. Ideally, a synthetic material that would induce axonal regeneration

should be biodegradable, semipermeable, and non-cytotoxic.

Recent research has identified an implantable scaffold composed of randomly oriented
electrospun polyamide nanofibers that appears to have unusual wound healing properties for the
CNS and that acts via modulation of the astrocyte response [12]. The polyamide nanofibers
promote neuronal attachment and neurite generation [1], and produce no cytotoxicity in vitro [1]
and in vivo [37]. They are also biodegradable, but not rapidly [37], which is an advantage
because the materials has to remain until full recovery. Furthermore, the polyamide nanofibrillar
scaffolds are flexible and therefore ideal for neural tissue engineering applications. Finally and
more importantly, polyamide nanofibrillar scaffolds have shown promising results for the repair
of spinal cord injury [38]. The present dissertation further investigates both the nanophysical
properties of the polyamide nanofibrillar scaffolds and the neural cell responses to these

scaffolds.
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Chapter 3

Scanning probe microscopy

3.1 Atomic Force Microscopy

Scanning probe microscopy began with the invention of the scanning tunneling microscope
(STM) in 1982 [39]. The invention of this instrument opened a new era of surface science. The
STM tunneling current between the probe and the sample is kept constant while the probe scans
over the surface of the sample. The vertical movement of the z piezo is recorded at each x,y
coordinate, which yields an image of the sample topography. One of the limitations of this
instrument is that the sample has to be electrically conductive. Although images of low-
conductivity samples with STM have been obtained [40], it is not easy to establish a tunneling

current with low-conductivity samples such as biological samples.

AFM, or scanning force microscopy, is another type of scanning probe microscope. AFM
was developed within four years of the invention of STM. An AFM system consists of scanning,
probe, sensor, vibration isolation, controller, and computer systems. The principle of AFM is to
scan the surface of a sample with an AFM probe that is attached to a cantilever. The cantilever is
flexible and has a specific spring constant. The probe is kept atomically close to the surface. The
tip scans the specimen line by line by an accurate piezo-scanner. The top of the cantilever has a
polished region, and the vertical movement of the tip is measured by transmitting a laser beam to

the polished surface, and then detecting the reflected laser light from the cantilever.
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In this thesis, the SPM technique that was primarily used was AFM. Contact mode AFM,
tapping mode AFM, and SPRM were used to image the cell cultures and to investigate the

nanophysical properties of culture surfaces.

3.1.1 Contact mode AFM

Contact mode was the first developed imaging mode of AFM, and it can be used to capture
images of non-conductive samples. In this mode, a probe attached to the end of a cantilever is
scanned over the sample surface while a split photodiode detector measures the magnitude of
cantilever deflection from the reflected laser beam. The photodiode measures the intensity of
laser light on top minus the intensity of laser light on the bottom divided by the total incident
light. The feedback loop maintains constant deflection via the input from the photodiode detector

[41]. A contact mode schematic representation of AFM is shown in Figure 3.1.
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Figure 3.1: Schematic of contact mode AFM. [41].

The force that the tip applies to the sample can be calculated using Hooke’s law in contact mode

AFM:

F = kx (3.1)

where F, k, and x are the force, spring constant and cantilever deflection, respectively. The
constant deflection means a constant force is applied to the sample. AFM height data is
constructed by recording the voltage applied to the z piezo at the same time the probe’s (x,y)
position. The deflection data in contact mode AFM is obtained by recording the cantilever

deflection that occurs prior to re-establishing the constant force.
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Contact mode AFM investigation can be performed in ambient air and liquid environment.
However, lateral and normal forces may reduce spatial resolution and may damage biological

samples.

3.1.2 Tapping Mode AFM

In tapping mode AFM [41], the cantilever is oscillated approximately at its resonance frequency
and an amplitude range of typically from 20 nm to 100 nm. The tip lightly “taps” the specimen,
and the tip contacts the surface at its minimum point of the cycle. The tip sample distance affects
both the amplitude and the frequency of the tip. The change in frequency gives information about
the sample. The feedback loop keeps the amplitude constant based on the four cell photodiode
RMS amplitude measurement. At each lateral (x,y) point the vertical z point is recorded that
maintains the setpoint amplitude. The z point recordings generate the topography of the sample.
A phase image is obtained when the frequency change or the phase shift of the tip is recorded at

each (x,y) point. The phase shift is very sensitive to the material and topographic properties.

In tapping mode AFM lower forces are applied to sample as compared to the contact mode,
which means less damage to soft tissues. The scan speed is slightly slower than contact mode

AFM.

3.2 Applications of AFM

AFM is an instrument that can reach macromolecular resolution with relatively short sample
preparation time and over a wide temperature range. High-resolution imaging capability led
AFM to have many applications for biomedical sciences. AFM is a marker-free imaging tool for
obtaining sample topography. The tapping mode, pico-newton imaging system of AFM, was
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developed after the nanonewton forces of contact mode was shown to damage the soft biological
tissues in some cases. The successful operation of AFM in liquid environment allowed

biomedical scientists to perform experiments in nearly native environment conditions [42,43].

There are some disadvantages of AFM that are also important to realize. AFM requires
complementary investigations such as CLSM to obtain sub-surface information. The scanning
speed of AFM is slow compared to optical and fluorescence microscopy and SEM. A typical
scan in AFM requires several minutes, which may be longer depending on the resolution and
scan rate. The relatively slow rate of AFM may also reflect thermal drift of the sample [44].
Finally the lateral resolution is limited by the shape of probe. AFM image is affected by the
radius of the probe curvature and tip sidewall angles. The effect of AFM probe shape on the

AFM height image is illustrated in Figure 3.2.
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Figure 3.2: ((a) and (b)) The effect of AFM probe cone angle on the tip dilation artifact in
AFM. (c) Dashed lines show the measured AFM height data and the solid lines show the real
surface data. [41].

AFM is not only an instrument to visualize samples with macromolecular resolution. AFM
force curves can be used to investigate material properties such as elasticity, Hamaker constant,
adhesion, and surface charge densities, which was elegantly reviewed [45]. Therefore, AFM is

an instrument that is likely to contribute to the biomedical sciences.

Numerous publications have been done with the contribution of AFM in biomedical sciences.

The surface biology of DNA by AFM was investigated by Hansma [46]. AFM was used to
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investigate the morphology of quiescent astrocytes cultured on different cell substrates [12]. It
was used to image the molecular structure of aggrecan [47] and laminin on a planar surface [48].
AFM was also used to determine the elasticity of living tissue [49]. These applications and others
demonstrate the capabilities of the instrument in the biomedical sciences. The increased scan
speed of AFM in novel commercial instruments indicates the contributions of this instrument

would likely to continue in the future.

3.3 SPRM and its applications

Scanning probe recognition microscopy (SPRM) is a new scanning probe microscopy capability
developed recently in an NSF GOALI collaborative partnership with Veeco Instruments (now
Bruker). In SPRM, the scanning probe microscope system itself is given the power to auto-track
specific regions of interest through feature recognition coupled with adaptive scan plan
generation and implementation. 'Feature' is not just topography, e.g. nanoscale elasticity was
investigated as a physical property feature. SPRM is an approach that works directly with the
interaction sensing capability of a scanning probe microscope, which inherently has atomic to
nanometer scale resolution. The human operator interaction is now focused to the decision-
making level rather than the execution level, and the research emphasis evolves from sample

imaging to feature/property investigation.

For AFM based surface roughness measurements, if the region of interest is not rectangular,
such as nanofibers, the surface roughness measurements need to be repeated many times. SPRM
allows adaptively following along individual nanofibers within a nanofibrillar tissue scaffold.

The comparison of SPRM auto-track imaging versus traditional AFM imaging was demonstrated
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and histograms of various scaffold surface roughness were analyzed by Fan et al. [50]. This work

has demonstrated the advantages of SPRM for nanoscale tissue scaffold investigations.

SPRM was recently used [51] for nanoscale elasticity measurements to collect local force
curves at nanofiber median points with the tip normal to the nanofiber cylinder axis.
Measurements from several nanofibers were compiled into a statistical representation of the

nanofibrillar matrix. The measurements were related to a Young’s modulus using a Hertz model.

SPRM was used to investigate the surface roughness along individual nanofibers and given

in Chapter 6 of this thesis.
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Chapter 4

Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) is a technique that captures high-resolution in-
focus images from selected depths of a sample. Images are acquired at each point on the focal
plane and reconstructed by a computer, which yields three-dimensional images of samples. The
image quality is enhanced compared to optical microscopy because images are acquired from
multiple depths and are not superimposed. The principle of the CLSM was patented by Marvin
Minsky in 1957 [52], but the development of this instrument was not achieved until the late

1980s, when laser scanning systems became available.

4.1 The principle of CLSM

In CLSM, the laser beam passes through an aperture and then focuses on the small focal volume
of the sample. Scattered, reflected, or fluorescent laser light from the illuminated spot is
collected by an objective lens. A beam splitter reflects some of the collected light into the
detection apparatus, which is usually a photomultiplier tube. The light intensity is then recorded
by a computer. The detector aperture passes only the light that is coming from the focal point and
prevents passing of the out-of-focus light (Figure 4.1). This yields sharper images than those of
conventional fluorescence microscopy and enables capturing images of focal planes at various

depths within the sample. Series of these images are called z-stacks [53].
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Figure 4.1: Schematic of confocal microscopy. The detector aperture obstructs the light that is
not coming from the focal point, as shown by the dotted line. [53].

The detected light captured from the focal point within the sample represents one pixel in the
final image. The laser beam is scanned over the horizontal plane of the sample by using servo-
controlled oscillating mirrors. The focal plane is changed by raising or lowering the microscope
stage, and a computer assembles the multiple successive focal plane images into a three-
dimensional image of the sample. The lateral and axial resolution of CLSM can be as low as 66

nm and 175 nm, respectively [54].

4.2 Applications of CLSM
CLSM is currently used in many biological science disciplines, quantum optics, and nano-crystal
imaging. In this research, CLSM was used to estimate the total expression of the cytoskeletal

protein GFAP in astrocytes. In the healthy CNS, the level of GFAP expression in astrocytes may
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not be detectable [27]. However, after injury to the CNS, the astrocytes are activated, or become
reactive, and the level of GFAP is known to be up-regulated. Therefore, to determine the level of
reactivity of astrocytes it is necessary to estimate the total GFAP expression within them. This
requires a microscopy technique that is able to illuminate entire cytoplasm and detect protein
levels in astrocytes individually. This can be achieved by CLSM. In this research, CLSM was
used to estimate the total GFAP expression of astrocytes cultured on standard tissue culture
surfaces and polyamide nanofibrillar scaffolds. Tubulin expression was also investigated. Cell

nuclei were also stained to determine cell density.
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Chapter 5

Nanophysical Properties of Tissue Scaffolds

When injury sites are supplied with appropriate biomaterials that physically and biochemically
mimic the ECM, cells can regenerate and re-establish functional connections with surrounding
tissue. However, studies indicate that tissue regeneration requires a very high level mimicry of

nature [55].

The tissue scaffolding material under investigation in this research is a synthetic non-woven
electrospun polyamide nanofibrillar matrix that has demonstrated promise for the repair of the
injured spinal cord both in vivo and in vitro [37, 38]. A fundamental set of nanoscale properties
of nanofibrillar scaffolds serve as the primary cues for the re-establishment of cell systems. The
nanoscale cues for tissue scaffolds [56] were previously defined as surface roughness, surface

energy, elasticity, and growth factor coverage, which are discussed below.

5.1 Surface Roughness

Surface roughness of the tissue scaffolds can influence cell adhesion and fates [57]. Human
mesenchymal cells are more sensitive to exogenous signals when grown on surfaces with
periodic surface roughness [58]. Lipski et al. have demonstrated that glass substrates coated with
50- to 300-nm diameter silica nanoparticles influenced cell morphology and metabolism in

bovine aortic endothelial cells (BAECs) and mouse calvarial preosteoblasts (MC3T3-El) [8].
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These studies show that it is necessary to consider the surface roughness of the synthetic tissue
scaffolds. The surface roughness is the root mean square of the height values in a specific region

and is given by:

N . 2
RMS = Z‘=1(ZLN Zave) (5.1)

where N is the total number of pixels in the region, Z; is the height value of the pixel, and Z,y. is

the average height value for AFM height data.

For AFM-based surface roughness measurements, if the region of interest is not rectangle,
such as nanofibers, the measurements need to be repeated many times. The comparison of SPRM
auto-track imaging versus traditional AFM imaging was demonstrated and histograms of various
scaffold surface roughness values were analyzed by Fan et al. [50]. This work demonstrated the
advantages of SPRM for surface roughness investigations of nanofibrillar scaffolds along

individual nanofibers.

The surface roughness investigations of polyamide nanofibrillar scaffolds and comparative
culture surfaces are presented in Chapter 6 of this thesis in combination with the astrocyte

morphological and protein expression responses to this property.

5.2 Local elasticity
Elasticity is the physical property of the material that returns into its original shape after the

deforming stress is removed. Stress is the force per unit area exerted on an object, and strain is
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the relative deformation or change in shape and size of the object. If there is a linear relationship
between stress and strain, the material is in the linear elastic regime, e.g., a metal spring.

Stiffness is a measure of the resistance offered by an elastic object to deformation, which is:
F
k =- 5.2
= (5:2)

where £ is stiffness, F' is the force applied to the object, and ¢ is the displacement produced by

the force.

The elasticity of the cellular environment regulates cell adhesion, cell spreading, and cell
differentiation [6]. Pelham and Wang [59] examined the responses of 3T3 cells to mechanical
properties of a collagen-coated polyacrylamide substrate, and found that cells on flexible
substrates had less spreading behavior and higher lamellipodial and motility activity than cells on
rigid surfaces. A recent study showed that the stiffness of the scaffold material influenced the
tissue bridging and axonal ingrowth for spinal cord injury [60]. These studies indicate that

elasticity is a significant physical parameter for a tissue scaffold design.

The elasticity range of the cellular environment varies with tissue type [61]. The range of

elasticity of cellular microenvironments is shown in Figure 5.1.
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Figure 5.1: Elasticities of cellular microenvironments. The glass and plastic tissue cultures are
stiffer than the stiffest bone tissue. [61].
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The overall elasticity of the nanofibrillar scaffold that is sensed by the cell is dependent on
the elasticity of individual nanofibers and the mesh density. AFM can be used to measure the

elasticity of individual cells or culture surfaces by acquiring force curves on the surface [49].

To determine the elasticity of a material with AFM, force versus z-piezo displacement curves
from a tissue culture are collected using the force mode analysis in Nanoscope Software version
5.30r3.sr3. The deflection sensitivity is determined on a silicon wafer, which is known to be
stiffer than the planar culture surface [62]. The mean value of approximately ten measurements
from the wafer is determined. The force versus z-piezo displacement data are then converted to
force versus distance data, where distance is the gap between the atom at the far end of the AFM
probe and the sample. Using the cantilever stiffness of the AFM provided by the manufacturer
(0.58 N/m), the elasticity of tissue cultures was calculated from the retraction curve according to

the Derjaguin, Muller, and Toporov (DMT) model [63].

Q
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where ¢ is the indentation depth, a is the contact radius, R is the tip radius, F}, is the applied
force, F5q is the adhesion force, K is the total elastic modulus of the tip-substrate, /73, is the
work of adhesion required to separate the AFM tip (subscript ») from the cell substrate (subscript
1) in air (subscript 3) [64], vijp is the Poisson’s ratio of the AFM tip, vsample 1s the Poisson’s ratio

for the sample, Etjp, is the Young’s modulus of the AFM tip, and Egyple is the Young’s modulus

of the sample. The calculations were implemented in MATLAB. Examples of AFM force curves
that are relevant to these investigations are shown in Figure 5.2. These are: typical force curves
from a “soft” material (Figure 5.2 (a). and from a “harder” material with a large adhesive
component Figure 5.2 (b). All force curves investigated in this thesis resembled the second type,
with an actual example given in Figure 5.2 (c). This motivated the use of the DMT model for

extraction of the Young’s modulus.

(2) (b) (©)

N °

Force (nN)

Force (nN)
)

Force (nN)

\

z-piezo displacement z-piezo displacement z-piezo displacement
(nm) (nm) (nm)

Figure 5.2: AFM force versus z-piezo displacement (F-z) curves including retraction and extension
parts. (a) Typical F-z curve of a soft material, (b) typical F-z curve of a material with large
adhesion component, and (c¢) F-z curve of PLL Aclar substrate.
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To measure the elasticity of individual nanofibers, it is necessary to auto-track the
nanofibers for statistically reliable measurements. SPRM can directly interact with an individual
nanofiber without using a zoom box. The elasticity of individual tubules within a tissue scaffold
was investigated by SPRM [65]. In another work, the elasticity histograms of a series of

electrospun carbon nanofiber tissue scaffolds were performed with SPRM by Fan et al. [14].

The local elasticity of polyamide nanofibrillar scaffolds and comparative culture surfaces are
investigated and are presented in Chapter 6 of this thesis in combination with the astrocyte

morphological and protein expression responses to this property.

5.3 Contact angle
The surface energy is the free energy change y when the surface area of a medium is increased

by unit area. The contact angle of a liquid droplet can be used to determine the surface energy of

a material. The equilibrium contact angle HC is determined from Young’s equation:

0 =Ys¢ — VsL — YLg COSO¢ (5.7)

where Vg 1s the solid-vapor interfacial energy, Yy, is the solid-liquid interfacial energy, Vg

is the liquid-vapor interfacial energy, and 9C is the equilibrium contact angle. A schematic of a

liquid drop on a solid surface is given in Figure 5.3.
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Figure 5.3: Schematic of a contact angle measurement. The contact angle HC depends

on interfacial energies between solid and liquid ()s,), solid and vapor (¥Ysg), and

liquid and gas (V1,¢)-

Hallab et al. suggested that for 3T3 fibroblast cells the surface energy may be a more
important determinant of cell adhesion and proliferation [66], and may be more useful than
surface roughness for influencing cell adhesion and cell colonization on engineered tissue
scaffoldings (Figure 5.4).

Influence on cellular

adhesion strength
A Surface energy

. Surface roughness

— [
L

Increasing roughness
Increasing surface energy

Figure 5.4: The relationship between surface roughness, surface energy, and their influence
on cell adhesion. [66].

The contact angle measurements of polyamide nanofibrillar scaffolds and comparative
culture surfaces are presented in Chapter 6 of this thesis in combination with the astrocyte

morphological and protein expression responses to this property.
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5.4 Work of adhesion

The surface energy of a material can also be calculated by measuring the work of adhesion using
an AFM. Work of adhesion is the work needed to separate the AFM tip from the culture surface
in ambient air. The adhesive component of the AFM force curves can be extracted and used to

investigate the work of adhesion as previously given in Equation 5.5.

The work of adhesion of polyamide nanofibrillar scaffolds and comparative culture surfaces
are presented in Chapter 6 of this thesis in combination with the astrocyte morphological and

protein expression responses to this property.

5.5 Growth factor coverage

Growth factors are compounds that stimulate nearby target cells to grow and reproduce. Cells
can receive and respond to the growth factors produced by other cells in their surroundings.
Growth factors act as signaling molecules between cells. Cytokines and hormones are examples

of growth factors that bind to specific receptors on the surface of target cells.

Transforming growth factor-f, glial cell line-derived neurotrophic factor, leukaemia
inhibitory factor, and basic fibroblast growth factor are examples of growth factors that are
involved in the blood brain barrier. FGF-2 is produced by astrocytes and induces specific
functions in endothelial cells and astrocytes. It has proliferation and stellation effects on
astrocytes. Delgado-Rivera et al. have demonstrated that FGF-2-modified nanofibrillar scaffolds
are more permissive to neurite outgrowth than unmodified nanofibers and standard tissue culture
surfaces [10]. This study showed the potential of both nanofibrillar scaffolds and the growth

factors for neural tissue engineering.
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Growth factor coverage characterization of tissue scaffolds can be obtained with AFM.
Tapping mode AFM images of unmodified and covalently cross-linked FGF-2 polyamide
nanofibrillar scaffolds are shown in Figure 5.5. The close-up images in (c) and (d) revealed the
increased surface roughness of the FGF-2 cross-linked nanofibers. The increased surface
roughness may be due to changes in both topography and surface chemistry of the modified
nanofibrillar scaffolds [10].

(@) - X-linked FGF-2

(b) + X-linked FGF-2
"“ " — i

L)

0 400 nm

Figure 5.5: Tapping mode AFM images of unmodified polyamide nanofibers (a
and ¢) and nanofibers covalently cross-linked with FGF-2 (b and d). Images in (a)
and (b) are height and (c) and (d) are amplitude images. The difference in surface
roughness of FGF-2 modified nanofibers is apparent in amplitude images. Images
on same row have same scale bar. [10].

5.6 Effect of aging on nanofibrillar scaffolds

The physical properties of tissue scaffolds can change over time. This issue of tissue scaffold

shelf life, with possible changes in directive signals to cells, was studied by Ayres et al. [67]. The
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aging behavior of polyamide material was tested by Roggendorf [68], who concluded that one
year after implantation, amorphous polyamide-6 sheets showed increased brittleness, crazing,
and crystallization of the material. The effect of aging on biomaterial properties is under
investigation by several groups [69]. The questions how scaffolds change over time, and how

these changes may induce the cellular responses, are crucial for tissue scaffold design.

The nanoscale physical properties of newly electrospun polyamide nanofibrillar matrices < 1
year old versus those that were > 3 years old were investigated with TEM, contact angle
measurements, and Raman spectroscopy. Significant differences in hydrophobicity and
chemistry were observed. The cell responses of cerebellar granular neurons (CGNs) to the
changed nanophysical properties of the new versus aged tissue scaffolds were also investigated
using AFM. CGNs were selected because this is a comparatively homogeneous CNS cell
population. In a healthy situation, CGNs respond by well-fasciculated (branched) neurite
(dendrites and axon) outgrowth. CGNs can also display a guidance response to nano-patterning
in their environment, including nanofibers [37]. CGN neuron outgrowth on the new versus aged
tissue scaffolds were shown to differ. A new result was that a strong CGN drive toward
obtaining a 3-dimensional environment, achievable with the aged nanofibrillar scaffolds, was

observed.

5.6.1 Experimental Procedures

5.6.1.1 Preparation of scaffold samples
The polyamide nanofibrillar scaffolds electrospun on Aclar substrates were purchased from

Donaldson Co., Inc. (Minneapolis, MN). The polyamide nanofibers were electrospun on Aclar
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substrates for use as cell culture surfaces. Astrocyte cell cultures were prepared as previously
reported [10, 37]. The old and new nanofibrillar scaffolds were kept in dark storage at room

temperature for about 3 years and 1 year, respectively, except for experimental usage.

5.6.1.2 Preparation of cell cultures

Purity-enhanced cultures of primary CGNs were prepared from postnatal day 8 (P8) Sprague

. 2 . .
Dawley rats and grown to confluence in 75 cm' tissue culture flasks. The culture medium was

composed of Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA) + 10%
fetal bovine serum (Invitrogen), 1% penicillin, and streptomycin, (Sigma-Aldrich, St. Louis,
MO) to which 25 mM KCl was added. CGNs were then subcultured in 0.5 mL medium at a
density of 30,000 cells/well directly on Aclar coverslips coated with nanofibers in 24 well plates.

Cells were fixed with paraformaldehyde at 24 h.

5.6.1.3 Analytical techniques

AFM height images of the neuron cell cultures were captured with a Nanoscope I1IA (Bruker
AXS Inc, Madison WI, formerly Veeco Metrology). TEM investigations of old and new
nanofibers were performed using both a JEOL 100CX TEM operated at 100 kV and a JEOL
FS2200 TEM operated at 200 kV (Japan Electron Optics Laboratories, Tokyo, Japan). The JEOL
FS2200 TEM was used to obtain the selected area electron diffraction (SAED) of nanofibers
with the camera length set to 60 cm. TEM sample preparation was as follows. For the plan-view
TEM, the nanofibers were gently detached from the nanofibrillar surface with tweezers and
suspended in 100% ethanol. The dispersion was then ultrasonicated for 30 sec (Branson
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Ultrasonic Corporation, Danbury, CT). A droplet was placed on a lacey film coated TEM grid by
pipette and dried in ambient air. For the cross-section TEM, nanofibrillar matrix samples
electrospun onto 200 um plastic coverslips were embedded in Poly/Bed 812 epoxy resin
(Polysciences) and polymerized for 24h at 60 °C. Thin sections (70 nm thickness) of embedded
nanofibers, were obtained using a MTX ultramicrotome (RMC, Boeckeler Instruments, Tucson,
AZ) and using glass knives. Glass knives were prepared with a Glass Knife Maker (RMC,
Boeckeler Instruments, Tucson, AZ). Thin sections were placed on 200 mesh copper grids and
positively stained with 2% uranyl acetate in 50% ethanol and lead citrate (Reynold’s

formulation). Positively stained samples resulted in high contrast TEM images [70].

Contact angle measurements of culture surfaces were acquired using VCA Optima contact
angle analysis equipment (AST Products Inc., Billerica, MA). One sample from each of five

randomly selected areas per culture was analyzed.

Raman spectroscopy investigation was performed with a Kaiser Optical Systems HoloProbe
Micro-Raman Spectrograph (Kaiser Optical Systems Inc., Ann Arbor, MI) coupled to an
Olympus BX-60 optical microscope (Olympus, Center Valley, PA). For surface enhanced
Raman spectroscopy (SERS), glass coverslips were coated with approximately 20-nm-thick gold
in an Emscope Sputter Coater model SC 500 (Ashford, Kent, England) purged with argon gas.
Old and new nanofibers were deposited by direct scraping with a clean razor blade to avoid

chemical contamination.
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5.6.2 Experimental Results

5.6.2.1 TEM and SAED investigation of new and aged nanofibers

TEM investigation of individual nanofibers did not show obvious structural differences between
the new and aged nanofibers, e.g., the hollow, bamboo, and solid core structures described [14].
A light contrast interior with darker contrast walls suggestive of a hollow core structure was
observed for both, as shown in the representative examples of Figure 5.6 (a) and (b). A similar
conclusion of structural homogeneity was drawn from AFM investigation of new and aged
nanofibrillar matrix surfaces. Dark contrast inclusions (arrows, Fig. 5.6 (a) ) were also noted for
the aged nanofibers investigated in this study. SAED results indicated that many nanofibers both
new and aged were substantially crystalline and there were differences in the crystallinity

between the new and the aged nanofibers (Figure 5.6 (e) and (f)).

The contact angles of the new and aged nanofibrillar surfaces were measured on five
randomly selected regions. The new and aged nanofibers had 52.3 +£2.2 © and 63.3 + 2.5 ° (mean
+ standard deviation) contact angles, respectively. These results indicated that the polyamide

nanofibrillar scaffolds became less hydrophilic with age.

5.6.2.2 Raman spectroscopy investigation

SERS Raman investigation of seven regions of each sample showed a typical polyamide

spectrum with an Amide I: C=O0 stretch at about 1300 cm_1 and an Amide III: C=0O/C=N stretch

at about 1630 cm-1 for both new and aged samples. A cis N-H peak at about 1400 cm-1 , which

has previously been reported for polyamide nanofibers, was also observed for both samples.
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However, full width at half maximum (FWHM) increases on the polyamide peaks and the
development of a broad disordered carbon peak [71] for the aged sample clearly indicated that
changes in chemical bonding had occurred over time. It was noted that the Amide I C=0 stretch
appeared to be stronger in spectra from the aged nanofibrillar matrices. Representative spectra

from both new and aged nanofibrillar matrices are shown in Figure 5.6 (¢) and (d).
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Figure 5.6: TEM, Raman spectroscopy, and SAED results of aged ((a), (c), and (¢)) and new
((b), (d), and (f)) polyamide nanofibers. No structural differences were evident in TEM
images of (a) aged and (b) new nanofibers. Arrows in the aged nanofibers (a) show dark
contrast inclusions. Scale bars, 100 nm. Raman spectroscopy, given in (c¢) and (d), showed
FWHM increases on the polyamide peaks and development of a broad disordered carbon
peak for the > 3 yr samples (c). AU: arbitrary units. Both SAED in (e) and (f) showed
demonstrated evidence of crystallinity within the nanofibers that were investigated.

Directionality in SAED of new nanofiber (f) further indicates potential crystal texture.
[67*].
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5.6.2.3 AFM investigation of cerebellar granular neuron responses

High pass filtered AFM height images of CGNs are shown in Figure 5.7. The most frequently
observed result for CGNs cultured on the aged (> 3 yr old) scaffolds was that the neurons
burrowed beneath the scaffold (Figure 5.7 (a) and (b)). CGNs on aged scaffolds extended

neurites as shown in Figure 5.7 (a). In contrast, CGNs cultured on the newly electrospun (< 1 yr

old) scaffolds were clustered and lacked neurite outgrowth (Figure 5.7 (c)).

Figure 5.7: A composite AFM image (a) shows the burrowing response of a cerebellar granular
neuron (CGN) on aged (> 3 yr old) nanofibrillar scaffolds. The neurite length is approximately
0.5 mm. The close-up of the dashed box in (a) as shown in (b) shows that the neurons with
associated neurite outgrowth are underneath the nanofibers (arrows). Arrow heads show cell
debris or some CGN which lacked neurite. (¢c) Neurons cultured on new nanofibers clustered on
the top and lacked neurite outgrowth. Scale bars, 20 um. [67%*].
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5.6.3 Discussion

This study demonstrated that the age of tissue scaffolds affects CGN migration and neurite
outgrowth. Careful investigation of the nanofibrillar layers on the Aclar surfaces, after the
burrowing response was observed, showed no obvious breaks. The neurons were therefore
strongly driven to reach a three-dimensional environment, either by penetrating through the
nanofiber meshes or by infiltrating between the nanofiber and the Aclar layers at their edges and
then migrating considerable distances (0.5-1.0 mm) to reach some of the regions investigated by
AFM. Contact angle measurements showed that there was a measurable difference in the surface
polarity of new and aged scaffolds. Raman spectroscopy results confirmed the degradation of the
basic polyamide chemistry over time. The dark contrast inclusions identified by arrows in Figure
5.5 (a) were noted in all of the aged samples. Similar inclusions were not observed in any of the
new samples.

The experimental results suggest that local crystallization may be present both in the aged
and new nanofibers (Figure 5.5). Facilitation of neuron growth cone development into axons on
hydrogel matrices with compliances comparable to those of brain tissue (100-400 Pa, considered
soft) has been reported [72]. It was further reported [72] that neuron single cultures grew only on
soft hydrogels, which suggests a strong response to the mechanical environment. In the present
study, healthy neuron morphologies with neurite outgrowth were observed in association with
the aged scaffolds while non-process-bearing morphologies were observed on the new scaffolds.
The properties of the aged nanofibrillar scaffolds evoked a response in neurons, which burrowed

into a more three-dimensional environment and showed neurite outgrowth.
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Chapter 6

The Effect of Nanophysical Properties on Untreated and dBcAMP-
treated Astrocyte Differentiation

In this chapter, the effect of tissue scaffold nanophysical properties on the untreated and
dBcAMP-treated astrocytes was investigated. The purpose of the untreated and dBcAMP treated
astrocytes were to obtain astrocytes like quiescent and reactive astrocytes in vivo. The promising
results of polyamide nanofibrillar scaffolds motivated the investigation of reactive-like astrocyte
differentiation in response to the external physical cues provided by the nanofibrillar scaffolds
and additional comparative culture surfaces. The four substrates were used in the present study:
(1) the electrospun polyamide nanofibrillar scaffolds and three comparative culture surfaces, (2)
poly-L-lysine (PLL) functionalized glass, (3) PLL functionalized Aclar, and (4) unfunctionalized
Aclar. These scaffold environments themselves present an array of potentially directive physical

properties.

6.1 Nanofibrillar scaffolds induce preferential activation of Rho GTPases in
cerebral cortical astrocytes

Astrocytes cultured on electrospun polyamide nanofibers whose nanophysical properties may
reproduce key aspects of native extracellular matrices have demonstrated promising results in
both in vitro and in vivo situations. In vitro, astrocytes cultured on nanofibrillar scaffolds

assumed morphologies that appeared to recapitulate those observed in native tissues.
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Furthermore, autocrine up-regulation of FGF-2 was demonstrated by Western blot, along with
increased neurite outgrowth by co-cultured neurons [10]. In vivo, the same scaffolds introduced
into spinal cord wound sites promoted accelerated hindlimb recovery measured by standardized
observational scoring (Beattie, Basso, Breshnahan — BBB score) with aligned and fasciculated
axon development and re-vascularization throughout wound sites [37, 38]. Furthermore, low
levels of astrocytic scarring were observed at three and five weeks after injury in comparison to
injury-only controls, with reduced levels of glial fibrillary acidic protein, a marker for reactive
astrocytes, and chondroitin sulfate proteoglycans, a group of molecules expressed by both glial
and fibroblastic components of a glial scar and believed to be inhibitory to axonal regrowth [73,
74]. The in vitro and in vivo results suggest that nanofibrillar scaffolds could induce preferential
astrocyte differentiation leading to minimized glial scar formation. Attenuation of scarring may
be due to the nanofibrillar nanostructure that closely resembles features of naturally occurring
extracellular matrix/basement membrane scaffolds and may therefore cause the nanofibers to
look like ‘self’, or to the nanofibrillar chemistry, or to both. It is therefore important to
investigate the physical properties of the nanofibrillar environment and to elucidate their

directive effects on neural cell responses.

The present research explores the hypothesis that external physical cues of the nanofibrillar
scaffolds can trigger the initiation of specific signaling cascades with morphological
consequences. The external physical cues of surface polarity and surface roughness were
investigated in this study. Previous investigations suggested that surface polarity might be an
influential parameter of neural cell responses [75]. Because the macroscopic surface roughness
introduced by the nanofibrillar scaffolds differed significantly from previous investigations [76,

77], this parameter was also considered. Additionally, new nanoscopic investigations of surface
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roughness were performed. Contact angle measurements were used to assess surface polarity and

AFM was used to investigate both macroscopic and nanoscopic surface roughness.

In this research, the morphological response of cerebral cortical astrocytes to nanofibrillar
scaffolds was investigated at high-resolution using AFM. The three dimensional capability of
AFM was also used to characterize cell spreading. An initial study of the corresponding
activation of GTPase upstream regulators was performed using immunocytochemistry. For each
immunolabel, phalloidin staining of F-actin was also performed to allow assessment of
colocalization with the cytoskeleton. The immunocytochemistry study focused on investigation
of the main GTPase regulators for the observed morphological responses: filopodia,
lamellipodia, and stress fiber formation, and stellation. Immunolabeling with Cdc42, Racl, and
RhoA was performed as these are upstream regulators of filopodia, lamellipodia, and stress fiber
formation, respectively [78, 79]. Inhibition of the RhoA effector kinase (ROCK) through
depression of RhoA is one pathway that is associated with the cessation of stress fiber formation

and the onset of stellation [80].

As only external cues were used to trigger cell responses, astrocyte responses to nanofibrillar
surfaces were studied in comparison with their responses to three additional culture surfaces:
poly-L-lysine-functionalized planar glass (PLL glass), unfunctionalized planar Aclar (Aclar), and
PLL-functionalized planar Aclar (PLL Aclar). PLL glass is a standard astrocyte culture surface,
and astrocyte responses to it are well characterized [1]. The polyamide nanofibrillar scaffolds
were electrospun on Aclar substrates; therefore, astrocyte responses to Aclar surfaces were
investigated to distinguish responses to the nanofibrillar scaffolds from possible responses to the
underlying Aclar substrate. Astrocyte responses to PLL Aclar surfaces were studied to clarify the

role of the underlying substrate versus surface functionalization.
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The results of the morphological investigations and immunocytochemistry experiments
consistently indicated that preferential activations of Rho GTPases were induced by the
variations in the physical environments. These were directive for specific cell morphologies and

responses.

6.1.1 Material and methods

6.1.1.1 Nanofibrillar Scaffolds

Polyamide (proprietary blend) nanofibers (median diameter ~180 nm) were electrospun from a
blend of two polymers [(CogO4N4H47), and (Cp704 4Ng4Hs0),] onto Aclar coverslips by
Donaldson Co., Inc. (Minneapolis, MN) [81]. The resulting non-woven polymeric nanofibrillar

scaffold was approximately 2 um thick when measured on edge by optical microscopy. The

matrix comprised approximately ten layers of randomly oriented nanofibers and appeared to be
. . 2

uniformly dense, with ~25 nanofiber segments per 5x5 um  scan area per surface layer when

measured by AFM [10] and no direct openings to the coverslip surface. Astrocytes could attach

to the nanofibrillar surfaces but not migrate into them. The nanofibrillar scaffolds in the present

study were not chemically modified.

6.1.1.2 Planar Culture Surfaces
Glass coverslips (12 mm, No. 1 coverglass, Fisher Scientific, Pittsburgh, PA) and Aclar
coverslips (Ted Pella, Redding, CA) were used as underlying planar substrates. Glass or Aclar

coverslips were placed in a 24-well tissue culture plate (one coverslip/well) and covered with 1
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ml of PLL solution (50 pg PLL/ml in dH>O) overnight. The coverslips were then rinsed with

dH»O, sterilized with UV light, and used for the cultures. One set of Aclar coverslips was left

unfunctionalized.

6.1.1.3 Primary Astrocyte Culture

Purity-enhanced cultures of primary astrocytes were established as previously reported [10, 37,
38]. All procedures were approved by the Rutgers Animal Care and Facilities Committee
(IACUC Protocol #02-004). This includes a number of steps taken to assure the purity of the

primary astrocyte cultures. Briefly, rat cerebral cortical astrocytes were prepared from postnatal

. . . 2 .
day P2 Sprague Dawley rats and grown to confluence in astrocyte medium in 75 cm  tissue

culture flasks. This enhances astrocyte purity because, after birth, the neurons in the cerebral
cortex are post mitotic and do not grow in tissue cultures (tissue for culturing cortical neurons
tissue is obtained from embryos). Astrocyte medium was composed of Dulbecco’s Modified
Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA) + 10% fetal bovine serum (Invitrogen), 1%
penicillin and streptomycin (Sigma-Aldrich, St. Louis, MO), which does not support growth of
primary, dissociated neurons in culture. Cultured astrocytes were then harvested with 0.5%
Trypsin/EDTA (Sigma-Aldrich) and re- seeded at a density of 30,000 cells/well directly on 12
mm Aclar or PLL Aclar coverslips, PLL glass coverslips, or on Aclar coverslips coated with
nanofibers in 24 well trays in astrocyte medium (0.5 ml), and then stained for F-actin, Cdc42,
Racl and RhoA. The sub-culturing processes further purified the primary cultures. Parallel
cultures were immunostained with GFAP, a marker for astrocytes, and more than 95% were

found to be GFAP positive.
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6.1.1.4 Contact Angle Measurements

Contact angle measurements of culture surfaces were acquired using VCA Optima contact angle
analysis equipment (AST Products Inc., Billerica, MA). Two samples from each set of culture
surfaces were analyzed by five randomly selected measurements from each sample. Variations in
contact angle data among the culture surfaces were analyzed using ANOVA followed by

pairwise post hoc comparisons with Tukey’s test [82]. Significance levels were set at P < 0.05.

6.1.1.5 Optical Microscopy

Differential Interference Contrast (DIC) images (8 per substrate) using an Olympus Software
FV10-ASW Version 03.01.02.02 (Olympus, Center Valley, PA) were captured to ensure that
representative specimens were considered for AFM investigation. The 30,000 cell plating density

versus the cell adhesion density for the individual substrates was also investigated.

6.1.1.6 Atomic force microscopy

AFM images of individual astrocytes at 24 h were acquired using a Veeco Instruments
Nanoscope IIIA (Bruker AXS Inc, Madison WI, formerly Veeco Metrology) operated in ambient
air. Three scanners were used as noted in the text: a J scanner with 125x125x5.548 um x-y-z
scan range, an E scanner with 13.5x13.5x3.08 pm x-y-z scan range and an A scanner with
1x1x0.66 pum x-y-z scan range. Both contact mode, using silicon nitride tips with a nominal tip
radius of 20 nm and cantilever spring constant £ = 0.58 N/m, and tapping mode, using silicon
tips with a nominal tip radius of 10 nm and drive frequency of ~320 kHz, were used. The

closed-loop Multimode scanner (ICXY100Z15-MM, nPoint Inc., Middleton, WI) with
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100x100x15 pum x-y-extended z scan range was used in order to investigate astrocyte

morphology on Aclar surfaces.

As the heights of the cellular processes investigated on the nanofibrillar scaffolds were on the
same order as the background nanofibers, it was not possible to clearly distinguish them in
conventional height, amplitude, or phase images. Frequency domain Gaussian high pass filtering
(GHPF) was therefore used to segment the cellular extensions from the nanofibrillar background
in height images [83]. AFM images of at least 30 astrocytes for each culture surface were
evaluated to ensure that the results were representative. Astrocytes with having stellate
morphologies were counted to obtain the percentage stellation for each cell culture used in this
work using the sum criteria as previously reported [84]. Astrocytes having at least one process

longer than the width of the cell soma were considered as stellate.

AFM surface roughness analysis of the scaffolds was performed by Nanoscope Software

version 5.30r3.sr3. Square 1x1 ;,Lrn2 and 10x10 pmz regions were randomly selected, and five

measurements were taken from each sample. The flatten command was used to remove the bow
of the AFM height images. Surface roughness data along individual nanofibers were collected
using SPRM [14, 51]. Variations in RMS surface roughness data among the culture surfaces
were analyzed using ANOVA followed by pairwise post hoc comparisons with Tukey’s test [82].

Significance levels were set at P < 0.05.

6.1.1.7 Antibody and F-actin staining of astrocytes
The astrocytes cultured on coverslips were fixed with 4% paraformaldehyde for 10 minutes,
permeabilized with 0.5% Triton X-100 for 5 minutes, and blocked with 10% normal goat serum
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for 30 minutes. After removing the normal goat serum, the cells were double stained with one of
the primary antibodies mouse anti-Cdc-42 (1:200), mouse anti-RhoA (1:200), or mouse anti-
Racl (1:25) (all from Cytoskeleton, Denver, CO)), and phalloidin (Invitrogen, Carlsbad, CA).
The incubation in the primary antibodies was done overnight at room temperature in a humidity
chamber. Coverslips were then washed with phosphate buffered saline (PBS) and stained with
goat anti-mouse Alexa 568 IgG secondary antibody (ex 579 nm, em 603 nm, Invitrogen) at a
1:500 dilution for 1 hour. Following the antibody staining the cells were rinsed, stained with
Phalloidin-488 (ex 498 nm, em 520 nm, Invitrogen) at a 1:100 dilution for 1 hour, mounted on
microscopic slides with GelMount (Biomeda, Foster City, CA), and observed under an Olympus

IX81 inverted microscope (Olympus, Center Valley, PA).

6.1.1.8 Image Capture Conditions for Immunocytochemistry Structural Investigation

A first set of six representative projection images for each substrate and immunolabeling
condition: Cdc42, Racl, RhoA, each with corresponding phalloidin staining, were captured using
fluorescence microscopy, at scales and pixel resolutions that gave optimal representation of

structural features (72 cells total).

6.1.1.9 Image Capture Conditions for Protein Expression Estimate

A second set of maximum intensity level grayscale images were captured specifically for protein
estimation. These had identical scale bars and pixel resolutions as required for accurate
comparative analysis of activation intensity patterns. Five images (via 20X objective) were

captured for each of the three antibodies on each of the four culture surfaces. At this
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magnification, each image typically continued several whole cells and a total of 240 cells were
investigated. Images of the astrocyte cultures were captured using Metamorph software
(Molecular Devices Sunnyvale, CA). For each condition, a minimum of five images was
captured from different regions of three coverslips to ensure that the results were representative
for the cultures as a whole. The amount of detected protein was quantified by selecting a
constant rectangular region and measuring the total fluorescence intensity. The mean background
intensities of the fluorescence images were calculated and then subtracted from the total
fluorescence intensity value. Imagel] software version 1.44p was used for the quantitative
analysis of light intensity. Intensity data were analyzed using ANOVA followed by pairwise post

hoc comparisons with Tukey’s test. Significance levels were set at P < 0.05.

6.1.1.10 Analysis of Cytoskeletal Colocalization
Colocalization analysis of RhoA and F-actin was performed on the first set of images using
Olympus Software FV10-ASW Version 03.01.02.02 (Olympus, Center Valley, PA). A Pearson

Coefficient (PC) measure of the colocalization of two proteins was calculated as [54]

. Yi(F1,j=Fu)(F2,j=Fz,)

— - - (6.1)
\/ Yi(F1,j=F1,;) (F2,j-F2)

for six examples from each of the three combinations. F; ; is average brightness of wavelength

T 1
A1 at i-th pixel, F ; is average brightness of wavelength /; at i-th pixel, F 1, - N Zi F 1,j
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T 1
is average brightness of wavelength 1] and F 2,] — ﬁ Zi F 2,j is average brightness of

wavelength 4.

Prior to the calculation of each PC, the background was removed by setting the threshold
level manually subsequent to cell segmentation. Individual values were used to calculate a mean
value PC + standard deviation. All results met two separate reliability criteria: a mean PC value

> (.5 and a standard deviation of less than 25%.

6.1.2 Results

6.1.2.1 Contact Angle Measurement Results of Culture Surfaces
The hydrophobicity of tissue cultures has been suggested as a possible material property for
reduced astrocyte growth [76]. In this work, the hydrophobicity of the PLL glass, nanofibrillar

scaffolds, Aclar, and PLL Aclar surfaces were characterized by contact angle analysis (Figure 6.

1.
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Figure 6.1: Contact angle measurements of culture surfaces. Aclar was significantly less
hydrophilic than nanofibrillar scaffolds, PLL glass and PLL Aclar. No significant differences
were identified from pairwise comparisons among the PLL Aclar, PLL glass, and
nanofibrillar scaffolds. [12%*].
The contact angle was significantly different among the different surfaces (ANOVA,
P=0.0002). Post hoc pairwise comparisons with Tukey's test demonstrated that the contact angle
on Aclar surfaces was significantly different than each of the other surfaces (max P=0.017).

Aclar surfaces were significantly less hydrophilic than nanofibrillar scaffolds, PLL glass, and

PLL Aclar surfaces.

6.1.2.2 AFM Surface Roughness Results
Surface roughness measured with AFM showed that two scales of surface roughness were

present on the nanofibrillar surfaces: a large overall RMS roughness and a much smaller RMS
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roughness along the nanofibers (Figure 6.2). The overall nanofiber roughness was more than an
order of magnitude greater than the roughness of any of the other surfaces (ANOVA, followed
by post hoc pairwise comparisons with Tukey's test, all P<0.0001). A separate analysis followed
by pairwise comparisons of the surface roughness among PLL glass, PLL Aclar, and Aclar

surfaces indicated that each was different than the other (max P=0.0111).

SPRM [14, 51] was used to investigate the surface roughness along individual nanofibers.
SPRM AFM data was obtained by raster-scan auto-tracking along individual nanofibers. The
RMS surface roughness was calculated on each pixel based on a local neighborhood region, after
curvature removal by Kasa circle fit [85]. The local neighborhood region was a rectangular box
around each pixel whose box size was set to be close to the nanofiber diameter. Multiple sets of
overlapping surface roughness information were generated, with the provision that any box that
extended outside the nanofiber boundaries was automatically truncated. Based on a sampling of
over 1000 data points from multiple nanofibers, the mean value of the RMS surface roughness
along the individual nanofibers was midway between the values for PLL glass and Aclar. The
AFM surface roughness results therefore indicated that the nanofibrillar surfaces had
significantly higher RMS surface roughness at the macroscopic level but lower RMS surface
roughness at the cell receptor level with values that were comparable to those of PLL glass.
Representative high-resolution A-scanner AFM height images of the four surfaces are shown in
Figure 6.2 (a-d) and the mean values for RMS surface roughness + standard deviation are shown

in Figure 6.2 (bottom).
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Figure 6.2: AFM surface roughness investigation of culture surfaces. High-resolution AFM
deflection images of (a) nanofibrillar scaffold, (b) PLL glass, (c) Aclar, and (d) PLL Aclar
by an A scanner. Scale bars, 250 nm. RMS surface roughness measurement results (e) of
nanofibrillar scaffolds, along nanofibers, PLL glass, Aclar, and PLL Aclar. The mean RMS
surface roughness measurements showed that nanofibrillar scaffolds had the highest surface
roughness but surface roughness along individual nanofibers was comparable to the planar
surfaces (inset (e)). Error bars show the standard deviation. [12*].
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6.1.2.3 Optical Microscopy Survey of Astrocyte Morphology and Cell Density

Differential Interference Contrast (DIC) images (8 per substrate) were captured to ensure that
representative specimens were considered for AFM investigation. The results shown in Figure
6.3 indicated that relatively homogeneous populations of astrocytes with different morphologies

were present on each substrate. The 30,000 cell plating density versus the cell adhesion density

T . . . 2
for the individual substrates was also investigated. The mean value results in cells per mm ~ were:

PLL glass: 86; nanofibrillar scaffolds: 56; Aclar: 90; and PLL Aclar: 91. It is noted that DIC and
brightfield images were unable to resolve the cell morphologies of astrocytes on nanofibrillar
scaffolds (Figure 6.3 (b)). This is because the cellular edges and processes are approximately the
same order in height as the background nanofibers, ~100 to 200 nm. As discussed in Chapter 7,
this issue was resolved for corresponding AFM images. The adhesion density for astrocytes on

nanofibrillar scaffolds was therefore estimated from GHPF AFM images.
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Figure 6.3: DIC images of astrocytes cultured on (a) PLL glass, (b) nanofibrillar scaffolds,
(¢) Aclar, and (d) PLL Aclar. Scale bar, 100 um. [12*].

6.1.2.4 Astrocyte Responses to Poly-L-lysine-functionalized Glass Surfaces

Different stages of attachment and growth were observed simultaneously at 24 h, as shown in the
representative seven-member group shown in Figure 6.4 (a). Most cells had lamellipodial
vertices, suggesting activation of Rac [86]. Fan-shaped astrocytes were also observed; this is a

morphological indicator of a migratory phenotype via lamellipodial leading edges [87]. Cell
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clusters were observed, such as shown in the upper left. Potentially apoptotic cells were
occasionally observed, as shown in the lower right. Close-ups of areas marked by arrows in
Figure 6.4 (a) show details of: (b) a lamellipodial migration leading edge, with stress fibers

evident; (c) filopodial anchor spikes; and (d) interacting lamellipodia between two cells.

AFM profile measurements of cell soma typically showed well-delineated nuclear and
cytoplasmic regions. Representative section measurements across cells (along the dotted lines of
Figure 6.4 (a)) are shown in Figure 6.4 (e-f). Nuclear regions in these desiccated samples had

maximum heights of 0.5-1.0 um.
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Figure 6.4: AFM astrocyte morphology investigation on PLL glass. (a) AFM high
pass filtered composite height image of astrocytes by J scanner show lamellipodia
formation (scale bar, 20 um). (b—d) Close-ups by E scanner of arrow regions a—d
shown in (a): stress fibers (b); filopodia anchors (c); and cell—cell interaction (d)
(scale bars, 2 pum). (e and f) Cross-section profiles of cells e and f in (a). Axis units
are in um with astrocyte soma extent identified by red arrow. [12%*].
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6.1.2.5 Astrocyte Responses to Nanofibrillar Scaffolds

Astrocyte responses to the nanofibrillar scaffolds were different from those observed for PLL
glass. Astrocytes cultured on nanofibrillar surfaces typically had stellate morphologies, as shown
in the composite AFM images of Figures 6.5 (a) and 6.6 (a). Also, for most cells at 24 h, one
vertex had developed into a process that traversed most or all of the distance to a neighboring
cell as shown in Figure 6.5 (a). AFM section measurements of cell somata showed well-
delineated nuclear regions about 1-2 um in height with elevated perinuclear regions [84].
Representative profiles taken along the dotted lines in Figure 6.5 (a) are shown in Figure 6.5 (b-

d.

58



S = N W

0 20 40 60 &0

(©))

S = N W
A
v

0 20 40 60 &0

3
2 (d),

5
r

A

0 20 40 60 80

Figure 6.5: AFM astrocyte morphology investigation on nanofibrillar scaffolds. (a)
AFM GHPF composite height image of astrocytes cultured on nanofibrillar surfaces
by J scanner. Scale bar, 20 um. (b—d) Cross section profiles of cells b—d in (a). Axis
units are in pm with astrocyte soma extent identified by red arrow. [12*].

Process-mediated cell-cell interactions appeared to result from contacts between neighboring
cells. Multiple examples of process growth were studied with the following observations.
Processes typically tapered to ~1 um wide and ~100 nm tall at their narrowest points and then
developed broadened tips (~8-15 um wide) within about 5 um of a neighboring cell, as shown by
the interacting cell pair in Figure 6.6. Ribbon-like elongations from the broadened tips formed
the actual physical contact to the neighboring cell. In the example shown in Figure 6.6, the
ribbon-like structures are visible on the top surface of a neighboring cell (boxed region Figure
6.6 (a) and its close-up (b)); in other cell-cell interactions, they extended across an open gap to
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contact a cell at their tips. Interdigitating, 10 nm-diameter villar-like structures were typically
observed near the contacted region as shown in Figure 6.6 (c), which is a close-up image of the

boxed region in Figure 6.6 (b).

Figure 6.6: AFM high pass filtered composite height images of astrocytes cultured on
nanofibrillar scaffolds. (a) Dashed box identifies the intercellular connection. (b) Close-up of
the intercellular connection by E scanner. Dashed box identifies a contacted area. (¢) Close-up
of a contacted area by E scanner. The scale bars show 10, 2, and 0.5 pm in (a), (b), and (c),
respectively. [12%*].
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6.1.2.6 Astrocyte Responses to Unfunctionalized Aclar Planar Surfaces

Astrocyte responses to the Aclar surfaces were different from those observed for both PLL glass
and nanofibrillar scaffolds. Extensive networks of astrocyte processes about 100-150 nm in
diameter were observed between astrocytes, as shown in the composite AFM image of Figure 6.7
(a). The three dimensional AFM investigation demonstrated that the cell somata were not well
spread, as shown in the representative section measurements of Figure 6.7 (b-d), taken along the
dotted lines in Figure 6.7 (a). Maximum somata heights frequently exceeded 3 pum, requiring use

of an extended z-range scanner.
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Figure 6.7: (a) AFM GHPF composite height image of astrocytes cultured on Aclar surfaces
by J scanner. The cross sections shown by b—d in (a) were given in corresponding section
profiles. Scale bar shows 20 pm and axis units are in um. [12%*].

6.1.2.7 Astrocyte Responses to PLL functionalized Aclar Planar Surfaces

PLL functionalization of Aclar surfaces induced astrocyte behavior similar to that observed for
cells cultured on PLL glass. Astrocytes were once again observed in clusters as shown in Figure
6.8 (a) and were well spread. The typical heights of the well-defined nuclear regions were also
similar, 0.5-1.0 um, as shown in Figure 6.8 (b-c). The chief difference between the astrocyte
responses to PLL Aclar versus PLL glass was the increased cell edge interaction with the

substrate. High resolution AFM investigation of cell edges revealed branched structures that
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appeared to infiltrate along the valleys created by the surface roughness, as shown in Figure 6.8

().
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Figure 6.8: AFM investigation of astrocytes cultured on PLL Aclar surfaces. (a) Composite
AFM deflection image of astrocytes by J scanner. Scale bar, 20 um. (b) AFM deflection image
of an astrocyte by J scanner. Scale bar, 10 pm. Dotted arrow identifies cross section. Dashed
box identifies a cell edge. (c) Corresponding cell edge showing nanoscale filopodia by E
scanner. Scale bar, 2 um. (d) Corresponding cross section profile. Axis units are in pm with

astrocyte soma extent identified by red arrow. [12%*].

6.1.2.8 AFM-based Assessment of Astrocyte Stellation Response
A stellation response, defined as in Cox et al. as the development of a process longer than the

cell body, was assessed based on AFM images of 35-45 cells per each culture surface. Use of the
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GHPF as described in Tiryaki et al. enabled accurate assessment of process lengths on
nanofibrillar surfaces [83]. The stellation responses based on GHPF AFM height images or on
AFM deflection images are shown in Table 6.1. The highest percentage of stellate cells was

found on the nanofibrillar scaffolds.

Table 6.1: Quantitative astrocyte stellation response results. [12*].

Cell substrate # Cells # Stellate cells | % Stellate
PLL glass 45 25 56
Nanofibrillar 44 31 70
scaffolds
Aclar 35 20 57
PLL Aclar 36 15 42

6.1.2.9 Immunocytochemistry

Racl, Cdc42, and RhoA are Rho GTPase family members that are involved in actin and
microtubule dynamics [88, 89]. Cdc42 produces filopodial extensions [78], Racl induces
lamellipodia formation and membrane ruffling [86], and RhoA causes actin bundles and focal
adhesions in non-neuronal cells [90]. Kalman et al. have shown that Racl and RhoA GTPases
induce growth of hippocampal astrocyte processes [91]. The four key morphologies observed in
varying proportions on the different surfaces using AFM suggested preferential Racl, Cdc42 and
RhoA involvement. The expression of these GTPase proteins, as well as F-actin organization,

was investigated with immunocytochemistry and phalloidin staining, respectively.
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6.1.2.10 Immunocytochemistry Structural Investigation

An immunocytochemistry structural investigation was performed to investigate whether protein
expression was generally consistent with the observed AFM morphology results. Six
representative images for each substrate and immunolabeling condition were captured and
studied, with typical results shown in Figure 6.9. From analysis of the phalloidin results,
astrocytes on PLL glass displayed prominent stress fibers. Astrocytes on nanofibers displayed a
stellate response with obviously less stress fiber formation. Astrocytes on PLL Aclar consistently
displayed extensive filopodia formation. Astrocytes on Aclar appeared to display less filopodia
formation; however, the full extent of the branched networks shown in Figure 6.9 consistently
required AFM for observation. The phalloidin results of the immunocytochemistry structural

investigation therefore generally supported the results of the AFM morphology study.

Analysis of the immunolabeling results suggested up-regulation of RhoA for astrocytes on
PLL glass versus down-regulation of RhoA for astrocytes on nanofibers. It also indicated
possible differences in the sequestration of the protein expression, i.e. whether the greatest
intensity was observed near the cell periphery or the cell interior. A semi-quantitative protein
expression estimate and a co-localization analysis were therefore performed to address these two

points.
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Figure 6.9: Immunocytochemistry structural investigation results. Left to right: fluorescence
images of astrocytes cultured on PLL glass, nanofibrillar scaffolds, Aclar, and PLL Aclar
substrates. Immunolabeling and corresponding phalloidin are represented in red and green,
respectively. Astrocytes were labeled with (a) anti-Cdc42, (b) anti-Racl, and (c) anti-RhoA.
Scale bars, 10 um. [12*]. Fluorescent images by I. Ahmed, Shreiber laboratory with analysis in
this thesis.
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6.1.2.11 Protein Expression Estimate

A protein expression estimate based on maximum intensity level images was performed. A
second set of maximum intensity level grayscale images was captured specifically for
quantification analysis and estimation. These had identical scale bars and pixel resolutions and
were therefore accurate for the comparative analysis of activation intensity patterns. Twenty
whole cell images (via 20X objective) for each of the three antibodies co-stained with phalloidin
on each of the four culture surfaces were investigated using maximum intensity levels (240 cells
total). The ImageJ software [92] free-hand tool was used to individually outline the area of each
cell. ImagelJ software was further used to calculate a mean intensity defined as the total intensity
divided by the selected area. The results were compiled into an average mean intensity with
standard error for each antibody type on each culture surface. The average mean intensities of the
maximum intensity levels were used to investigate the activation intensity patterns for each

surface.

The activation intensity patterns for Cdc42, Racl, and RhoA are shown in Figure 6.10. For
each surface, significant differences were observed in the intensity of immunostaining among
Cdc42, RhoA, and Racl (ANOVA, max P = 0.023), which regulate actin dynamics and cell
adhesion. For astrocytes cultured on PLL glass, post hoc analysis with Tukey's test revealed that
the intensity of RhoA labeling was significantly greater than Cdc42 (P = 0.0005) and Racl (P =
0.0289). Labeling of Cdc42 and Racl were not statistically different (P = 0.366). For astrocytes
cultured on nanofibers, the intensity of Cdc42 immunolabeling was significantly greater than
RhoA (P = 0.0154). No significant differences were detected between Cdc42 and Racl (P

=0.663) or Racl and RhoA (P = 0.120).
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For astrocytes cultured on Aclar, Cdc42 immunolabeling was significantly greater than
Racl (P=0.041). No differences was observed in labeling of Cdc42 and RhoA (P=0.995). Large
differences were observed between Racl and RhoA expression on Aclar, but the P-value
following Tukey's test (P=0.051) did not reach the significance threshold of P<0.05. For cells

cultured on PLL Aclar, the intensity of each immunolabel was significantly different from the

other two (max P=0.001).
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Figure 6.10: The white, gray, and black bars show the Cdc42, Racl, and RhoA intensities,
respectively. The data is based on maximum intensity level images. Bars show the mean,
and error bars show standard error of n = 20 cells. [12*].

The results for astrocytes on PLL glass shows RhoA > Racl > Cdc42. This result is
consistent with the AFM morphology and immunocytochemistry structural investigations, and
indicated that RhoA activation had occurred by 24 h. The results for astrocytes on nanofibrillar
scaffolds were reversed: Cdc42 > Racl > RhoA. The depression of RhoA relative to Racl is
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consistent with the stellate formation of the astrocytes, as RhoA negatively regulates stellation
[93]. The activation intensity results for astrocytes on Aclar and PLL Aclar are similar to each
other but different from the PLL glass and nanofiber patterns, with Racl was depressed relative

to both Cdc42 and RhoA: Cdc42 > Racl < RhoA.

6.1.2.12 Colocalization Analysis

The possible colocalization of actin with RhoA was investigated, using six 100X magnification
fluorescence microscopy images of leading edges. Nanofiber auto fluorescence apparent in the
Cdc42 channel was minimized prior to PC calculation as discussed in the Materials and Methods

section.

Investigation of the colocalization of RhoA with F-actin yielded reliable results for astrocytes
cultured on the nanofibrillar and PLL glass surfaces, with PCs equal to 0.656 + 0.153 and 0.584
+ 0.096, respectively. While both exhibited partial colocalization, its character appeared to be
different. Scatter plots obtained from astrocytes on the nanofibrillar surfaces consistently
showed a weak tendency toward negative colocalization, which was supported by the appearance
of the corresponding colocalization images. Scatter plots obtained from astrocytes on the PLL
glass surfaces consistently showed partial colocalization but tended to be noisy. The slopes of
the scatter plots were also different, astrocytes on the nanofibrillar surface has shown higher
intensity of RhoA whereas the PLL glass surfaces has indicated higher intensity of F-actin

(Figure 6.11).
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Figure 6.11: Overlaid fluorescence images of astrocytes cultured on (a) nanofibrillar scaffolds
and (c) PLL glass labeled with phalloidin (F-actin) and anti-RhoA. The fluorescence was
represented in green for F-actin and red for RhoA in (a) and (c). The scatter plots of F-actin and
RhoA for nanofibrillar scaffolds (b) and PLL glass (d) showed partial colocalization with a
mean PC of 0.66 and 0.58 respectively. Scale bar in (a) and (c¢) show 10 pm and 20 pm,
respectively. [12*]. Fluorescent images by I. Ahmed, Shreiber laboratory with colocalization
analysis in this thesis.
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6.1.3 Discussion

Investigation of the morphological responses of cerebral cortical astrocytes to the four different
culture surfaces demonstrated a series of responses, which involved combinations of filopodia,
lamellipodia, and stress fiber formation, and stellation. The three-dimensional nature of AFM
imaging demonstrated that differences in cell spreading were involved. Preferential activation of
Rho GTPase upstream regulators known to be associated with the morphological responses was
demonstrated using immunocytochemistry. The observed responses were induced by the four
different culture surfaces without the introduction of any chemical agents. The results therefore
support the hypothesis that the extracellular environment can trigger preferential activation of
members of the Rho GTPase family with demonstrable morphological consequences for cerebral

cortical astrocytes.

The maximum intensity level images of immunolabeling results of Cdc42, Racl, and RhoA
indicated that preferential activation of Cdc42 compared with RhoA occurred for the astrocytes
on the nanofibrillar surfaces, while the opposite, preferential activation of RhoA compared with
Cdc42, occurred for the astrocytes on the PLL glass. Partial colocalization of RhoA and F-actin
was also demonstrated by astrocytes on the PLL glass. The standard interpretation of the
immunolabeling results for PLL glass would be that at 24 h, the astrocytes on the PLL glass
surfaces had formed contractile stress fibers [94]. The morphological response observed by the
AFM and phalloidin imaging showed prominent stress fiber formation, consistent with the
standard interpretation. In contrast, astrocytes on the nanofibrillar surfaces showed a different
morphological response. The astrocytes on nanofibrillar scaffolds displayed the highest
percentage of stellate response, with long processes instead of the lamellipodia/filopodia

observed on the PLL functionalized surfaces. This is consistent with previously reported results
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[1, 10, 37, 38, 72]. There was also a difference in the typical cell body shape, with vertices
instead of a rounded, lamellipodial morphology. Using GHPF AFM, it was also shown that by 24
h direct cell-cell interaction by long processes with specialized contacting structures had
occurred. The immunocytochemistry results indicated that RhoA was depressed relative to
Cdc42. This would be consistent with stellation induced by inhibition of the RhoA effector
kinase ROCK through depression of RhoA [80]. It has been reported that stellation can proceed
via either protein kinase C (PKC) or cyclic AMP dependent protein kinase A pathways [84].
Additional investigations suggest that RhoA is an effector of the PKC signaling pathway [93]. A
possible hypothesis consistent with the present results is that stellation was associated with
inhibition of Rho kinase [80] achieved through depression of RhoA levels, potentially with

alteration to the PKC cycle [93].

As no chemical agents were used, the differences in the responses were attributed to
differences in the physical environments. The contact angle measurements demonstrated that the
nanofibrillar scaffolds had surface polarities that were about 10% more hydrophobic than those
of the PLL glass and PLL Aclar surfaces. This enables some of the known properties of PLL
functionalization to be extrapolated to the unfunctionalized nanofibrillar scaffolds. PLL
functionalization is known to add positive charge to culture surfaces. The net charge behavior of
cell membranes is dominated by negatively charged sialic-acid-containing glycoproteins [95,
96]. Therefore, the expected interaction between the astrocytes and the PLL functionalized
surfaces would be to maximize the Coulomb interaction, resulting in an increase of the cell-
substrate interaction area and spreading of the cell body; and this was the effect that was
observed. Astrocytes on the nanofibrillar surfaces displayed less cell spreading, while astrocytes

on the Aclar surfaces, about 30% more hydrophobic than the PLL surfaces, were characterized
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by a marked lack of cell spreading. These results and others [97] suggest that astrocytes may be
fairly sensitive to the charge characteristics of their environments, which is a hypothesis that can

be tested in future work.

The surface roughness variations considered in the present work were those that existed
“naturally” in the four culture environments. These measurements demonstrated that two scales
of surface roughness were present on the nanofibrillar surfaces: a large-scale RMS roughness
between nanofibers and a small-scale RMS roughness along the nanofibers. The RMS roughness
along the individual nanofibers was close in value to that of the PLL glass surfaces. Therefore,
one distinguishing physical property for the nanofibrillar surfaces was the large-scale component
of their surface roughness. This suggests that multiple receptor types may be involved in the

astrocyte response to nanofibrillar scaffolds.

Astrocyte responses to the PLL glass and PLL Aclar surfaces appeared to reflect the
differences in their surface roughness. The AFM surface roughness measurements demonstrated
that significant differences in RMS surface roughness existed between the PLL glass and PLL
Aclar surfaces although similarity in their surface polarity, confirmed by the contact angle
measurements, was achieved through PLL functionalization. The AFM results indicated that
there was a stronger stimulation of filopodia formation on the PLL Aclar surfaces although the
cell clustering and cell spreading behavior was similar for the astrocytes on the PLL glass and
PLL Aclar surfaces. The AFM images further demonstrated that the astrocyte filopodia appeared
to infiltrate the valleys on PLL Aclar (Figure 6.8 (c¢)). The immunocytochemistry results
indicated that Cdc42 activation was significantly greater than Racl activation for the PLL Aclar
surfaces, which is consistent with a filopodia response. The Cdc42 activation was significantly

less than Racl activation for the PLL glass surfaces. These results suggest a possible link
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between the nanoscale surface roughness and activation of Cdc42 with consequent filopodia

formation as an exploratory response.

Surface roughness may be a meaningful parameter for certain response aspects rather than a
dominant factor for an overall response in astrocytes. As the latter may be an aggregate of all
meaningful parameters, not just one, the nanoscale influence of surface roughness should

continue to be investigated.

6.1.4 Conclusion

Morphological differences among astrocytes cultured on PLL glass, nanofibrillar scaffolds,
Aclar, and PLL Aclar surfaces were demonstrated with AFM and phalloidin staining of F-actin.
The differences and similarities of the morphological responses were consistent with differences
and similarities of the surface polarity and surface roughness of the four surfaces investigated in
this work. An initial quantitative immunolabeling study further identified significant differences
in the activation of Rho GTPases. Astrocytes cultured on nanofibrillar scaffolds showed a
response that included stellation, cell-cell interactions by stellate processes and evidence of
depression of RhoA. The astrocyte response to the nanofibrillar scaffolds was unique among four
surfaces studied. The results support the hypothesis that the extracellular environment can trigger
preferential activation of members of the Rho GTPase family with demonstrable morphological
consequences for cerebral cortical astrocytes, and suggest that the large-scale component of the
nanofibrillar scaffold surface roughness (a form of nano-patterning) is a possible environmental

trigger.
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6.2 Differentiation of reactive-like astrocytes cultured on nanofibrillar and

comparative culture surfaces

Repair of traumatic injury to the CNS remains a challenging problem. One of the hurdles that
must be overcome is the glial scar, which is established after traumatic injury in mammalian
systems and creates a barrier to regeneration of axons [98, 99]. A glial scar consists mainly of
reactive astrocytes and proteoglycans. Reactive astrocytes at a wound site form chain-like
clusters, and also undergo a morphological change, extending interwoven processes [100].
Furthermore, they express tenascins [101], and inhibitory chondroitin (C)- and keratan (K)-
sulfate proteoglycans [102]. Uninterrupted expression of myelinating proteins by
oligodendrocytes adds to the blockage. The result is a permanent scar that biomechanically and

biochemically blocks axonal elongation and reconnection [30].

The effect of a physical environment on cell adhesion and differentiation has recently been
recognized, especially in neural cells. Collectively, studies of cell responses to nano-patterning
[12, 103, 104, 105, 106, 107], elasticity [72, 108, 109, 110, 111], surface roughness [5, 77], and
surface polarity [75] suggest that controlling aspects of the physical environment holds potential
for inducing preferential differentiation of reactive astrocytes into non-inhibitory pathways.
During the last decade, promising results have been obtained using nanofibrillar scaffolds [10,
112, 113] and hydrogels [114] for regenerative repair of traumatic CNS injuries. The scaffold

environments themselves present an array of potentially directive physical properties.

The promising results of polyamide nanofibrillar scaffolds motivated the investigation of
reactive-like astrocyte differentiation in response to the external physical cues provided by the
nanofibrillar scaffolds and additional comparative culture surfaces. Cerebral cortical astrocytes, a

relatively uniform population, were treated with dibutyryladenosine cyclic monophosphate
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(dBcAMP), and used to investigate the responses of reactive-like astrocytes to external physical
cues. Astrocytes treated with dBcAMP develop morphologies that resemble the reactive
astrocytes [115]. The same four substrates used in the recent investigation of untreated cerebral
cortical astrocytes responses to surface polarity and surface roughness variations [12] were used
in the present study: (1) the electrospun polyamide nanofibrillar scaffolds and three comparative
culture surfaces, (2) poly-L-lysine (PLL) functionalized glass, (3) PLL functionalized Aclar, and
(4) unfunctionalized Aclar. This enabled investigation of the differences between the untreated
and dBcAMP-treated astrocyte responses to the same culture environments and properties. In the
present study, the local elasticity and surface energies of the substrates were investigated and the
results were added to the previous investigations of surface polarity and surface roughness. The
physical property trends were then compared with the morphological and protein expression

responsces.

Morphological differentiation of dBcAMP-treated astrocytes was investigated using AFM
and immunocytochemistry. GFAP is an intermediate filament protein thought to be involved in
the structure and function of the astrocyte cytoskeleton although its function is not well
understood. Up-regulation of GFAP is typically considered as an indication of increased
reactivity. Quantification of GFAP expression was performed using the confocal laser scanning
microscopy (CLSM) z-series. Astrocyte stellation is a tubulin-dependent rearrangement of
cytoskeleton [84]. Tubulin expression was also quantified using confocal z-series.
Immunolabeling of dBcAMP-treated astrocytes with the Rho GTPase upstream regulators for
filopodia, lamellipodia, and stress fiber formation, namely Cdc42, Racl, and RhoA [78], was

also performed, enabling comparisons of these cytoskeletal proteins with the previously reported
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results for untreated astrocytes [12]. The protein expressions were quantified using maximum

intensity level images acquired by fluorescence microscopy.

The study was organized as follows. Investigations of the physical properties of each culture
environment, assessed in terms of local elasticity, work of adhesion, RMS surface roughness,
and surface polarity, are presented first. The results indicated that the culture surfaces, including
the nanofibrillar scaffolds, occupied distinct ranges of physical property parameter space.
Investigations of the astrocyte responses, assessed in terms of morphology and protein
expression, are presented next. The morphological response and Rho GTPase expression for the
dBcAMP-treated astrocytes are also compared with those of untreated astrocytes [12].
Quantitative analyses for morphological and protein expression estimates are given. Results from
investigations of two proteins associated with astrocyte reactivity, GFAP and tubulin, are then
presented. The GFAP and tubulin investigations were performed exclusively for the dBcAMP-

treated astrocytes.

The results indicate that the nanophysical cues of the extracellular environment can modulate
the reactive response of dBcAMP-stimulated cerebral cortical astrocytes, and that different cues
could have more directive importance for astrocytes in scarring mode versus in untreated mode.
DBcAMP-treated astrocytes cultured on the nanofibrillar scaffolds showed a unique Rho GTPase
and morphological non-response. Cdc42, Racl, and RhoA expressions and consequent
morphologies were almost unchanged from their untreated values while the Rho GTPase
expressions and morphologies of the three comparative culture surfaces were greatly changed.
Furthermore, dBcAMP-treated astrocytes cultured on the PLL Aclar surfaces exhibited responses
that were reminiscent of glial scar formation. The comparison of dBcAMP-treated and untreated

astrocyte responses suggested that different nanophysical cues may have more directive
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importance in a wound-healing situation. The elasticity property was indicated as potentially

more directive for dBcAMP-treated astrocytes than for untreated astrocytes [116].

6.2.1 Materials and Methods

6.2.1.1 Nanofibrillar Scaffolds

Polyamide nanofibers (median diameter ~180 nm) were electrospun from a blend of two
polymers [(C2804N4H47), and (Cy704 4N4Hs0),] onto Aclar coverslips by Donaldson Co, Inc

(Minneapolis, MN). The resulting non-woven nanofibrillar scaffold was approximately 2 pm

thick when measured by optical microscopy [12].

6.2.1.2 Planar Culture Surfaces
Glass coverslips (12 mm, No 1 coverglass; Thermo Fisher Scientific, Waltham, MA) and Aclar
coverslips (Ted Pella, Inc., Redding, CA) were used as underlying substrates. The substrates

were placed in a 24-well tissue culture plate and covered with 1 mL of PLL solution (50 pg

PLL/mL in dH>O) overnight. The coverslips were then rinsed with dH,O, sterilized with

ultraviolet light, and used for the cultures. One set of Aclar coverslips was left unfunctionalized

[12].
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6.2.1.3 Primary dBcAMP-treated astrocyte cultures

The cerebral hemispheres of new born Sprague Dawley rats (postnatal day 1 or 2) were isolated
aseptically. The cerebral cortices were dissected out, freed of meninges, and collected in HBSS.
They were minced with sterile scissors and digested in 0.1% trypsin and 0.02% DNase for 20
min at 37°C. The softened tissue clumps were then triturated by passing several times through a
fine bore glass pipette to obtain a cell suspension. The cell suspension was washed twice with

culture media (DMEM+10% FBS) and filtered through a 40 um nylon mesh. For culturing, the

. . 2 . . .
cell suspension was placed in 75 cm flasks (one brain/flask in 10 mL growth medium) and

incubated at 37°C in a humidified CO, incubator. After 3 days of incubation the growth media

was removed, cell debris was washed off, and fresh medium was added. The medium was
changed every 3-4 days. After reaching confluency (about 7 days), the cultures were shaken to
remove macrophages and other loosely adherent cells. To obtain reactive-like astrocytes,
0.25mM dBcAMP was added to the culture medium and the serum concentration was reduced to
1%. The cultures in dBcCAMP containing medium were incubated for 7-8 more days with a media
change every 3-4 days. The morphology of the cells was observed on alternate days under a
phase contrast microscope. In the control cultures, the cells were fed with DMEM + 1% FBS
(without dBcAMP). All procedures were approved by the Rutgers Animal Care and Facilities

Committee (IACUC Protocol #02-004).

After completing dBcAMP treatment, reactive-like astrocytes were then harvested with
0.25% Trypsin/EDTA (Sigma-Aldrich) and re-seeded at a density of 30,000 cells per well
directly on 12 mm Aclar or PLL Aclar coverslips, PLL glass coverslips, or on Aclar coverslips

coated with nanofibers in 24-well plates in astrocyte medium containing dBcAMP (0.5 mL),
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fixed with paraformaldehyde and then stained for F-actin, Cdc42, Racl, and RhoA. Parallel
cultures were immunostained with GFAP, an identification marker for astrocytes, and more than

95% were found to be GFAP-positive. Another set of parallel cultures were immunostained for

GFAP/B-tubulin.

6.2.1.4 AFM

AFM images of astrocytes were captured using a Veeco Instruments Nanoscope IIIA (Bruker
AXS Inc, Madison, WI; formerly Veeco Metrology) operated in ambient air. A J scanner with
125 pm x 125 pm X% 5.548 um x-y-z scan range and an E scanner with 13.5 um % 13.5 um x 3.08
um x-y-z scan range were used. The AFM was operated in contact mode silicon nitride tips with
a nominal tip radius of 25 nm and cantilever spring constant k = 0.58 N/m (Nanoprobe SPM tips,
Bruker AXS Inc, Madison, WI; formerly Veeco Metrology). Frequency domain Gaussian high
pass filtering (GHPF) was used to segment the astrocytes from the substrate backgrounds in
AFM height images [83]. AFM images of at least 20 astrocytes for each culture surface were

evaluated to ensure that the results were representative.

6.2.1.5 Astrocyte Cell Shape Index
Cell soma investigations by AFM indicated that the reactive-like astrocytes had comparable cell
spreading. Therefore, the appropriate cell shape index (CSI) is defined as the ratio of the

perimeter squared to the two-dimensional cell area [117]:

P2
CSI = o (6.2)
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where P is the cell perimeter and A4 is the cell area. This definition describes stellation as a
departure from CSI = 1 for a circular cell. The cell perimeter and area were calculated following
manual segmentation of cells from GHPF AFM height images. The procedure was implemented

in MATLAB version 7.7.0 (R2008b) using Image Processing Toolbox (The MathWorks).

6.2.1.6 Astrocyte Soma Height Measurements

Untreated and dBcAMP-treated astrocyte maximum soma height values were measured using the
section analysis of Nanoscope Software version 5.30r3.sr3 and NanoScope Analysis 1.10
(Bruker AXS Inc, Madison, WI; formerly Veeco Metrology). Twenty cells from each set of
culture surfaces were analyzed by section profile through the nucleus region. Variations in
maximum soma height data among the culture surfaces were analyzed using analysis of variance
(ANOVA) followed by pairwise post hoc comparisons with Tukey’s test [82]. Significance

levels were set at P < 0.05.

6.2.1.7 Astrocyte Process Measurements and Number of Astrocyte Processes

Untreated and dBcAMP-treated astrocyte cell process lengths were measured based on AFM
height and GHPF AFM height images. Twenty cells from each set of culture surfaces were
analyzed by measuring the length of processes manually, and the number of processes of each
astrocyte was counted. An extension longer than the diameter of a cell soma was considered to
be a process. Variations in astrocyte process length and number of process data among the
culture surfaces were analyzed using ANOVA followed by pairwise post hoc comparisons with

Tukey’s test [82]. Significance levels were set at P < 0.05.
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6.2.1.8 AFM Force Curves of Culture Surfaces
The local elasticity of the polyamide nanofibrillar scaffolds and comparative culture surfaces

were investigated by AFM force curves as described in Chapter 5.2 of this thesis.

6.2.1.9 Immunolabeling for Cdc42, Racl, RhoA, and F-actin

The astrocytes cultured on coverslips were fixed with 4% paraformaldehyde for 10 minutes,
permeabilized with 0.5% Triton X-100 for 5 minutes, and blocked with 10% normal goat serum
for 30 minutes. After removing the normal goat serum, the cells were double stained with one of
the primary antibodies mouse anti-Cdc-42 (1:200), mouse anti-RhoA (1:200), or mouse anti-
Racl (1:25) (all from Cytoskeleton, Denver, CO), and phalloidin (Life Technologies, Grand
Island, NY). The incubation in the primary antibodies was done overnight at room temperature in
a humidity chamber. Coverslips were then washed with phosphate buffered saline (PBS) and
stained with goat anti-mouse Alexa 568 IgG secondary antibody (ex 579 nm, em 603 nm; Life
Technologies) at a 1:500 dilution for 1 hour. Following the antibody staining, the cells were
rinsed, stained with Phalloidin-488 (ex 498 nm, em 520 nm; Life Technologies) at a 1:100
dilution for 1 hour, mounted on microscopic slides with GelMount (Biomeda, Foster City, CA),

and observed under an Olympus IX81 inverted microscope (Olympus, Tokyo, Japan).

6.2.1.10 Image Capture Conditions for Cdc42, Racl, and RhoA expression estimate
Maximum intensity level images were captured specifically for protein expression estimation
using an Olympus IX81 inverted microscope (Olympus). The images had identical scale bars and

pixel resolutions as a requirement for an accurate comparative analysis of activation intensity
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patterns. Eight images (via 20x objective) were captured for each of the three antibodies on each
of the four culture surfaces to ensure that the results were representative for the cultures as a
whole. At this magnification, each image typically had several whole cells, and a total of 240
cells were investigated. Images of the astrocyte cultures were captured using Metamorph
software (Molecular Devices LLC, Sunnyvale, CA). The amount of detected protein was
quantified by segmenting each cell manually and measuring the average fluorescence intensity.
The average background intensities of the fluorescence images were calculated, and subtracted
from the average fluorescence intensity value. ImageJ software version 1.46r (National Institutes
of Health, Bethesda, MD) was used for the quantitative analysis of light intensity. Intensity data
were then analyzed using ANOVA followed by pairwise post-hoc comparisons with Tukey’s

test. Significance levels were set at P < 0.05.

6.2.1.11 Immunolabeling for GFAP and Tubulin

The astrocytes cultured on coverslips were fixed with 4% paraformaldehyde for 10 minutes,
permeabilized with 0.5% Triton X-100 in PBS for 5 minutes, and blocked with 10% normal goat
serum for 30 minutes. After removing the normal goat serum, the cells were double stained with
one of the primary antibodies and phalloidin. Rabbit anti-GFAP (Dako, Carpinteria, CA) was
diluted 1:500 while mouse anti-B-tubulin (Sigma-Aldrich, St. Louis, MO) was diluted 1:200. The
incubation in the primary antibodies was done overnight at room temperature in a humidity
chamber. Coverslips were then washed three times with PBS and stained appropriate secondary
anti-body either goat anti-rabbit Alexa 568 IgG (Life Technologies) or goat anti-mouse Alexa
568 IgG (Life Technologies). Both secondary anti-bodies were diluted 1:500 and incubation was
for 1 hour at room temperature. Secondary anti-body staining coverslips were rinsed three times

with PBS. Following PBS rinse, the coverslips were stained with Alexa Fluor® 488 Phalloidin
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(Life Technologies) diluted 1:100 for 1 hour, rinsed again with PBS as above, and stained with
DAPI (Life Technologies) for 5 minutes. After completing staining, coverslips were mounted on
microscopic slides with GelMount (Biomeda), and observed under an Olympus FluoView 1000
Laser Scanning Confocal Microscope system attached to an Olympus IX81 automated inverted

microscope platform.

6.2.1.12 Quantitative GFAP and Tubulin expression estimate

Confocal z-series images were captured using an Olympus FluoView 1000 Laser Scanning
Confocal Microscope system attached to an Olympus IX81 automated inverted microscope
platform equipped with a 40x oil immersion objective (N.A.=1.3). The increments between the
z-series were set to 1.13 pm in order to avoid oversampling of fluorophores. The z-series were
acquired under identical imaging conditions, including the same high voltage (HV) and offset
settings, same objective, and same resolution (1024x1024 pixels). The HV and offset levels were
set to a level so that the pixels were not saturated. This is crucial to ensure the accuracy of the
relative intensity comparisons. Images were analyzed using MATLAB version 7.7.0 (R2008b)
Image Processing Toolbox (The MathWorks) and Image] version 1.46r (National Institutes of
Health). The maximum intensity projection images were obtained from the z-series, the
boundaries of the cells were determined manually, and then the total intensity and the number
pixels were calculated by using the z-series and cell boundaries. The average background
intensity values were calculated for each z-series because the autofluorescence was different on
different culture surfaces. The average background intensity was then multiplied by the number
of pixels of z-series, and subtracted from the total intensity. Finally, the total amount of GFAP or
tubulin expression / cell was determined. At least 50 cells were analyzed for each culture surface.

Variations in GFAP and tubulin expression estimation data among the culture surfaces were
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analyzed using ANOVA followed by pairwise post hoc comparisons with Tukey’s test [33].

Significance levels were set at P < 0.05.

6.2.2 Results

6.2.2.1 Local Elasticity Investigation of Culture Environments and Parameter Space
Analysis

Reported investigations [72, 108, 109] have identified local elasticity as potentially directive.
Local elasticity along individual nanofibers was characterized in the present work. AFM force
curve measurements along individual nanofibers were taken and interpreted using the DMT
elasticity interpretative model for the Young’s modulus that included adhesion forces. Analysis
of the Young’s modulus results using both median-value box plots and mode-value distribution

plots are shown in Figure 6.12.

Mode value analysis indicated that the Young’s modulus comparison for the culture surfaces

was

EPLL Glass > EPLL Aclar > EAclar (6.3)

at room temperature and for interaction with an AFM tip. Both median and mode-value analyses
indicated that the PLL glass substrate presented the most uniform elastic environment. Median
versus mode value analysis suggested that PLL functionalization could result in a less uniform

elastic environment for PLL Aclar, indicated by the emergence of tail values in the distribution.
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The median value/mode value analysis further indicated that substrate elasticity dominated over
the chemical functionalization effect since unfunctionalized and PLL functionalized Aclar had
similar elasticity variances (shown as percentile boxes and lines) and distributions while PLL

functionalized glass and PLL functionalized Aclar had different results for both.
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Figure 6.12: Elasticity of culture surfaces by AFM using DMT model for Young’s modulus.
(a) Young’s modulus box plot: Solid lines show the median, and the box edges show the 25th
and 75th percentiles. Histogram distribution plots of Young’s modulus for (b) PLL glass, (¢)
PLL Aclar, (d) Aclar and (e) nanofibrillar scaffolds. Dashed lines show the mode values in
(b), (¢) and (d) in descending order. Unit x axis for (b), (c), (d), and (e) is 100 MPa. PLL G,
PLL A, ACL, and NFS denote, PLL glass, PLL Aclar, Aclar and nanofibrillar scaffolds
respectively. [117*].
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The nanofiber median value Young’s modulus was higher than that of PLL glass. However,
mode value analysis showed that the median value resulted from its wide range of Young’s
modulus values. For the nanofibers, therefore, a median value analysis may not accurately
represent the nanofiber elastic property. Specific investigation indicated that the higher elasticity
values did not correspond to nanofiber crossings. However, the wide range of elasticity values
may be due to the presence of hard and soft components in individual nanofibers, indicated by
previously reported transmission electron microscopy analysis [70]. The wide range of elasticity
values along individual nanofibers was accurately reflected in the percentile box and lines,

compared with those for PLL glass, PLL Aclar, and Aclar.

6.2.2.2 Surface Energy Investigation and Parameter Space Analysis

Use of the DMT interpretive model further enabled investigation of the surface energies of the

cell substrates by measuring the work of adhesion, #73,, between the tip and each culture

surface [64]. W37 1s the work that is needed to separate AFM tip from the culture surface in

ambient air. The adhesive component of the AFM force curves was extracted, and used to

investigate the work of adhesion.

Analysis of the work of adhesion using both median-value box plots and mode-value
distribution plots, shown in Figure 6.13, revealed several features. First, despite the similar
functionalization of PLL glass and PLL Aclar, the work of adhesion median value was higher for
PLL Aclar (Figure 6.13 (a)). This resulted from the different distributions: the PLL glass
distribution was single mode (Figure 6.13 (b)) with a narrow distribution and consistent median

and mode values at about 0.16 J/m2 The Aclar distribution (Figure 6.13 (c)) was also single
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mode with consistent median and mode values at about 0.13 J/mz. The widest range of work of

adhesion values was observed for the nanofibrillar scaffolds (Figure 6.13 (d)). The majority were

low work of adhesion values, which was reflected in the 0.119 J/m2 median value and

indications of a mode value at about 0.1 J/m2 (Figure 6.13 (a) and (d)). The PLL Aclar

distribution also displayed a range of work of adhesion values (Figure 6.13 (e)). Comparison of
Aclar and PLL Aclar (Figure 6.13 (c) and (e)) indicated that this range resulted from the PLL
functionalization. This suggests that the combination of chemical functionalization with surface

roughness can result in higher work of adhesion, possibly through PLL conformation changes.
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Figure 6.13: Work of adhesion characterization of culture surfaces. (a) Work of adhesion box
plot. Solid lines show the median, and the box edges show the 25th and 75th percentiles.
Histogram distribution plots of adhesion of (b) PLL glass, (c) Aclar, (d) nanofibrillar scaffolds
and (e) PLL Aclar. Dashed lines show the mode values in (b), (c) and (d) in descending order.

PLL G, ACL, NFS and PLL A, denote PLL glass, Aclar, nanofibrillar scaffolds and PLL
Aclar, respectively. [117%*].

The data ranges for the work of adhesion and RMS surface roughness [12] were analyzed as
a two-dimensional parameter space as shown in Figure 6.14 (a). The results indicated that the
culture surfaces, including the nanofibrillar scaffolds, occupied distinct ranges of physical

property parameter space. Comparison of the work of adhesion and RMS surface roughness
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(Figure 6.14 (a)) versus surface polarity [12] and surface roughness data ranges (Figure 6.14 (b))
suggested that the more local work of adhesion environment could present variations that would

not be evident in the more macroscopic environment assessed by contact angle measurements.
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Figure 6.14: Two-dimensional parameter space representation of work of adhesion and surface
roughness of culture surfaces. (b) Two-dimensional parameter space representation of surface

polarity and surface roughness of culture surfaces. PLL G, NFS, ACL and PLL A denote PLL

glass, nanofibrillar scaffolds, Aclar and PLL Aclar, respectively. [117%*].
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6.2.2.3 Astrocyte Responses: Morphology Investigation

6.2.2.3.1 Cell density
Cell density on different cell substrates was measured by counting the nuclei from at least 22

DAPI-stained images per culture surface. Initially, cell plating density on all surfaces was 66

2 .- . 2 . .
cells/mm . The dBcAMP-treated astrocyte densities for each substrate in cells/mm  are given in

Table 6.2.

Table 6.2: Reactive-like astrocyte cell density measurement results (mean+£SEM). [117%*].

Nanofibrillar
Aclar PLL glass PLL Aclar scaffolds
Cell density 11747 189424 202+17 206+14
[#cells/mm?]

Cell density on Aclar was low compared to other substrates, indicating that the cell adhesion
and/or proliferation on Aclar surfaces were negatively influenced by the properties of this
substrate. The low cell density on Aclar may be due to its lower hydrophilicity resulting in lower
cell adhesion [12]. The higher cell densities on the PLL functionalized surfaces were possibly
because of increased cell adhesion by the positive charges introduced to the substrate by
functionalization [118]. The highest cell density was observed on the nanofibrillar scaffolds,
which indicated that these surfaces were able to successfully modulate cell adhesion and/or

proliferation without requiring PLL functionalization.
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6.2.2.3.2 Astrocyte morphology investigation by AFM

DBcAMP-treated astrocyte morphologies and astrocyte-astrocyte interactions by AFM provided
details of the different morphological responses to the culture surfaces investigated in this work.
The dBcAMP-treated astrocytes cultured on PLL glass surfaces developed astrocyte-astrocyte
interactions via long processes that suggested contact spacing [119] (Figure 6.15 (a)). Extensive
nanoscale process formation was also observed (inset). The nanoscale processes were about ~10-

50 nm in diameter and were observed around both processes and somata.

The dBcAMP-treated astrocytes cultured on nanofibrillar scaffolds developed long processes
in a stellate pattern (Figure 6.15 (b)). Astrocyte-astrocyte interactions suggestive of contact

spacing were observed. Extensive cell clustering was not observed.

The dBcAMP-treated astrocytes cultured on Aclar surfaces developed 2-3 directional
processes (Figure 6.15 (c)). Astrocyte-astrocyte interactions were few in number; when present,
they were suggestive of contact spacing. As astrocyte-astrocyte interactions were not
representative for this culture, AFM images of two individual cells that displayed commonly

observed morphologies are shown in Figure 6.15 (c).

The dBcAMP-treated astrocytes cultured on PLL Aclar surfaces also developed long
processes, but astrocyte-astrocyte interactions consisted of intertwined processes rather than
contact spacing. This resulted in chain-like cell clusters reminiscent of glial scar formation

(Figure 6.15 (d)).
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Figure 6.15: Morphology investigation of reactive-like astrocytes with AFM height GHPF
images. (a) Astrocytes cultured on PLL glass, with close-up from dashed box region inset.
The close up image shows the nanoscale process formation. (b) Astrocytes cultured on
nanofibrillar scaffolds. (c) Representative morphologies for astrocytes cultured on Aclar. (d)
Astrocytes cultured on PLL Aclar shows glial-scar like chain formation. PLL G, NFS, ACL,
and PLL A, and denote PLL glass, nanofibrillar scaffolds, Aclar, and PLL Aclar, respectively.
Scale bars, 20 um. [117%*].
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6.2.2.3.3 Astrocyte quantitative morphology assessment and comparison

The morphological responses for the dBcAMP-treated astrocytes were quantified as process
length, the number of processes, and maximum soma heights using measurements taken from the
AFM height images. A cell shape index was also calculated from perimeter and area
measurements taken from the AFM height images. These measures were investigated for
statistically significant differences using Tukey’s test pairwise comparisons with P < 0.05.
Pairwise comparisons were made for the dBcAMP-treated astrocytes, untreated astrocytes, and
dBcAMP-treated versus untreated astrocytes cultured on the same four culture surfaces. A total
of 20 astrocytes per each culture were selected randomly from both dBcAMP-treated and
untreated astrocyte samples. The results, shown in Figure 6.16, are displayed as mean-value bar

graphs with standard error of the mean.

Analysis of process lengths is shown in Figure 6.16(a). For dBcAMP-treated astrocytes
alone, post hoc analysis with Tukey’s test revealed that the process lengths of astrocytes cultured
on PLL glass were significantly longer than the ones on nanofibrillar scaffolds (P < 0.0001) and
Aclar (P = 0.0246). The astrocyte process lengths on PLL Aclar were significantly longer (P =
0.0088) than the ones on nanofibrillar scaffolds. No significant differences were detected
between PLL glass versus PLL Aclar (P = 0.512), PLL Aclar versus Aclar (P = 0.4293), and

Aclar versus nanofibrillar scaffolds (P = 0.4058).

For untreated astrocytes alone, post hoc analysis with Tukey’s test revealed that the process
lengths of astrocytes cultured on PLL glass were significantly longer (P = 0.0166) than the ones
on Aclar. Other pairwise comparisons, PLL glass versus PLL Aclar (P = 0.292), PLL glass

versus nanofibrillar scaffolds (P = 0.3556), nanofibrillar scaffolds versus Aclar (P = 0.5694),
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nanofibrillar scaffolds versus PLL Aclar (P = 0.9996), and PLL Aclar versus Aclar (P = 0.6254)

were not significant.

For dBcAMP-treated versus untreated astrocytes, the process length statistical analysis
showed that dBcAMP-treated astrocyte process lengths were significantly longer (max P =
0.00369) than untreated ones except for the astrocytes on nanofibrillar scaffolds (P = 0.28561).
As shown in Figure 6.16 (a), the greatest process length increases were observed for the
astrocytes cultured on the PLL functionalized surfaces, while the smallest increase was observed

for astrocytes cultured on the nanofibrillar scaffolds.

Analysis of the number of processes is shown in Figure 6.16 (b). No significant differences
in the number of processes were observed for dBcAMP-treated astrocytes alone, untreated

astrocytes alone, or for comparisons of dBcAMP-treated versus untreated astrocytes.

Analysis of astrocyte maximum soma height investigation, shown in Figure 6.16 (c), was
performed to investigate the cell spreading behavior. No significant difference in the maximum
soma height of reactive-like astrocytes alone was observed (min P = 0.3477), which justified use
of the two-dimensional CSI [120] analysis shown in Figure 6.16 (d). For untreated astrocytes
alone, Tukey’s all pairs comparison of untreated astrocytes showed that the maximum soma
height of astrocytes cultured on Aclar was significantly higher than the ones of PLL Aclar
(P<0.0001) and PLL glass (P < 0.0001). The maximum soma height of astrocytes on
nanofibrillar scaffolds was significantly higher than the ones of PLL Aclar (P <0.0001) and PLL
glass (P < 0.0001). For reactive-like versus untreated astrocytes, the pairwise comparisons were

all significant (max P = 0.00652), and indicated contraction for reactive-like astrocytes cultured
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on Aclar and nanofibrillar scaffolds and swelling for the ones cultured on PLL Aclar and PLL

glass.

Analysis of the two-dimensional CSI is shown in Figure 6.16 (d). A two-dimensional CSI
uses a ratio of area to perimeter to describe stellation as a departure from CSI = 1 for a circular
cell [40, 41]. The pairwise comparisons of reactive-like astrocytes alone showed the CSI of
reactive-like astrocytes cultured on nanofibrillar scaffolds was significantly less than ones of
PLL Aclar (P = 0.0055) and PLL glass (P < 0.0001). For untreated astrocytes alone, the
statistical results of CSI analysis showed that no significant difference exists (min P = 0.0611).
For reactive-like versus untreated astrocytes, the CSI increased on all surfaces (max P = 0.033)
except Aclar (P = 0.6), which showed a decrease. The most significant CSI change was observed

for reactive-like versus untreated astrocytes cultured on PLL Aclar (P = 0.0037).
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Figure 6.16: Quantitative morphology assessment of reactive-like and quiescent astrocytes
cultured on PLL glass, nanofibrillar scaffolds, Aclar, and PLL Aclar. Gray bars: reactive-like
astrocytes, White bars: quiescent astrocytes. (a) Average length of astrocyte processes. (b)
Average number of processes. (c) Average maximum soma height. (d) Average CSI results.
Error bars show standard error of n=20 cells. PLL G, NFS, ACL, and PLL A, and denote PLL
glass, nanofibrillar scaffolds, Aclar, and PLL Aclar, respectively. [117%*].

6.2.2.4 Astrocyte Responses: Protein Expressions

6.2.2.4.1 GFAP and Tubulin Staining Results

Wide area GFAP staining images of the reactive-like astrocytes are shown in Figure 6.17. The
observed astrocyte-astrocyte interactions differed significantly as a function of culture surfaces
and cell density. Reactive-like astrocytes cultured on PLL glass surfaces (Figure 6.17 (a)),
nanofibrillar scaffolds (Figure 6.17 (b)), and Aclar surfaces (Figure 6.17 (c)) were typically not

clustered, while the reactive-like astrocytes on the PLL Aclar surfaces (Figure 6.17 (d))
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displayed pronounced astrocyte-astrocyte interactions that appeared to recapitulate the chain-like

clustering of glial scar formation.

Figure 6.17: Wide area GFAP staining images of reactive-like cerebral cortical astrocytes in
vitro. Maximum intensity projection images of reactive-like cerebral cortical astrocytes

cultured on (a) PLL glass, (b) nanofibrillar scaffolds, (c) Aclar and (d) PLL Aclar. Scale bar,
100 pm. [117%*].

Morphological and biochemical differentiation of reactive-like astrocytes was investigated by

GFAP and tubulin staining. Representative GFAP, tubulin, and overlay images with nuclei
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staining images of reactive-like astrocytes are shown in Figure 6.18. Overlay images of GFAP

and tubulin consistently indicated an interaction between GFAP and tubulin.

PLL G NFS ACL PLL A

GFAP

Tubulin

GFAP Tubulin Nuclei

Figure 6.18: Close-up GFAP, tubulin, and DAPI staining images of reactive-like cerebral
cortical astrocytes. Maximum intensity projection fluorescence images of astrocytes cultured on
PLL glass, nanofibrillar scaffolds, Aclar and PLL Aclar. First, second and third rows show the
GFAP, tubulin, and overlaid images of GFAP, tubulin, and nuclei. GFAP, nuclei, and tubulin,
were represented in green, blue, and red, respectively. Scale bar, 50 pm. [117%*].

6.2.2.4.2 GFAP and Tubulin Quantification Results
The total GFAP and tubulin expression of reactive-like astrocytes was investigated by confocal

microscopy z-series. Both total GFAP and tubulin expression were modulated by the culture
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surfaces. The results, shown in Figure 6.19, are displayed as mean-value bar graphs with

standard error of the mean.

The astrocytes cultured on PLL Aclar had highest expressions of both GFAP (Figure 6.19
(a)) and tubulin (Figure 6.19 (b)). Reactive-like astrocytes cultured on PLL glass displayed
comparatively low expression of GFAP but the second highest expression of tubulin. The
reactive-like astrocytes cultured on nanofibrillar scaffolds had comparatively higher expression
of GFAP but a lower expression of tubulin. Reactive-like astrocytes cultured on Aclar expressed

the least amounts of tubulin and the second least amounts of GFAP.

For each surface, significant differences were observed in the total intensity of GFAP among
astrocytes cultured on nanofibrillar scaffolds, Aclar, PLL Aclar, and PLL glass. Tukey’s all pairs
comparison results revealed that the total GFAP intensity of astrocytes cultured on PLL Aclar
was significantly higher than PLL Glass (P < 0.0001) and Aclar (P = 0.0386). Tukey’s all pairs
comparison also showed that GFAP intensity on nanofibrillar scaffolds was significantly higher

(P =0.007) than PLL glass, whereas other pairwise comparisons were not significant.

Significant differences were observed in the intensity of tubulin among astrocytes cultured on
the cell substrates. Tukey’s all pairs comparison results showed that all pairwise comparisons

were significant (max P = 0.0349) except nanofibrillar scaffolds versus Aclar.
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Figure 6.19: Quantitative total GFAP and tubulin expression estimation results for reactive-
like astrocytes. Culture surfaces modulate the total GFAP (a) and tubulin (b) expression in
reactive-like astrocytes. Error bars show standard error of n=50 cells. PLL G, NFS, ACL,
and PLL A, and denote PLL glass, nanofibrillar scaffolds, Aclar, and PLL Aclar,
respectively. [117*].

6.2.2.4.3 Cdc42, Racl, RhoA, and F-actin Immunolabeling Results

The reactive-like astrocytes were immunolabeled by antibodies against Cdc42, Racl, and RhoA,
members of the Rho GTPase family, which are known to be upstream regulators of filopodia,
lamellipodia, and stress fiber formation, respectively [78]. Furthermore, inhibition of RhoA
effector Kinase (ROCK) through depression of RhoA is associated with the cessation of stress
fiber formation and the onset of stellation [93]. Representative results are shown in Figure 6.20
for Cdc42, Racl, RhoA, with parallel phalloidin staining for F-actin. F-actin staining images
showed lack of stress fibers in reactive-like astrocytes for all culture surfaces. Chain-like cell
clustering on PLL Aclar was observed from F-actin staining images, as were low cell densities
and highly directional cell morphologies on Aclar. The F-actin staining results were therefore
consistent with the GFAP staining results. The RhoA intensity on all culture surfaces was
dimmer than other protein intensities (Figure 6.20 (c) versus (a) and (b)), which would be

consistent with depression of RhoA.
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Figure 6.20: Cdc42, Racl, RhoA, and F-actin staining images of reactive-like astrocytes. Left
to right column: fluorescence images of astrocytes cultured on PLL glass, nanofibrillar
scaffolds, Aclar, and PLL Aclar. Immunolabeling and corresponding F-actin were represented
in red, and green, respectively. Astrocytes were labeled with (a) anti-Cdc42, (b) anti-Racl, and
(c) anti-RhoA. Scale bar, 100 um. [117*]. Fluorescent images by I. Ahmed, Shreiber
laboratory with analysis in this thesis.
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6.2.2.4.4 Cdc42, Racl, and RhoA Quantification Results

Rho GTPase expressions were investigated for statistically significant differences using Tukey’s
test to perform pairwise comparisons with P < 0.05. A total of 20 astrocytes per each culture
were selected randomly from both reactive-like and untreated astrocyte samples. The results,

shown in Figure 15, are displayed as mean-value bar graphs with standard error of the mean.

For the reactive-like astrocytes alone (Figure 6.21 (a)), RhoA was depressed relative to Racl
for all culture surfaces, with the greatest differences observed for PLL glass (min P = 0.0008)
and PLL Aclar (min P = 0.0002). This result is consistent with reactive process development
through depression of RhoA in dBcAMP-treated astrocytes. The RhoA expression of reactive-
like astrocytes was also significantly depressed relative to Cdc42 on PLL Aclar (P = 0.0175) and

PLL glass (P < 0.0001) (Figure 6.21 (a)).

For untreated astrocytes alone (Figure 6.21 (b)), RhoA was significantly depressed relative to
Racl only for astrocytes cultured on the nanofibrillar scaffolds (P = 0.0025). RhoA was also
significantly depressed relative to Cdc42 only for astrocytes cultured on the nanofibrillar

scaffolds (P = 0.015). Both findings were consistent with the previously reported results [12].

For reactive-like versus untreated astrocytes, the Rho GTPase expressions for reactive-like
astrocytes were shown to be modulated by the different culture surfaces (Figure 6.21 (a)) in ways
that differed from the modulation observed for untreated astrocytes (Figure 6.21 (b)).
Comparison of Figure 6.21 (a) and (b) showed that the dBcAMP treatment of astrocytes reversed
the relative expression of Cdc42, Racl, and RhoA on all culture surfaces, except the nanofibrillar

scaffolds.
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Figure 6.21: Quantitative Cdc42, Racl and RhoA expression estimation results for (a)
reactive-like and (b) quiescent astrocytes. The white, gray and dark gray bars show the
average Cdc42, Racl and RhoA intensities, respectively. Error bars show standard error of
n=20 cells. PLL G, NFS, ACL, and PLL A, and denote PLL glass, nanofibrillar scaffolds,
Aclar, and PLL Aclar, respectively. [117*].

6.2.3 Discussion

In the present work, the effects of culture surface physical properties on the morphological and
biochemical differentiation of reactive-like rat cerebral cortical astrocytes were investigated in
vitro. Additionally, the responses of the reactive-like astrocytes were compared with the
responses of untreated astrocytes. Differences in morphology, astrocyte-astrocyte interactions,

and immunocytochemistry of astrocytes cultured on four culture surface surfaces: nanofibrillar
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scaffolds, and comparative PLL glass, PLL Aclar, and Aclar culture environments were
investigated. Four physical properties of the culture surfaces were considered as potentially
directive: elasticity, work of adhesion, surface polarity, and surface roughness. The results
demonstrated that the morphological and biochemical differentiation of reactive-like astrocytes
were modulated by the physical properties of the culture surfaces. Comparison of reactive-like
versus untreated responses further demonstrated that the responses were differently modulated

by the same culture surface properties.

The present study indicated that nanofibrillar scaffolds reduced the immunoreactivity
responses of the reactive-like astrocytes. This was consistently indicated by quantitative
morphology assessments, quantitative Rho GTPase expression estimation, and quantitative
GFAP and tubulin expression estimation. The quantitative morphology assessments showed that
process lengths of reactive-like astrocytes cultured on nanofibrillar scaffolds were significantly
shorter than those for reactive-like astrocytes on PLL Aclar and PLL glass (Figure 6.16(a)).
Reactive-like and untreated pairwise comparisons also showed that the reactive-like astrocytes
developed significantly longer processes, with the exception of the ones cultured on the
nanofibrillar scaffolds. Furthermore, the pairwise comparisons of the CSI of reactive-like
astrocytes showed that the CSI of astrocytes cultured on the nanofibrillar scaffolds was
significantly less than the ones of PLL glass and PLL Aclar (Figure 6.16 (d)). Therefore, results
from the quantitative morphology assessment indicated that the reactive-like astrocyte response

to nanofibrillar scaffolds was similar to the untreated response.

The present study is one of few investigations to combine immunoreactivity proteins with
Rho GTPase investigations [121], and the first to compare Rho GTPase investigations of

dBcAMP-stimulated and untreated cerebral cortical astrocytes. The dBcAMP-stimulated
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astrocyte response to the nanofibrillar scaffolds was unique in that the relative Rho GTPase
expressions were unchanged within experimental error while Rho GTPase expressions to the

three other surfaces were significantly altered from their untreated expressions.

The dBcAMP-stimulated astrocyte responses to all surfaces showed morphological evidence
of stellation with depression of RhoA relative to Racl, which agrees with the previously reported
work [93, 122]. In addition, the lack of stress fiber formation in reactive-like astrocytes, as
shown in the Figure 6.20 F-actin staining images, is consistent with the RhoA depression. The
quantitative Rho GTPase expression estimation results showed increased expression of Cdc42
for reactive-like astrocytes on PLL glass. The AFM morphology images showed that the
reactive-like astrocytes on PLL glass formed nanoscale processes, but actin staining images
suggest that those tiny processes are either not filopodia or were below the level of experimental

resolution by confocal microscopy.

The immunoreactivity proteins investigation enabled comparison of the amounts of GFAP
and tubulin expression among the four culture surfaces. Tubulin and GFAP expressions were
both comparatively high for the astrocytes on PLL Aclar surfaces. Comparatively high GFAP
expression was observed for astrocytes on the nanofibrillar scaffolds; however, tubulin
expression was comparatively low and all other Rho GTPase and morphological responses
indicated minimal change from untreated behavior. The overlay of GFAP and tubulin staining
images, shown in Figure 6.18, suggested interaction between these proteins. This is consistent

with previously reported results [122].

In sharp contrast with the reduction in immunoreactivity responses displayed by reactive-like

astrocytes on the nanofibrillar scaffolds, the responses to PLL Aclar exhibited features
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reminiscent of glial scar formation. Chain-like clustering of reactive-like astrocytes with
interwoven processes was evident in immuno-staining and AFM images. The immunoreactivity
investigation demonstrated the largest comparative expressions of both GFAP and tubulin.
Furthermore, the most significant depression of RhoA relative to Racl was observed for the
reactive-like astrocytes on PLL Aclar. The chain-like clustering of reactive-like astrocytes
appeared to be induced by the local elastic property of the PLL Aclar surface in combination
with the surface polarity property. The directive nature of the elasticity property was indicated by
the chain-like versus non-chain-like clustering observed for reactive-like astrocytes on PLL
Aclar (soft) versus PLL glass (hard). The directive nature of the surface polarity property was
indicated by the chain-like clustering versus the unusual morphology and minimal cell-cell
interactions observed for reactive-like astrocytes on PLL Aclar (soft elasticity and high

hydrophilicity) versus Aclar (soft elasticity but low hydrophilicity).

It is also interesting to note that the responses of reactive-like astrocytes on PLL Aclar versus
PLL glass surfaces differed from the responses of untreated astrocytes on the same culture
surfaces. The untreated astrocytes on PLL Aclar surfaces developed extensive filopodia
formation that infiltrated along valleys created by the nanoscale surface roughness of these
surfaces [12]. The filopodia formation response was not observed on the nanoscale-smooth PLL
glass surfaces [12]. For the reactive-like astrocytes, although the surface roughness differences
were the same, a glial scar type response was observed instead of filopodia formation. The
investigations summarized in Figure 6.12 demonstrated that elasticity differences were also
present between the PLL glass and PLL Aclar culture surfaces. Previously reported results [123,

124, 125] have indicated increased sensitivity to local elasticity as a response to wound-healing

107



situations. Studies of hydrogel-assisted wound healing [125] further suggest that the combination

of local elasticity and surface charge may be directive.

The results support the hypothesis that the nanophysical cues of the cell culture surfaces can
modulate the morphological and biochemical differentiation of dBcAMP-stimulated cerebral
cortical astrocytes. The present study indicated that the properties of the nanofibrillar scaffolds
reduced the immunoreactivity responses of the reactive-like astrocytes, while the properties of
the PLL Aclar surfaces induced responses reminiscent of glial scar formation. The comparison of
reactive-like versus untreated astrocyte responses to elasticity versus surface roughness
differences suggested that different nanophysical cues may have more directive importance in a

wound-healing situation versus a maintenance situation.

The property investigations and corresponding astrocyte in vitro behavior in the present study
showed that a combination of tissue scaffold physical properties can modulate cellular
mechanisms of reactive-like astrocytes. This suggests that scaffolds with appropriate physical
properties could alter the immunoreactivity of astrocytes, which may promote axonal
regeneration around a lesion site. The polyamide nanofibrillar scaffolds appear to have the
optimum physical properties among the culture surfaces considered in this work. Therefore, it

remains as a promising candidate for future in vitro and in vivo investigations.

6.2.4 Conclusions

The morphological and biochemical differentiation of reactive-like dBcAMP-treated astrocytes
cultured on electrospun polyamide nanofibrillar scaffolds, PLL glass, Aclar, and PLL Aclar was

investigated by immunocytochemistry, fluorescence, and atomic force microscopy. Four physical
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properties of the culture surfaces were considered as potentially directive: elasticity, work of
adhesion, surface polarity, and surface roughness. The physical properties of the culture
environment were shown to trigger biochemical and morphological consequences for reactive-
like astrocytes. The properties of the nanofibrillar scaffolds reduced immunoreactivity responses
while the properties of the PLL Aclar surfaces induced responses reminiscent of glial scar
formation. The comparison of reactive-like and untreated astrocyte responses suggested that
different nanophysical cues may have more directive importance in a wound-healing situation
than in a maintenance situation. Local elasticity and surface polarity were indicated as potentially

directive for reactive-like cerebral cortical astrocytes.
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Chapter 7

AFM Feature Definition for Neural Cells on Nanofibrillar Tissue

Scaffolds

7.1 Introduction

The use of AFM in biomedical science has grown rapidly, with recent exciting applications in
diverse fields including regenerative medicine (tissue engineering) [14], drug delivery [17],
protein folding [126] and clinical medicine [127]. Even so, AFM remains an under-utilized
technique within the biomedical research community and more importantly an under-developed
enabler of significant new nanoscale biomedical discoveries due to a general problem with
inconsistent feature definition. When a feature definition problem is encountered, the standard
approach is to use instrument-supplied hardware or software capabilities to resolve it. Deflection
imaging (contact mode) or phase imaging (tapping mode) can improve feature definition when
changes in cantilever deflection or RMS cantilever oscillation are greatest at boundaries.
Alternatively, image processing can be used to extract information that actually exists in an AFM
image but is inaccessible prior to processing. Useful filters are a standard component of
commercial image processing packages for AFMs, and low pass filtering for noise reduction is a
known and popular approach. However for either hardware or software approaches to be
successful, it is key to diagnose and accurately identify the nature of the feature definition
problem involved. As will be shown, low pass filtering can be the wrong approach to improve

feature definition. There has been comparatively little systematic methodology developed for
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image diagnosis, other than user experience. This can make the AFM learning curve a lengthy
one for new biomedical researchers, especially for certain classes of biomedical problems that
have feature definition issues.

In the present work, a severe problem with feature definition of astrocyte neural cells on a
promising prosthetic nanofibrillar scaffold for brain and spinal cord injury repair [37, 38] is first
diagnosed and then resolved. Recent studies indicate that cells grown on nanofibrillar surfaces
that approximate their native extracellular matrix environments behave differently, and in
seemingly more biomimetic ways [10, 72]. Many details of the cell-cell and cell-scaffold
interactions that may induce the biomimetic response are not presently well known. This is
therefore a research area in which the nanoscale resolution capability of AFM could offer
significant biomedical insights. The difficulty with AFM investigation is that cells on
nanofibrillar surfaces interact with these surfaces via nanoscale edges and processes that are not
distinguishable from the nanofibrillar background by height, deflection or phase imaging. This is
because the cellular edges and processes are approximately the same order in height as the
background nanofibers, ~100 to 200 nm. This problem can be resolved by filtering and present a
novel diagnostic approach based on standard AFM section measurements to enable
knowledgeable filter selection and design. The requirements for successful image processing
were identified as a combination of low frequency component suppression with dynamic range
enhancement. This design was implemented to filter the harmonic components present in the
images in such a way that the cellular edges and processes became distinguishable from the
nanofibrillar backgrounds. The new information revealed in the filtered AFM images would
change the biomedical interpretations drawn about the cell-cell interactions present, especially

when compared with a more typical analysis of fluorescent microscopy images [83].
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7.2 Material and Methods

7.2.1 Neural Cell Culture

Rat cerebral cortical astrocytes were prepared from postnatal day one (P1) Sprague Dawley rats

. . . 2 . .
and grown to confluence in astrocyte medium in 75 cm tissue culture flasks as previously

described [10]. The astrocyte culture medium was comprised of Dulbecco’s Modified Eagle’s
Medium (DMEM, Invitrogen, Carlsbad, CA) + 10% calf serum (Invitrogen). After reaching
confluence (~8-10 days), flasks were shaken overnight on a rotary shaker at 37°C to remove any
loosely adherent oligodendrocytes, neurons, or macrophages. Astrocytes were then subcultured
in astrocyte medium (0.5 ml) at a density of 50,000 cells/well onto 12 mm coverslips coated with
nanofibers in 24 well trays. The astrocytes were maintained for 24 hours (h). The astrocytes
were then fixed with paraformaldehyde (4%) and stained with phalloidin [113] for fluorescent

microscopy investigation. Phalloidin staining did not affect the AFM imaging.

7.2.2 Nanofibrillar Culture Surface
Randomly oriented polyamide nanofibers (median diameter ~180 nm) were electrospun from a
blend [81] of two polymers [(CogO4N4H47), and (Cp7044N4H50),] onto plastic ACLAR

coverslips (Ted Pella, Reading, CA) by Donaldson Co., Inc. (Minneapolis, MN). Cross-linking
of nanofibers was done in the presence of an acid catalyst. The resulting nonwoven polymeric
nanofibrillar matrix was approximately 2.0 um thick when measured on edge by optical

microscopy, with no direct openings to the coverslip surface [1, 128].
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7.2.3 Epi-Fluorescence Microscopy

Epi-fluorescence microscopy images of astrocyte neural cell cultures at 24 h were captured using
a Zeiss Axioplan microscope (Carl Zeiss Microimaging GmbH, Germany). Fluorescence optical

microscopy is the most widely utilized technique for cell culture analysis.

7.2.4 Atomic Force Microscopy

AFM images of astrocyte neural cell cultures at 24 h were captured using a Nanoscope IIIA
(Bruker AXS Inc, Madison WI, formerly Veeco Metrology) operated in ambient air. Wide-area

images showing cell groups were acquired using a J scanner with a maximum scan range of 125

2 . . .
x 125 pm™ x-y range and + 2.774 um z range with the AFM was operated in contact mode, using

silicon nitride tips with a nominal tip radius of 20 nm and a cantilever spring constant k = 0.58

N/m. Close-up images of cell-scaffold interactions were acquired using an E scanner with a

. 2 .
maximum scan range of 13.5 x 13.5 pm x-y range and + 1.54 um z range with the AFM was

operated in tapping mode, using etched silicon tips with a nominal tip radius of 10 nm and a

drive frequency of ~320 kHz.

7.2.5 Image Processing Methods

Digital image processing techniques were implemented with MATLAB version 7.6.0 (R2008a).
Digital images were exported as ASCII files from the Nanoscope Software version 5.30r3.sr3 by
converting the units to nm. Four different types of two-dimensional Finite Impulse Response
(FIR) digital filters were evaluated in this work: frequency domain Gaussian and Butterworth

high pass filters, spatial domain high pass filters and high boost filters. The Gaussian and
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Butterworth high pass filters were implemented over frequency domain with normalized cutoff
frequencies (o/m) from 0 to 1 and with integer degrees from 1 to 5. As a final step, histogram

equalization was applied for contrast enhancement (MATLAB®, The MathWorks, Natick, MA).

7.2.6 Gaussian High Pass Filter Implementation

Image enhancement in the frequency domain is based on the computation of the two-dimensional
discrete Fourier transform (DFT) of the input image, followed by multiplication of the result by a
filter transfer function. The final output is obtained by taking the inverse two-dimensional DFT
of the product. The fast Fourier transform (FFT), the computationally efficient algorithm [129]

for computing DFT, was performed for all of the DFT computations throughout this work.

The two-dimensional DFT of an M x N pixel image was calculated as:

1 —M—1wN— :
F(uv) =-— oo Ly=o f(x,y)exp [—]Zn (% + L—y)] (7.1)

where x and y are the spatial variables, f{x,y) is the raw image, « and v are the frequency domain

variables, and F is the two-dimensional DFT of the M x N pixel image.

The Gaussian high pass filter (GHPF) transfer function was implemented as:

(7.2)

g

H(u,v) =1—exp|—
(u,v) exp[ T
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where Dy is the cutoff frequency and D(u,v) is the distance from (u,v) to the origin. To apply the
GHPF to the image, F(u,v) and H(u,v) were multiplied by array multiplication.

G(u,v)=F(u,v)H(u,v) and the inverse two dimensional DFT defined as:
— \'\M—-1\y'N-1 . ux vy
g, y) = XuZo Xv=o G(u,v)exp []Zn (ﬁ + F)] (1.3)

was applied, and the final GHPF result was obtained.

7.2.7 High Boost Filtering Implementation

High boost, or high-frequency-emphasis, filtering is based on adding a specified percent of the
original image to the high pass filtered image [130]. This addition restores the low frequency
components that were lost in the high pass filtering operation, so the resulting image may look
more like the original image. This was attractive for re-inclusion of cell surface features. A high-

boost filter was implemented as:

Y=A-1)0+H (7.4)

where Y is the filter output, 4 is the amplification factor, O is the original image and H is the

high pass filtered image.

7.2.8 Histogram Equalization for Contrast Enhancement

A histogram equalization was performed in order to enhance the contrast of the filtered images.

The image contrasts were enhanced by transforming the values in the filtered image, so that the
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histogram of the output image had a roughly equal number of pixels mapped to each of its 256
levels. The histogram equalization operation converted the low-contrast and dark images to

relatively higher contrast and brighter images.

7.3 Results

In this section, the feature definition problem found in distinguishing thin neural cell processes
and edges from the tissue culture surfaces that have nanoscale features is identified. The
quantitative problem diagnosis procedure is presented next. The optimal filter design based on
the problem diagnosis is then given, and finally the biomedical interpretations drawn from

analyzing images with missing versus complete information are discussed.

7.3.1 Feature Definition Problem

A composite AFM height image of a three-astrocyte group on a nanofibrillar surface is shown in
Figure 7.1 (a). The feature definition is poor for both the cell edges and the cellular processes
(extensions with which a cell explores its environment). The structures marked by arrows in the
AFM height image of Figure 7.1 (a) could be either nanofibers or cellular processes. Close-ups
of potentially important cell-scaffold interactions (dashed box in Figure 7.1 (a)) were
investigated by AFM tapping mode phase images. As shown in Figure 7.1 (b) this did not
improve the feature definition. The problem is that the cellular edges and processes are

approximately the same order in height as the background nanofibers, ~100 to 200 nm.
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Figure 7.1: Feature definition problems of astrocyte neural cells on nanofibrillar surfaces. (a)
The structures marked by arrows in the AFM height image could be either nanofibers or
processes. (b) A higher resolution close-up tapping mode phase image of the region shown by
dashed box in (a). Its edge features are still unclear. [83*].

7.3.2 Systematic Approach to Problem Diagnosis

A diagnostic approach based on standard AFM section measurements was developed. Individual
section measurements of the nanofibrillar surface and an astrocyte cell body are shown in Figure
7.2 (a)/(b) and (d)/(e). A one-dimensional DFT was then applied to the section measurement
data of Figure 7.2 (b) and (e). This converted the section measurements into the frequency
domain where the harmonic components could be studied and analyzed. The magnitudes of the
DFT spectra were then calculated, and the logarithmic DFT spectra were plotted. The

logarithmic DFT spectra shown in Figure 7.2 (c¢) and (f) can be used to identify the key
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differences between the cell and nanofibrillar surfaces, which can then be used to create an

optimal filter design. In the present case, the differences were:

1.

The one dimensional DFT spectra in Figure 7.2 (c) and (f) demonstrated that the
amplitude of the zero frequency sample of the cell profile was approximately 5 fold
higher than the amplitude of the zero frequency of the nanofibrillar profile. This
suggested that attenuation of the zero frequency sample and the other low frequency
components with a high pass filter would result in deemphasizing the astrocyte surface
relative to the nanofibers so that the astrocyte surface could be distinguished from the
nanofibrillar background. This is known as dynamic range enhancement.

The nanofibrillar surface had sharper features, meaning more power in the higher
frequency harmonics than the astrocyte surface. The high frequency harmonic region
above cut-off frequency 0.5 (red dotted lines) had 52% more power than the same
frequency region for the astrocyte DFT spectrum.

The low frequency harmonics of astrocytes and nanofibers were overlapping in the DFT
spectra (Figure 7.2 (c¢) and (f)). Therefore, total elimination of cell surface information
while retaining the nanofibrillar surface information is not possible by filtering
techniques. However, because the high frequency components of nanofibrillar surface
had more power than the high frequency components of astrocyte surfaces, as shown in
Figure 7.2 (c) and (f), amplification of the high frequency components would exaggerate
the difference between nanofibers and astrocytes. This is achieved by using a high pass,
not a low pass, filter. The results of a preliminary test using a GHPF, shown in space and
k-space domains in Figure 7.3, confirmed this approach. When the GHPF surface profiles

shown in Figure 7.3 (a) and 7.3 (c) are compared, it can be seen that the nanofibrillar
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surface has higher edge features than the astrocytes. Figure 7.3 (b) and 7.3 (d) shows that
the high frequency harmonics of nanofibrillar substrate has more power than the high
frequency harmonics of astrocyte surface. These quantitative differences are the basis for

the subsequent successful filter design.
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Figure 7.2: (a) Section measurement of nanofibrillar surface along dashed line, (b)
corresponding surface profile, and (c) DFT of nanofibrillar surface profile. (d) Section
measurement of cell surface along dashed line (e) corresponding surface profile, and (f) DFT
of cell surface profile. [83*].
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Figure 7.3: GHPF results (a) filtered nanofibrillar surface profile, (b) DFT spectrum of the
nanofibrillar surface profile, (¢) filtered astrocyte surface profile, and (d) DFT spectrum of the
astrocyte surface profile. [83*].

7.3.3 Filter Design Based on Problem Diagnosis

The Gaussian and Butterworth frequency domain high pass filters were implemented by
changing the order and the cutoff frequency of the filter. Optimum results were obtained with a
GHPF transfer function of order 1 and normalized cutoff frequency 0.5. The perspective plot of
the GHPF transfer function of order 1 and normalized cutoff frequency 0.5 is shown in Figure

7.4 (a) and the radial cross section of the transfer function is shown in Figure 7.4 (b). Figure 7.4
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(a) shows that the Gaussian frequency domain high pass filter is positional invariant or isotropic.
Application of the Butterworth filter yielded noisier results, therefore identifying the optimized

GHPF as preferable.
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Figure 7.4: (a) Perspective plot and (b) radial cross section of the GHPF transfer function of order
1 and normalized cutoff frequency 0.5. The zero frequency sample is at the center in (a). [83*].

Spatial domain filters were also investigated, both as an alternative to frequency domain filter
and for implementation of high boost filtering, a variant of spatial filtering, for return of cell
features to filtered images. Spatial domain filters require the specification of a mask. In the
present work, 3 x 3, 5 x 5 and 7 x 7 spatial high pass masks were investigated, and 3 x 3 mask
size was identified as optimal. High boost filtering was therefore performed using a 3 x 3 spatial
high pass mask. Amplification factors of 1.05, 1.10, 1.15 and 1.20 were implemented, and 1.15
was optimum. However, the high boost filtering technique was not successful because return of
the %15 of the original image also compressed the dynamic range to the point where cellular

edge and process feature definitions were unacceptably reduced. Furthermore, analysis of spatial
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domain transfer functions revealed positional anisotropy that would introduce distortions into
filtered images of randomly oriented nanofibers. These investigations enabled the systematic

selection of the GHPF as best for the investigations.

7.3.4 Biomedical Interpretations Based on Fluorescence Microscopy, AFM and

GHPF AFM Height Images

Cell culture protocols include inspection for cell morphology at regular intervals, e.g., at 24 h
and 48 h, typically performed using optical microscopy. In a coordinated epi-fluorescence
microscopy/AFM investigation [131], a series of images from different regions of the astrocyte-
on-scaffold cell cultures were acquired using epi-fluorescence microscopy. The epi-fluorescence
microscopy images (Figure 7.5 (a)) indicated that the astrocytes were stellate but largely isolated
from each other at 24 h. AFM height image of astrocytes cultured on nanofibrillar surfaces,
shown in Figure 7.5 (c), would not contradict the conclusion that the cells were stellate and
largely isolated at 24 h. However, the clear feature definition of cellular edges and processes
obtained by application of the GHPF filter, shown in Figure 7.5 (b), demonstrated that significant
leading edge formation beyond the previously assumed process ending had occurred at 24 h. The
high boost filtering result shown in Figure 7.5 (d) demonstrates that loss of dynamic range
enhancement by inclusion of as little as 15% of the original image resulted in loss of feature

definition to a level comparable to that of an unfiltered AFM image.
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Figure 7.5: (a) Epi-fluorescence microscopy image of “isolated” astrocytes at 24 h. (b) GHPF
AFM image revealed significant leading edge formation. (c¢) Unfiltered AFM image did not
show full extent of leading edge formation. (d) Inclusion of 15% of original image in high-
boost filtering resulted in loss of feature definition to a level comparable to unfiltered AFM
image. [83%*].

The unfiltered height image of Figure 7.1 (a) is reproduced in Figure 7.6 (a) and compared
with its GHPF equivalent in Figure 7.6 (b). In addition to the long process described in Figure
7.5, the filtered image revealed a second complete cellular bridge that extended between the
“isolated” cells. Direct contact via cellular bridges has implications for inter-cellular information
exchange [132] and, using the methods developed in this paper, this is the first time to report this

possibility for neural cells on nanofibrillar surfaces.
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Figure 7.6: In the composite AFM height image (a), cellular processes and cell edges are
indistinguishable from the nanofibrillar background. (b) In the GHPF result, the cellular edges
and processes are clearly distinguished from nanofibrillar scaffold. Scale bars, 20 pm. [83%*].

7.4 Discussion

In this work, DFTs of standard AFM section measurements of astrocytes versus nanofibrillar
surfaces were used as the basis for the diagnosis of the feature definition problem. These showed
that the high frequency components of nanofibrillar surface had more power than the high
frequency components of astrocyte surfaces and identified the use of a frequency domain high
pass filter as the potential solution to the feature definition problem. Such a filter has two
advantages. The high frequency components of the nanofibrillar surface are amplified, making
them easier to distinguish from the cellular features. Furthermore, suppression of the low
frequency components yields a dynamic range enhancement of the image. The diagnostic

conclusions were therefore that the combination of dynamic range enhancement with low
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frequency component suppression that could be achieved through frequency domain high pass
filtering would be likely to enhance feature definition of cellular edges and process relative to
nanofibrillar tissue scaffolds. A GHPF filter of appropriate degree and cutoff frequency was
designed and used to selectively emphasize the high frequency harmonics that belonged to
nanofibers of the tissue culture scaffold, enabling the nanoscale cellular edges and processes to
be distinguished from nanofibrillar surfaces. The high boost filtering technique, although
attractive for inclusion of cell surface features, was not successful in the problem because the
return of as little as 15% of the original image also compressed the dynamic range with
unacceptable loss of cellular feature definition relative to the nanofibrillar surface. The
information needed for clear feature definition was contained in the AFM images all along. The

problem was not a damaged or dirty tip, or poor tracking.

The GHPF filter of the present study was successfully applied to more than 250 contact and
tapping mode AFM height images of cerebral cortical astrocytes cultured on poly-L-lysine
functionalized glass, nanofibrillar scaffolds and fibroblast growth factor-2 derivatized
nanofibers; and also cerebellar granular neurons cultured on nanofibrillar scaffolds and poly-L-
lysine functionalized glass. While this suggests that the GHPF filter with selected degree and
cutoff frequencies has general utility in cell culture investigations, the major emphasis of this
study is on the simple diagnostic approach that identified it. The diagnosis and custom filter
design approach presented here expands user options beyond the selection supplied with the
instrument or towards more knowledgeable use of instrument supplied filters. It also enables the
user to connect with the growing body of work in image enhancement methods for AFM images

for biological samples [133], for non-biological samples [134], and in general [135, 136, 137].
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The electrospun polyamide nanofibrillar matrices of the present study have shown promising
results for spinal cord repair [38]. There are many other types of nanofibrillar prosthetics
currently under investigation for different injury repair situations, including self-assembling
peptide nanofibers [138], porous hydrogels [139], self-assembling nanofibrous gels [140] and
ECM allografts [141]. Many potentially significant details of the cell-cell and cell-scaffold
interactions are not presently known and the nanoscale resolution of AFM could offer significant
biomedical insights. However, AFM investigation of cells on any of these surfaces would
encounter the same problem described in the present work: that the dynamic range of the
captured images is insufficient to allow thin ~20-100 nm layers of cytoplasm to be distinguished
from ~100-200 nm nano-featured surfaces.

GHPF AFM height images revealed that these nanofibrillar surfaces enable the development
of previously unknown astrocyte cell-cell interactions by 24 h, which provides new information
for ongoing investigations of why cells cultured on nanofibrillar surfaces seem more biomimetic.
The same techniques were successfully applied for cerebellar granular neurons cultured on
nanofibrillar surfaces, and should be useful in similar investigations, e.g., cardiomyocytes on
nanofibrillar surfaces. The methods developed here can therefore extend the usefulness of AFM

nanoscale imaging in regenerative medicine.
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Chapter 8

A new AFM Based Cell Shape Index for Quantitative Cell Spreading

and Stellation Investigation

8.1 Introduction

A cell shape index (CSI) is a measure of the morphological differentiation of a cell that is used to
provide a quantitative comparison between cells. In vivo, cells have different morphologies
depending on their type and environment, e.g., astrocytes have a stellate morphology in the
central nervous system (CNS) to allow neuron and capillary interactions [142] while endothelial
cells in heart arteries have an elongated morphology with actin and microtubule fibers aligned
parallel to the direction of blood flow [143]. In vitro, cells also have different morphologies
depending on their type and environment, and recent studies have used quantitative cell shape
investigations to explore the potentially significant directive impact of environments for healthy
or pathological cellular outcomes [12, 116, 144, 145, 146].

A conventional CSl is the ratio of perimeter squared to the cell projection area [142]:

CSI=P*/ (4 A) 8.1)

where P is cell perimeter, and A is the cell projection area. This equation describes stellation as a

cell’s departure from a circular cross section since:

Qrr)/dn(m)=1 (8.2)
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The conventional CSI has been previously used to provide two-dimensional shape
information of astrocytes [142] and vascular endothelial cells [143]. However, this definition for
CSI, which was created for use with two-dimensional optical microscopy images, does not
include three-dimensional effects, e.g., cell-spreading or hypotonic swelling.

New research directions are actively being pursued to enhance the usefulness of cell shape
analysis in biomedical research. Two important directions are research to incorporate three-
dimensional information and research to segment cells for CSI analysis. Addressing the former,
Canham and Burton have proposed a “sphericity index” for the study of human red blood cells
[147]. Chvatal et al. has recently developed a three-dimensional cell morphometry definition for
use with z-series confocal microscopy images [148]. Tiryaki et al. has recently developed a new
CSI that incorporates volumetric information acquired from high-resolution AFM height images
of cells on culture surfaces [120]. Addressing the segmentation issue, CSI analysis is a revealing
but currently under-utilized approach because CSI calculation requires a clearly defined cell
perimeter. Automatic extraction of cell boundary information using, e.g., NIH Image J 1.46r is
limited to isolated cells with perimeters that display sharp contrast. In recent work by Pincus and
Theriot [149], a mask and template matching approach was innovatively applied to confluent
cells in culture to create an accurate numerical two-dimensional representation for individual
cells with extractable boundaries.

In the present work, the new CSI definition based on analysis of high-resolution AFM
images is used [120] and additionally incorporate a new cell segmentation algorithm that uses a
new multi-dimensional texture analysis to segment cells from substrate regions. The cell area and
cell contours are found automatically without user bias. Segmentation of cells from substrate

regions is important for CSI analysis applied to cells cultured on the new, biomimetic substrates
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as nanofibrillar [10] or hydrogel scaffolds, which have with significant surface features. AFM
images retain volumetric information such as cell spreading for cells cultured on surfaces,
making the new CSI segmentation and analysis system appropriate for investigations of
substrate-adherent cell cultures and surface seeding of three-dimensional matrix cultures.

The new AFM-based CSI segmentation and analysis system is applied to analysis of the
responses of untreated and dBcAMP-treated reactive-like astrocytes to the nanophysical cues
provided by four culture environments including polyamide nanofibrillar scaffolds. Astrocyte
responses to polyamide nanofibrillar scaffolds appear to favorably modulate the glial scar
response that blocks axon regeneration in CNS traumatic injury [37, 38]. AFM studies [12] have
identified that responses include cell spreading as well as process formation, and that the cell
spreading can vary depending on the surface polarity of the cell substrate. In the present work,
the new CSI segmentation and analysis system is used to perform the first quantitative cell
spreading and stellation response investigation for astrocytes in response to (1) changes in

nanophysical environment cues, and (2) untreated versus reactive-like states of astrocytes.

8.2 Experimental Procedures

8.2.1 Preparation of samples

Four culture surfaces were investigated in this work: PLL glass, PLL Aclar, Aclar and polyamide
nanofibrillar scaffolds. Glass coverslips (12 mm, No. 1 coverglass, Fisher Scientific, Pittsburgh,
PA) and Aclar coverslips (12 mm, Ted Pella, Redding, CA) were used as underlying surfaces for
the PLL functionalization. Glass or Aclar coverslips were placed in a 24-well tissue culture plate

(one coverslip/well) and covered with 1 mL of poly-L-lysine (PLL) solution (50 pg PLL/mL in
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dH»O) overnight. The coverslips used for the cultures were then rinsed with dH>O and sterilized

with 254 nm UV light using a Spectronics Spectrolinker XL-1500 (Spectroline Corporation,
Westbury, NY). The polyamide nanofibrillar scaffolds electrospun on Aclar substrates were
obtained from Donaldson Co., Inc. (Minneapolis, MN) and Corning Life Sciences (Lowell, MA).

The fiber diameter for the nanofibrillar scaffolds has a range from 100 to 300 nm.

Primary untreated and reactive-like astrocyte cultures were prepared as previously reported
[115, 150]. The astrocytes cultured on coverslips were fixed in 4% paraformaldehyde for 10
minutes, rinsed with distilled water and air-dried. All cells in this study were fixed at 24 h, at

which time cells were either isolated or in small clusters.

Astrocyte responses to the nanofibrillar surfaces were studied in comparison with their
responses to three additional culture surfaces: poly-L-lysine-functionalized planar glass (PLL
glass), unfunctionalized planar Aclar (Aclar), and PLL-functionalized planar Aclar (PLL Aclar).
PLL glass is a standard astrocyte culture surface, and astrocyte responses to it are well
characterized, making it useful for identifying differences in astrocyte responses to other
surfaces. The polyamide nanofibrillar scaffolds were electrospun on Aclar substrates; therefore,
astrocyte responses to Aclar surfaces were investigated to distinguish responses to the
nanofibrillar scaffolds from possible responses to the underlying Aclar substrate. Astrocyte
responses to PLL Aclar surfaces were studied to clarify the role of the underlying substrate
versus surface functionalization. The four culture surfaces were previously characterized [12,
116] in terms of four of the nanophysical cues that they presented: local surface roughness, local

elasticity, local work of adhesion and global surface polarity.

130



8.2.2 Analytical techniques

The AFM investigations were performed using a Nanoscope Illa (Bruker AXS Inc, Madison WI,
formerly Veeco Metrology) operated in contact mode and in ambient air. A J scanner with 125
pm x 125 pm x 5.548 um x-y-z scan range, and Bruker DNP silicon nitride probes with a 35° +
2° cone angle and a nominal 20 nm tip radius of curvature were used for the AFM investigations.
For each culture surface, a minimum of 50 images were captured from different regions of at
least three different cell substrates. The AFM height images are 512x512 and 256x256 pixels as
identified in the text with 16 bit gray level depth. In this work, the field of view of the images
was 100 um x 100 um. Cell segmentation for both the conventional and new CSI calculations
was implemented with MATLAB version 7.7.0 (R2012b) (The MathWorks, Natick, MA) using

the neural network and image processing toolboxes.

Cell segmentation was performed automatically by texture segmentation. The AFM height
data was exported as an ASCII file, and the textural features were extracted from the height and
the Gaussian High-Pass Filtered height image. For comparative culture surfaces, Aclar, PLL
Aclar and PLL glass, the cell and substrate surface training data was determined manually. The
cell boundaries on nanofibrillar scaffolds are not easily distinguishable. Therefore, for astrocytes
on nanofibrillar scaffolds the cell surface training data features were collected from AFM cell
culture images, and scaffold surface data features were collected from bare nanofibrillar scaffold
AFM images to ensure correct training data. A total of 28 types of textural features were
extracted from AFM height images, and are listed in Table 8.1. The textural features were
extracted from each pixel of the image, and the moving window size was set to 5x5 for local
statistics textural features. The texture measure A and GHPF textural features were calculated as

described in Ref [151] and Ref [83]. Sequential forward selection (SFS) and sequential floating
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forward selection (SFFS) feature selection algorithms [152] were used to select features and
reduce the computational cost for segmentation. The texture features were then used to classify
each pixel of the AFM image either to cell or cell substrate region via a two-hidden-layer
feedforward neural network with resilient backpropagation algorithm [153]. The number of
training iteration was set to 30 times the number of input features to prevent the overtraining of
the classifier. The number of hidden nodes was approximately 10% of the number of training
patterns. For target values, each digit was encoded with +1 and -1 values to improve
performance of the classifier. After segmentation, the morphological close operation was used to
remove the noise. The small regions in the segmented image which are less than 1% of the whole
image were eliminated. The segmented image was used to calculate the conventional and new
CSI. In this work, the cell segmentation method was not intended for finding the boundaries of
cells in clusters. The boundaries of cells were outlined manually when the cells were clustered.
The segmentation performance on PLL Aclar surfaces was low. When 7x7 pixels moving
window was used, the accuracy was 85%. Therefore, the segmentation was done manually when

needed.

GLCM is a statistical method of extracting texture features from images. It is a tabulation of
how often different combinations of pixel brightness values occur in an image [ 154]. The texture
idea came from Haralick’s paper [155]. In this work, a subset of 28 textural features derived from
two models: the gray level co-occurance matrix and local statistics texture features were used to

classify cell region versus cell substrate region. The 28 textural features are listed in Table 8.1.
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Table 8.1: The textural features used to segment the cell surface from the cell substrate. (STD:
standard deviation; GHPF: Gaussian high pass filter; GLCM: gray level co-ocurance matrix;
IMC1: information measure of correlation 1; IMC2: information measure of correlation 2.

# |textural feature model # |textural feature model

1 |mean local statistics 15 |inverse difference moment | GLCM
2 |STD local statistics 16 |sum average GLCM
3 [mean by STD local statistics 17 [sum variance GLCM
4 |GHPF local statistics 18 [sum of variances GLCM
5 [texture measure A local statistics 19 [sum entropy GLCM
6 |entropy local statistics 20 |entropy GLCM
7 | skewness local statistics 21 |difference variance GLCM
8 |kurtosis local statistics 22 |difterence entropy GLCM
9 [power spectrum local statistics 23 |IMC1 GLCM
10 [local binary partition |local statistics 24 |IMC2 GLCM
11 |contrast GLCM 25 |dissimilarity GLCM
12 |correlation GLCM 26 |inertia GLCM
13 |energy GLCM 27 |cluster shade GLCM
14 [homogeneity GLCM 28 |cluster prominence GLCM

8.2.2.1 Astrocyte Morphology Investigation by Conventional CSI

After segmentation, the conventional CSI definition given in equation 1 was used to
investigate the quantitative morphometry of the cerebral cortical astrocytes cultured on the four
different culture surfaces that presented different nanophysical cues [120]. The conventional CSI
measures were investigated for statistically significant differences using Tukey’s test pairwise

comparisons with P <0.05.
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8.2.2.2 Astrocyte Morphology Investigation by New AFM-based Cell Shape Index
The new CSI that includes volumetric information extracted from AFM images of cells on

surfaces is defined as:

New CSI= (1/18 ) x (SAcel)” / (Veell) (8.3)

where SA g is the cell surface area, and Vg is the cell volume. This assumes that the cell
is resting on, not penetrating, a surface. For a hemispherical “cell” on a surface, the new CSI is:

(1/18 1) x (0.5[4nr])° / (0.5[4/3 1)) = 1 (8.4)

Therefore, the new CSI increases as the cell morphology become more stellate and/or the cell

spreading increases.

After cell segmentation from the cell substrate, the surface area of each cell was calculated
by splitting the AFM topography faces into triangles. The area of a triangle in three-dimensional

space was computed using the cross product given by:
SAtriangle =0.5(v2 - v x (v3-vy)| (8.5)

where SAgriangle 1 the area of a triangle on the cell surface, and the coordinates of the vertices

are given by vi=(Xj, ¥j, zj)- The surface area of each triangle was then computed over the

segmented cell area, and cell surface area was obtained. The volume of each astrocyte was
calculated by assuming each pixel and its z coordinate as a square prism [156]. The volume
under each pixel was computed by multiplying the unit pixel area by the height of that pixel.

This was repeated for all the pixels of the segmented cell region. The base level for all culture

134



surfaces was assumed to be a planar surface. The base level for planar culture surfaces was
determined taking the average of the user-defined culture surface region. The base level for the
nanofibrillar scaffolds was determined similarly except when the average value of the culture
surface is not lower than the minimum height point on the cell region, the base level was
assumed to be 10 nm (the thickness of cell membrane) lower than the minimum height point on
the cell region. The new CSI was computed as given in equation 8.3. Departure from unity
reflects the average departure from a three-dimensional hemispherical volume by both stellation

and cell spreading.

8.3 Experimental Results

8.3.1 Initial Segmentation Step

CSI analysis requires mathematical segmentation of cell from the cell substrate. The difficulty of
segmentation varies depending on the cell and the substrate. In this work, the cell segmentation
on nanofibrillar scaffolds and PLL Aclar surfaces were more challenging than the PLL glass and
Aclar surfaces. Cells on nanofibrillar scaffolds interact with these surfaces via nanoscale edges
and processes that are not distinguishable from the nanofibrillar background by AFM height,
deflection, or phase imaging. This is because the cellular edges and processes are approximately
the same order in height as the background nanofibers, ~100 to 200 nm. This difficulty was

overcome by using GHPF as described in detail [83].

The textural features of astrocytes and PLL Aclar surface were similar which reduced the
segmentation performance. The surface roughness of PLL Aclar surfaces was higher than other

cell substrates when the surface roughness values were measured from individual nanofibers [3].
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The surface roughness of the cell region has a lot of variance because of the many different types
of protein assemblies, glycoproteins, cell protrusions, and ion channels on astrocyte membrane.
Therefore, in terms of surface roughness, the cell and the PLL Aclar surfaces were closer than
other cell substrate surfaces. This explains the reason of the difficulty in segmenting the cell

region from the PLL Aclar surfaces.

In previous work, a diagnostic approach based on analysis of discrete Fourier transform of
standard AFM section measurements was developed and used to identify quantitative differences
in the frequency components of nanoscale cellular edges and processes of neural cells cultured
on nanofibrillar scaffolds. Accurate identification of differences formed the basis for the
subsequent successful Gaussian high-pass filter (GHPF) design that enabled the edges and
processes to be clearly distinguished in AFM images. In the present work, the GHPF was applied
to AFM height images and followed by histogram equalization. The final cell boundaries were
determined by manual segmentation. The results of the segmentation procedure steps for a

representative astrocyte AFM height image were shown in Figure 8.1 (a)-(¢).
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Figure 8.1: The segmentation procedure results of AFM height images of an astrocyte
cultured on cell substrates. AFM height images of the astrocytes (left column), the
segmentation results (middle column), and individual cell area outlines (right column).
Scale bar, 10 um.
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8.3.2Astrocyte Morphology Investigation by Conventional CSI

After segmentation, the conventional CSI definition given in equation 8.1 was used to investigate
the quantitative morphometry of the cerebral cortical astrocytes cultured on the four different
culture surfaces that presented different nanophysical cues. At 24 h, astrocytes on all substrates
exhibited variation in their morphologies. The conventional CSI results, shown in Figure 8.2,
indicated that untreated astrocytes cultured on Aclar surfaces are more stellate than the ones on
other surfaces. The astrocytes on PLL glass and nanofibrillar scaffolds became more stellate

when they were treated by dBcAMP, whereas other astrocytes did not.

15
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> M reactive-like
3
1 | | |

Aclar PLL glass Nanofibrillar PLL Aclar
scaffolds

Figure 8.2: The conventional CSI results of untreated and reactive-like astrocytes cultured on
Aclar, PLL glass, nanofibrillar scaffolds and PLL Aclar. Error bars show standard error.
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8.3.3 Astrocyte Morphology Investigation by New AFM-based Cell Shape Index

The new CSI results shown in Figure 8.3 indicated that untreated and reactive-like astrocytes
cultured on the nanofibrillar scaffolds had the lowest CSI values. This implies that, with the
same stellation counted in the new CSI, there is also dominant low spreading behavior. The other
astrocyte group with low CSI values was on Aclar. AFM and phalloidin staining results [12]
confirmed that astrocytes cultured on Aclar surfaces were significantly more hemisphere-like
than the ones on other substrates. The new CSI results further indicated that the astrocytes
cultured on the two PLL functionalized surfaces were similar in terms of combined cell
spreading and stellation possibly due to PLL functionalization. The new CSI of astrocytes on
PLL glass reduced when the astrocytes became reactive-like, whereas the ones of PLL Aclar

were increased. This result may be due to the different elastic property of cell substrate.
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Figure 8.3: New CSI results of untreated and reactive-like astrocytes cultured on Aclar,
PLL glass, nanofibrillar scaffolds, and PLL Aclar. Error bars show standard error.
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8.4 Discussion

The field of measuring cell morphology changes is known as quantitative morphometry. CSI is a
dimensionless two-dimensional cell shape analysis method [142]. A CSI that incorporates
volume information acquired from high-resolution AFM height images of cells on culture
surfaces was recently reported [120]. In this work, a new automatic cell segmentation method
that can be successfully applied to cells on rough non-planar surfaces is presented. The new CSI
is also dimensionless but includes quantitative information about the cell spreading and

stellation.

Cell-matrix adhesion is mediated by biomolecular interactions between adhesion receptors on
the plasma membrane and cell substrate. Cell spreading is an F-actin and myosin dependent
process, and it is important for cell growth and cell motility. To date, cell spreading has been
investigated by using confocal microscopy [157], and recently with AFM [158]. One of the
advantages of AFM over CLSM is that AFM resolution with the J scanner used in this work, in z
direction is less than 1 nm, whereas it is around 500 nm for CLSM. Thus, cell volume and cell
surface area calculations with AFM are more accurate than CLSM. As a result, this study

presents a very accurate quantitative evaluation of cell spreading.

The PLL functionalized surfaces are commonly used as a cell substrate for neural cells to
increase cell adhesion. The astrocytes cultured on Aclar adopted a hemisphere-like shape, but the
ones on PLL Aclar and PLL glass were well spread. The new CSI is a new quantitative cell
morphology evaluation method that makes use of the volumetric information provided by high-

resolution AFM investigation, expected to useful in biomedical science.
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Chapter 9

Conclusions and future work

There is currently no treatment option for human CNS injury. However, CNS axons have been
proven to grow in permissible environments; therefore, the primary problem to CNS injury is
finding the chemical and physical conditions that will promote axon regeneration [159]. This
dissertation demonstrates studies to elucidate the effects of nanophysical properties of a
promising CNS scaffold on the modulation of the cellular and molecular components of glial

scar.

In this research, dBcAMP-treatment was performed to obtain astrocytes that are similar to
reactive astrocytes in the glial scar, and named as reactive-like astrocytes. Nanophysical cues of
tissue scaffolds have been shown to affect morphology of untreated and dBcAMP-treated
astrocytes, and the astrocyte cytoskeletal protein expressions including actin, GFAP, and tubulin
(Chapter 6). Nanophysical cues that were investigated in this thesis are surface polarity, work of
adhesion, surface roughness, and elasticity. The expression of F-actin, GFAP, and tubulin were
quantified by CLSM z-series, and western blot. Western blot is used in biomedical science to
detect specific proteins in the given sample but does not show the distribution of the protein in
the cell cytoplasm. CLSM presents three-dimensional localization of protein which can also be

used for quantification of specific proteins.

In conclusion, polyamide nanofibrillar scaffolds presented a mid-range of multiple cues to
cells, while the comparative substrates presented cues that were extreme in one or more physical

parameters. One major finding from this research was identification of the nanofibrillar scaffold
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cues that corresponded to unchanged morphologies and cytoskeletal protein expressions even for
cells with deliberately induced reactivity. Another important major finding was identification of
a different set of nanophysical cues that induced morphological and protein expressions that
recapitulated glial scar formation. A further major finding was that all of the following showed
statistical differences as a function of the nanophysical cues presented by the culture
environments:  cytoskeletal proteins, reactivity proteins, and morphological expressions

including process length, soma height, and cell shape index.

The special contribution to image processing for AFM investigations was presented in
Chapter 7. GHPF is a useful feature for segmenting neural cells from nanofibrillar scaffolds. The
comparison of GHPF and other local statistics and GLCM textural features on the recognition
performance is given in Chapter 8. A new CSI definition which includes stellation and spreading

behavior of cells is also explained in Chapter 8.

The investigation of neural cell responses with super-resolution microscopy, a form of high
resolution light microscopy, continues. A preliminary study on the quiescent astrocyte-astrocyte
interactions on the nanofibrillar scaffolds demonstrated contact spacing at 24 h, with interactions
by stellate processes. While multiple examples of contacting structures that appeared to be in
various stages of development were discovered using AFM, a protein composition investigation
was below the resolution limit of the CLSM. A new capability, super-resolution microscopy, is
starting to enable protein investigations below the optical diffraction limit using strategic
combinations of emission, depletion and pixel-by-pixel analysis. The Figure 9.1 images, which
are immunostained for GFAP, were acquired using on a gated stimulated emission depletion
(GSTED) super-resolution microscopy system. An apparent contact (arrow) is located in the

large field of view confocal image shown in Figure 9.1 A. The GFAP fibril thickness was
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measured to be about 90 nm using the GSTED image and Huygens software (asterisk), and this
is well below the level of resolution of confocal microscopy. The new information provided by
the increased resolution indicates that function of the contacting process may be to increase the
interaction area. Furthermore, approximate location of the contacting cell GFAP with that of the

contacted cell is observed (left arrow), suggesting possible interaction(s) that can be explored.

Figure 9.1. A. Confocal GFAP staining image of an intercellular contact (arrow) between
untreated astrocytes cultured on nanofibrillar scaffolds. An AFM image of a contacting
structure is shown in the inset. B. In the higher resolution confocal image, the contact points
between the two cells (arrows) are not clearly resolved. C. In the STED image, the
continuity of the connections to the process is clearly resolved (right arrow). A potential
interaction between cells is shown by left arrow. The GFAP polymers were measured to be
about 90 nm using the STED image and Huygens software (asterisk). Images, D. 1. Shreiber
and V. M. Ayres laboratories. Scale bars show 10, 2, 2.5 and 2.5 um in A, A inset, B, and C,
respectively.
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Finally, there is a need for investigating the changes in the physical properties of tissue
scaffolds over time. An ideal scaffold should have growth inhibitory cues for axonal regeneration
at the acute phase of the recovery, but a growth promoting behavior in the chronic phase [160].
The degradation behavior of polyamide nanofibrillar scaffolds, the change in the physical
properties of scaffolds over time, and the influence of physical property changes on the neural

cell response remain as a future work.
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