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Abstract

Photoresist derived carbon films offer a un&set of properties that maprove useful asubstratum
for neuron cell growthAt this early stage in realizinge materia@@ potential as aplatform for neuron
culture, it is necessary to examine surface properties and neuronal cell behaS8iarfaces are
characterized by means relevant for studying -selifface response, including electrochistry and
surface energyComparing gene expression leyedslhesionand morphologyof PC12 cells grown on
photoresist derived carbon to that @fternative materialelucidatescellsurface interactiongn context
of known surface propertieResults show thaphotoresist derived carbonis a viable alternative to
currentmaterials offering the agantages dmodification and electrical propeigs.
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1. Introduction

For centuries, neurological damage from trauma and neurodegenerative disorders has long remained a
largely untreatable condition. Recent advandegsve enabled unprecedented new progress and
understanding in the field of neuroregenerative medicine. Chief among these advances is the
development of microelectromechanical systems (MEMS), which have seen application in areas ranging
from microchip desig to drug delivery platforms. In parallel, advances in neurobiology and
neurochemistry have elucidated the behavior of individual neuron ceilgroandin viva

Research driven largely by the semiconductor industry has given birth to a dizzyingohivisMS
fabrication technigues. Most notably, photolithography has proven to be an extremely versatile and low
cost option for manufacture of MEMS. Using silicon wafers coated in photoreactive material, it is
possible to create a deliberate pattern of tedal on the wafer with a resolution asmallasm m>»
Recent advances have seen the application of MEMS techniques to the creation of manmghtt
biocompatible materials. Procedures to fabricate photoresist derived carbon substrates have the
capaciy to create micropatterned biocompatible materials with unique chemical and electrical
properties.

Until recently, neuronal cell response ®ven the most basienvironmental conditions was not
understood. Laboratory studies have shed light on the procésseuronal differentiation and the
AYRAGARIZ f ySdz2NPyQa NBaLRyasS (2 Sy oA NRgfondgeis ! t  OdzS
of in vivoprocesses, have provided insight regarding ith@ivoprocess of neuron growthPhotoresist

derived cabon holds promise as a means to further characterize these behaviors. In addition to being
biocompatible, the material has the capacity to be easily modified chemically and its electrical
properties offers great potential for the study of neuron cells.

Photoresist derived carbon films are produced from the pyrolysis of photoresist filiitge resulting

carbon filmis biocompatible, easily modified and electrically conduatigerather unique set of

properties for MEMS materials. The range of applicatiamstiis novel material has yet to be fully

exploredt YR (G Kdza AG Aa ySOSaalNR (G2 FANBRG OKEF NI OGSNRI .
capabilities for cell growth Initial findings have demonstrated that photoresist derived carbon is a

viable substrate for nerve cell growth and differentiation.

This project seeks to further the understanding of photoreRssE NA 3SR O Nb2y FAf Y2
application in biological system#n addition to developing procedures to fabricate and charactehize

OFNb2y FAftYazr (KSaS LINBftAYAYIFINER &aiddzRASE KI @S &2dz=
properties. Fabrication procedures included development of a method to coat thick layers from-a thin

layer photoresist and a pyrolysis proceducesit the photoresist INB O dah g Nibp@rties. Films

G SNBE OKFNIOGSNAT SR F2NJ YIFLaa |yR (KAaAOlySaa ftz2aax
properties with the use of cyclic voltanetry. Cell culture procedures were adapted from previous

work and genetic assays were devised in an effort to gauge different levels of cell differentiation on the

surface. Additionally, adhesion assays assessed some aspectssaffeek response.
1



2. Background

2.1. Neural Tissue

Neural tissue is organized into twwoad groups: the central nervous system (CNS) and the peripheral
nervous system (PNS)The CNS consists of the brain and spinal cord. The CNS is responsible for
interpreting sensory input and dictating motor responses. It works with the PNS to resféévent

signals from sensory systems and transmit efferent signals. Afferent signals are transmitted by sensory
receptors in the PNS to the CNS, while efferent signals are control signalthddNS to muscles and
glands(Marieb & Hoehn, 2007)

The most obvious component of the CNS is the brain. Though only 2% of total body weight, the human

brain demands nearly 20% of body oxygen consumption and 25% of body glucose consumption. The
extremely high glucose demand is duegkly to the fact that most of the brain is capable of

YSGilI o2t AT Ay3a 2yté 3Af dz02aSo .80 dzaS 2F (GKS oONI AYC
the bloodbrain barrier. The barrier consists of a series of small gaps between endotiedléathat

have very high concentrations of transmembrane proteins and are called tight jundfibeaseb &

Hoehn, 2007)

The human brain is divided into four major regions by location and function: the cerebral hemispheres,
diencephalon, brainstem and cerebellum. The Cerebral hemispheres constitute about 83% of total brain
mass and are composed largely of folds of tissue. For the most part, the cerebral hemispheres are
responsible for higher functions including consciousniesguage, voluntary motor control and sensory
perception among many other important roles. The diencephalon is composed of the thalamus and
hypothalamus. With afferent impulses from all of the senses connecting to at least one neuron in the
thalamus, he structure serves as a sort of switching station between the brain and the rest of the body,
The hypothalamus is essential to overall homeostasis, regulating, among other systems, the autonomic
nervous system, body temperature, food intake/water balaacel sleepvake cycles. The brain stem
functions to carry out automatic behavior and is a major pathway for conduits between higher and
lower neural centers. The final major brain region is the cerebellum, which is responsible largely for
coordination am transmission of signals from the higher brain to the body. All activity in the cerebellum
is subconsciou@Varieb & Hoehn, 2007)

2.1.1. The Neuron

The basic unit of any neurological structure is the nerve cell. Nerve cells mmseare structured in a
manner that permits for signal transmissiohleurons possess a unique set of featuassde from their
obvious structural properties includirgging unable to divide, outliving most other cells and having very
high metabolic ates. Once differentiated, neuron cells are unable to divide further and carry out the
bulk of their lifetime with little structural changeSome hippocampal regionfiowever,are able to form
new cells with the help of undifferentiated stem cells, assistinghemory formation. Since neurons
cannot divide, theymust live for a very long time without losing any functional capacity. Additionally,
neurons operate with a very high metabolic rate, demanding a constant supply of gmogared to
2



most other cdl types The elevated glucose consumption rates are due in large part to high metabolic
demands of signal propagati¢iMarieb & Hoehn, 2007)

Each neuron is separated into two basic parts: the cell body and neurites or pesce$he cell body
contains the nucleus, a very well developed Golgi Apparatus and a number of other organelles. The
Golgi Apparatus in th@euron cell body is very well developesb that the cell may transport key
Y2t SOdzZ Sa |t 2y 3 dpkoessesygubtésextert] Fromih& &Il b0y fad Iddg, narrow

and often branching structures that are analogous to wires. Indeed, the analogy to a wire is even more
poignantwhen observinghat neurites are structured to carry signals. Neurites areddd into two
different categories based on their function and structure: dendrites and axons.  Dendrites are
responsible for receiving signals from adjacent neurons, while axons initiate and transmit signals
(Marieb & Hoehn, @07).

100 pm

Figure 2.1.1.1Micrograph of a neuron cell.

Notice the Axon emerging from the right of the cell body, while a dendrite grows from the left of the cell
body. This particular cell appears to be a bipolar neurite, with an axon and a dendritemaching

from opposite ends of the cell. The far right is the terminus of the axon, which appears to branch into
telodendria

Neurons may be classified by neurite structure. There are three basic groups of neurons: unipolar,
bipolar and multipolar. Upblar neurons have only one neurite emerging from the cell body, extending
from dendrite to axon. Bipolar cells have two neurites, one axon and one demrdniéeging fromthe

cell body. Multipolar cells have more than two neurites emerging from theboely. Though each of

the classifications specify a limited number of neurites emerging from the cell body itself, it is important
to remember that neurites almost always are branching and connect to a multitude of adjacent cells
(Bear, Connors, & Paradiso, 2000 nipolar and bipolar cells are typically found in sensory organs and
the PNS respectively. Constituting the bulk of the CNS, multipolar neurons are by far the most common



neuron type(Marieb & Hoehn, 2007) Differentiated P€l2 cells used in this study form multipolar
neurons(Greene, 1976)

Dendrites are thesignalreceiving end of a cell. They branch extensively, creating a very large surface
area to recele signals from other cells. Along the length of a dendrite, small structures called dendritic
spines form, branching outward. The shape of the spines is said to be intended to isolate certain
processes from the remainder of the céarieb & Hoehn, 2007) Discovery of mRNA and protein
synthesis in these small, isolated regions of the neuron is believed to be linked to memory formation.
Additionally, dendrite structure is useful in cell classification. Two broad cekslass distinguished by

the shape of the dendrite formations. Stellate cells are star shaped, with dendrites emerging from all
directions, while pyramidal cells have the bulk of their dendrites emerging from the cell body along a
single axis or perpendi@r to that axis(Bear, Connors, & Paradiso, 200D)fferentiated P€l2 cells

used in this study tend to form stellate structurgSreene, 1976)

2.1.2. The Axon

The axon is connected to the cell bodydygone shaped area called the axon hillock and extends for a
GSNE f2y3 RAallFIyOSz 2FGSYy NBLINBaSyldAy3d (GKS YI 22 NA
but the axon often has several branches or collaterals. The terminal end of the azoohes

extensively to maximize contact with neighboring cells. In certain cells, these terminal branches or
telodendria easilynumber in excess of ten thousandAt the terminus of the telodedria, the axon

connects to neighboring cells via a round sturet called an axon terminal or synaptic knob. The

terminus of the axon often has organelles present, namely mitochondria. Virtually any organelle can be
found at any point along the axon, save ribosomes, Golgi Apparatus and, of course, a (Maléels &

Hoehn, 2007) Refer to Figure 2.1.1.1 for an image of a nerve cell.

Principally, the axon functions to initiate and transmit nerve impulses. Signals are transmitted along the

length of the axon or conduction region, towarthe secretory region at the terminus.
bSdzZNBUONI yaYAGOSNE NB NBfSIFASR dzll2y GKS aAirdaylrf Qa
neighboring neuror{Bear, Connors, & Paradiso, 2007) ¢ KS | E 2 y Q &d by Sryulitidé of A & & dzL.
& 0 NHzO G dzNJ € LINEGSAyao®d aAONR{Gdzodzt S&a ailoAtAl SR o8&
Indeed upregulation of Tao genes is associated with axon gro(@tubin, Feinstein, Shooter, &

Kirschner, 185). Since the axon is quite long, there are challenges associated with getting important
OKSYAOIf & (GKNRdAZAK2dzi GKS a0NHzOGdzNBQa €t Sy3adKo b S d:
but mere diffusion is not sufficient to carry vesicleghe synaptic knobs. Thus, active transport within

the cell is necessary. Kinesin complexes are used to guide vesicles from the Golgi Apparatus along
microtubules to other sections of the cell. Transport away from the cell body is referred to as
anterograde transport, while transport toward the cell body is called retrograde transport and relies on

dynein to transport vesicles. A different protein is needed for transport in each direction because
microtubules are directionally aligned and each proteidésigned for transport in only one direction

along a microtubuléBear, Connors, & Paradiso, 2007)



2.1.3. Neuron Signaling

Signal initiation and transmission in neurons is performed along the length of the axon with the help of
gated ion channels. Naturally, the inside of the cell has a slight negative charge of arGumd, which

is referred to as the resting membrane potential. The voltage difference between the interior and
exterior of the cell is maintained by ion gradientgated by protein channelsA great deal of a nerve
OStftQa YSGlIo2tA0 RSYIFIYR Aad RSRAOI GSR Asiggnakslais NI (A 2
transmitted along the length of an axon, an action potential changes the local charge inside tha.neu

By rapidly allowing sodium ions to enter the cell, the membrane potential increases very rapidly. The
rapidly changing potential opens voltage gated potassium channels, releasing sodium into the
extracellular space and rapidly lowering the localrgeagradient. Upon returning to a lower potential,

the potassium gates close and the cell gradually restores resting membrane potential over the following
2.0 msto 2.5 ms. The end result is a rapid and severe cycling of cell membrane potential Braitgan
signals at a rate as fast as one hundred meters per se@dadeb & Hoehn, 2007)

Transmission of signals along neurons is referred to as an all or none phenomena, where the signal is
either transmitted or not, but alway with the same intensity. This observation reveals a parallel to

human designed digital signaling, where mere on and off signals carry data. The rate of firing, that is the

rate of signal initiation, determines the signal being transmitte@ypical appaches to measuring

neuron signaling involve inserting a probe into the cell and measuring voltage changes during signal
transmission. Most commonly, this is done with the use of a very thin glass pipette containing a
conductive salt solution. In additi to being able to observe action potentials, it is possible to create

them. By using a small glass pipette containing a solution with a positive charge, it is possible to
depolarize the cell and create an action potential. Non penetrating techniquedei@cting action
LR2GSyGAalta fa2 SEA&aGzT NBfteay3da 2y OKlFy3aSa Ay @2f i

More recent advances in neuron cell monitoring include electrode arrays upon which cells are grown
and monitored. These mulélectrode arrays are often amufactured with MEMS techniques and
permit the analysis of a neuronal netwonk situ An electrode array fabricated by Berdondini et al.
(2005) demonstrated the capacity to monitor vitro neuronal network activity. The team reported
successful obseation of signal propagation with neuronal rat cardiomyocytes, with most data errors
apparently due to poor ceblectrode contact. Photoresist derived carbon surfaces hold promise as a
substitute for the gold electrodes used in this experiment as highbesion surfaces that may perhaps

be more easily patterne@Berdondini, van der Wal, Guenat, de Rooij, Koudelkp, & Seitz, 2005)
Other attempts to create neuronal network activity sensing devices have focused on the nserof

cells as biosensordA very intricate and complicated network sensing device was made by Gross et al. in
1995 with the intent of demonstrating network responses to pharmacological ageRtsotoresist
derived carbon holds promise as a means taifatie such a sensing network with less work and greater
cellelectrode contact at an even higher resolution than previous devices.



2.2. Substrate Fabrication

Fabrication of thin carbon films involves the pyrolysis of photoresist layers. A photoresist is a
phaotoreactive polymer that changes solubility in a particular media after exposure to radiation. Among

other desirable qualities, these materials are inexpensive, easy to work with and may be used in
microfabrication. In being able to be micropatterned, erédls made from resist precursors may also

be made in patterns. Pyrolysis involves the heating of a material in an inert atmosphere. When this
technique is applied to organic chemicals, the result is a carbon based material that behaves very
similarly b graphite or glassy carbon.

2.2.1. Photolithography

First developed for applications in semiconductor manufacture, photolithography is a low cost and easy
way to build micrometer scale structures. The process begins by selecting a substrate upon which the
material will be fabricated. Typically, a wafer of polished silicon crystal is used as a substrate to support
the microfabrication. When making microchips, a semiconductor (normalyy Si@laced on the wafer,

which is then coated in photoresist. For therposes of this project, the silicon wafer is merely coated
with photoresist ad its semiconductor properties are not relevant.

A photoresist is a light reactive polymer. Upon exposure to a specific frequency of ultraviolet (UV) light,
the solubility of he polymer in the exposed area changes. In the case of a positive photoresist, the
exposure forms cross links between aromatic rings within the polymer and increases stability in the
exposed area. By contrast, negative photoresists are composed of tadigitdymers that typically
include a number of epoxide groups. UV exposure of negative photoresists decseagabty within

the exposed area by breaking epoxide cross links.

Figure 2.2.1.1A SU8 Monomet
The epoxide groups cross link betwedrains when the photeacidgenerator is exposed to UV light and
creates protons to catalyze this reactifadel Campo & Greiner, 20Q7)



There are two photoresists used in this project. The first is3,S&) negative epoxy type ae UV
photoresist that is commonly used in high aspect ratio MEMS devi&d8 is a commonly used
photoresist in MEMS applications for its low cost, ability to be easily patterned and capacity to make
high aspect ratio structuresMonomersof SU8 consgt of eight highly reactive epoxide groups that
cross link very readilin the presence of an acidAlso in the supplied solution is a photoacid generator
which, upon exposure to UV light, creates a strong acid in low concentrations. The acid catazes ¢
linking of the photoresist, stabilizing regions that are exposed to light. Copolymers-8faBd
photoacid generating complexes constitute the functional part of the photoresist, while a solvent
(gammabutyrolactone)makes spin coating this polympossible(del Campo & Greiner, 20Q7)

The photoresist used fahe bulk of thisinvestigation is S1813. As a positive photoresist, S1813 has a
structure based largely on polymers of aromatic rings. It has a low viscosity abl& to form very thin

and very uniform layers whespin cast It is very soluble in acetonand stable in deionized water.
S1814 has been observed to adhere poorly to a substrate when subjected to force after soft bake,
exposure and developing. it capable of being pyrolyzed, and produces a thin carbon film as would be
expected(Shipley, 2005)

2.2.2. Micropatterning

The capacity to pattern a substrate with high precision on a small scate itbol that may be used in
creaing deliberately guided neurite growth. Photolithography offers a very good approach to
patterning with its ease of use, high potential volume and level of de@iten, patterned photoresist
materialsare usedas precursors to other substrates. Foample, micropatterneghotoresistmay be

used with replica molding to make microfabricated polymer structures, with chemical masking
techniques to create patterned small molecules or proteins or it maybdifiedto create microscale
structures with a uique set of properties.

Other approaches to studying neurite growth have used replica molding to create polymer surfaces with
desired surfaces. Replica molding is done by creating a negative relief of the desired shapes with
photolithography and pressinipat mold against a soft polymer. Baking or curing the polymer leaves a
permanent imprint of the desired shape with a high degree of accuracy. This technique has been
appliedto neuron cultures with succegki & Folch, 2005) This process, though capable of creating a
very accurate mold, is rather labor intensive and lacks the desired electrical properties that are achieved
with photoresist derived carbon.

Replica molding is commonly used to create small scale structure®aimpatible polymers PDMS
most notably PDMS has been long used in medical implants for its high degree of biocompatibility
(Belanger & Marois, 2001; Folch & & Toner, 2000)s a common choice for its abilitp be fabricated
with hundred nanometer resolutions while supporting cell growth and permitting easy observation of
cells (Uttayarat, Toworfe, Dietrich, Lelkes, & Composto, 2005; Karuri, Liliensiek, Teixeira, Abrams,
Neaky, & Murphy, 2004) Yet, despite its favorable qualities, PDMS (like the vast majority of polymer
substrates) is unable to provide the exact chemical and electrical properties of carbon. In particular,
surface modifications of carbon may utilize lorsjadblishedgraphite based techniques for immaobilizing
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molecules on surfaces, where PDMS demands slightly more elaborate tech(@ueez, Lu, Chen, &
Schmidt, 2007; Hu, Ni, Montana, Haddon, & Parpura, 2004)

Using plotoresist structures to mask underlying silicon substrates allows selective modification of the
silicon surface. In microelectronics manufacture, this technique is used to etch grooves in the silicon,
but by exploiting silane chemistry it is possiblertoriobilize nearly any molecule on the silicon surface.
Subsequent stripping of the photoresist leaves an area of functional groups attached to the silicon
surface in the shape of where the photoresist was not previously adhered. Notably, this technigjue ha
been used to create patterns of proteifisleinfeld, Kahler, & Hockberger, 1988)

Modification of a photoresist layer can yield a material with the physical dimensions of the photoresist

layer but with a new set of properties For example, reactive oxygen plasma etching and pyrolysis

create drastically different material properties but maintain photoresist shape. Reactive oxygen plasma
etching exposes the material to an oxygen plasma, etching away surface features ang é&eavimber

of functional oxygen groups on the exposed surface (carboxyl groups, alcohalaranaylic acids most

notably). Pyrolyzing photoresist material leaves@l ND 2y & G NHzOGdzZNB Ay (GKS LIz
study utilizes this technique to pdoice substrates for neuron growthValther, et al., 2007)

2.2.3. Pyrolysis

One of the first thorough studies of the pyrolysis of patterned photoresist as a means to create carbon
films or microstructures was conducted by AM Lydriis Hale and CW Wilkidis at AT&T Laboratories in
1985 Rather than etch a conductive or setonductive layer covered by photoresist, the group sought

to directly modify common materials to create desired propertieghe team reported the ability to
create insulating, semiconductive and semimetalic structuwdsle maintaining thequality of the
pattern (Lyons, Hale, & Wilkins, 1985)

Pyrolysis is a process that involves heating a sample in an inert atmosphere. In mastthase
atmosphere used is a vacuum, forming gas or nitrogen. Experiments by Madou et al. illustrate the affect
of atmosphere selection on material loss during the pyrolysis process. Findings indicate that a vacuum is
best at preventing film thickness radtion, and that nitrogen is better than forming g@®anganathan,
McCreery, Majji, & Madou, 2000) Maintaining a high vacuum demands special equipment
considerations for the pyrolysis furnace and forming gas reacts withaHeoa film at temperatures in
excess of 800QLyons, Hale, & Wilkins, 1985Nitrogen is thus a reasonable compromise between
performance availability and material consideratidasthis study

Heating a photoresist to higremperatures forms cross links in polymer chainsrayXphotoelectron
spectroscopy (XPS) spectra of pyrolyzed positive photoresist shows a clear shift@dyords to C=0

(or GO-C) bonds with increases in temperatufi€ostecki Schnyder, Alliata, Song, Kinoshita, & Kotz,
2001) Additional results by Ranganathan et al. demonstrated a lowering of oxygen to carbon ratio with
increasing pyrolysis temperaturédn increase in O/C ratio was observed after letting samples regt in

for several days. Forming gas has demonstrated the ability to create the lowest O/C ratios, indicating
the purest carbon film because the hydegacts as an oxygen scavengdart at the cost of a great deal
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more surface los¢Ranganathan, McCreery, Majji, & Madou, 200@Bxperiments have demonstrated
that O/C ratios level out to about 0.05 at temperature above 10006is tends to indicate that little
benefit may be gained by pyrolyzing to temperatures in excess of 1000C

Analysis has demonstrated that the film left after pyrolysis of photoresist is largely made of carbon. The
declining O/C ratio demonstrates an increase in purity of the carbonized residue with an increase in
pyrolysis temperature. Electrochemical steslhave compared pyrolyzed photoresist to a polished glass
carbon standard. Ranganathan et al. demonstratéd values that are up to within 17% of those for

the glass carbostandard(Ranganathan, McCreery, Majji, & Madou, 2000hough tassy carboris
completely noramorphousthe electrochemical studies are not sufficient to wraonclusions regarding
0§KS TAf Y @®arrisa2008)0z0 G dzNB

Raman spectroscopy has also demonstrated parallels between pyrolyzed photoresist gladsya
carbon standard. Raman shift observations at 1360 amd 1582 crit demonstrates a shift from <p
hybridized carbon to Sphybridized carbon with increases in temperature. The structural changes
demonstrated by XPS and Raman spectroscopy coordinate very well with electrochemical observations
(Rangnathan, McCreery, Majji, & Madou, 2000)hesurfaceof a spin cast photoresist layer is virtually
uniform prior to the pyrolysis process. The pyrolysis process appears to not drastically change the
surface topography. One particular procedymduced a surface with a 15 angstrom peak to peak
variation and a root mean saue roughness of 3.3 angstror(igeixidor, et al., 2008)

2.3. Cell Culturing
2.3.1. Nerve Cells

While the physical properties of photoresie¢rived carbon filmsdB ¢St f dzy RSNEG22RX
application to biological systentsas not seen as much researclOne prior study has demonstrated
biocompatibility of photoresistlerived carbon. It was demonstrated that-8HIC, SY5Y and1® cells

adhere quite well @ this substrate. These cultures demonstrated that cells will divide on the surface.

The SKN-MC cells in particular grew very well, exhibiting overlapping growth after four days. Each of

the three cell types is known to have good adhesion propertiestardivide well in suitable conditions.

The team turned thento R@H OSf t &4 G2 LI I OS 3INBIF (S Nifod @INHzi A y &
growth (Zhou, Gupta, Zou, & Zhou, 2007)

PCG12 cells are cells from clonal line @t pheochromocytoma that respond toerve growth factor

(NGF). The cell line, started by L Greene and A Tischler in 1978, is a clonal line of noradrenergic cells
from a rat adrenal gland. This cell line is most often used to simulate neurite growtls arsegful in
modeling neuronal repair. Upon exposure to NGF, the cells stop dividing and within just a few days
neurites begin to grow.Prolongedexposure (in excess of two weeks) to NGF results in cells that have
neurites reaching up to 1 mm in lengthWhen exposure is discontinued, the neurite growth drops of
sharply and within one day neurites are degraded and cell division resumes withirmore day.
Unfortunately, P€12 cells do not adhere well to ndanctionalized traditional substrates. Wheising



glass or plastic to grow P2 cells, coating the surface wigfoly-lysine (PLpolymers greatly enhances
the celldar adhesion and neurite leng(iGreene, 1976)

Since P@2 cells adhere poorly to surfaces, any meangmbance surface adhesion is helpful when
culturing these cells. Zhou et al. demonstrated that-12Ccells adhere to and are capable of

differentiation on photoresistlerived carbon surfaces. Moreover, it was demonstrated that neurite
growth rate is grear on carbon thanPL coated glass. These findings demonstrate not only
biocompatibility of photoresistierived carbon, but also a novel approach to the poor adhesion 4f2°C

cells to surfaceéZhou, Gupta, Zou, & Zhou, 2007)

2.3.2. Cellular Response to Microtopography

Arrangement of micropatterned surfaces may be used to create a specific cellular response on a surface.
Recent studies have worked to quantify cellular response on patterned substrates. One such study in
2004 by Karu et al. examined adhesive properties on varying surface topographies. By applying sheer
stress to the cells, it is possible to gauge adhesive properties on that surface. Substrates were fabricated
with a series of grooves with pitches ranging betwe®0 #4m and 4000 nm. The ridge and groove sizes
are approximately half the pitch each. Using a fluid flow system, sheer stress was applied by flowing
growth media perpendicular to the surface parallel to the direction of the grooves. Known
concentrationsof corneal epithelial cells were seeded on the substrate and incubated for 24 hours.
After exposure to sheer stress, the cells were counted to determine adhesion. The team found that
after an 80 Pa sheer stress the cells responded very differently feratit surfaces. 400 nm pitch
surfaces saw the best adhesion, with about 67% retention, while 4000 nm pitch surfaces had about 42%
retention. The 4000 nm pitch surfaces did manage to perform better than a planar surface by almost
6%. It was noted thatdhesion before flow was similar for most pitch sizes, with 1600 nm pitch and
planar surfaces outperforming the rest by about 8%. Generally, cells adhered better after sheer stress
on smaller pitch surfacg&aruri, Liliensiek,€ixeira, Abrams, Nealey, & Murphy, 2004)

Surface topography has also been demonstrated to dictate cellular proliferation rates as well. Using a
surface similar to that used by Karuri et al. in 2004, Liliensiek et al. studied response of corneahgpithel
and corneal fibroblasts to varying surface parameters. Grooved surfaces with pitches between 400 nm
and 4000 nm served as the substrates for cell growth. After seeding a known concentration of cells onto
substrate samples, the cells were incubated fise days and then the cell numbers were counted. The
team noted that corneal epithelial cells responded to surface topography with lower rates of
proliferation. The 400 nm pitch surfaces saw a 45% increase in cell number, compared to the 163% of
the 4000nm pitch surface. By contrast, the corneal fibroblasts did not demonstrate a significant
response to the micropatterning until 14 days after plating, when it was noticed that 400 nm pitch
surfaces had a 31% change in proliferation compared to the Xrf#tge in the 4000 nm pitch surface.

In both cases, the results on the 4000 nm pitch surface are not significantly different than the planar
control. Trends indicated that smaller topographies correlate directly to lower proliferétitiensiek,
Campbell, Nealey, & Murphy, 2006)
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Height of topographic features also plays an important role in cellular response. In 2003, Dalby et al.
used a polystyrene and polylrutyl methacrylate substrate with 10 nm and 50 nm tall featute assess
cytoskeleton structure in fibroblasts. Cells on 10 nm islands tended to form cytoskeletons that appear
similar to those in cells on planar surfaces, while cells on 50 nm islands are noticeably deformed. It was
also noticed that the cells temdl to adhere better to the 10 nm islands after 180 minutes, with
adhesion on the 50 nm surface being poor by cont(Bstlby, Riehle, Johnstone, Affrossman, & Curtis,
2003) An earlier study demonstrated similar results witB @m islands (Dalby, Yarwood, Riehle,
Johnstone, Affrossman, & Curtis, 2002)

Further insight regarding feature depth has been gained through the use of grooved surfaces with
varying depths. A 2005 study by Uttayarat etddmonstrated changes in morphology that correlate
with topography. Using grooves with depths ranging from 200 nm to 5000 nm, cell surface alignment
and proliferation extent were measured. Additionally, florescent microscopy was used to examine
arrangemen of focal adhesions and actin arrangements. The team reported that cells grown on deeper
topographies, 1000 nm and 5000 nm, the cells tended to align with the direction of the grooves more so
than those at shallower topographies. The 1000 nm deep ridges 90% of cells aligning with the
groove direction in the first hour after seeding. Additionally, higher cell densities were observed on
substrates with deeper grooves. Fluorescent microscopy demonstrated that focal adhesions were
formed on the top ofridges and partway down the sides. In the case of shallower depths, focal
adhesions form on the floor of a groove, which appears to confirm results from islands of varying
heights. Additionally, it was noticed that actirfilamentsdo not align with the gbstrate, forming a
rather tangled arrangemen(Uttayarat, Toworfe, Dietrich, Lelkes, & Composto, 200%his tends to
suggest that micropatterned surfaces are able to affect changes in adhesion by dictating arrangement of
focal adhesions.

2.3.3. Cellular Response to Surface Chemistry

Surface chemistry plays an important role in cellular response. Traditional approaches to encouraging
cellular adhesion typically involve coating surfaces with positively charged molecules. It hasdong
established that coating surfaces wigoly-lysine (PLHrastically improves adhesion of neuronal cells
(Yavin & Yavin, 1974) While many other chemical cues have been demonstrated to encourage
adhesionPLis often usedecause it is easy to use, effective and relatively inexpensive. Novel materials
may also encourage cellular adhesion. Among other new materials, satigarg surfaces and carbon
nanaubes offer promise in this area.

Recent studies have looked at chieal cues on surfaces not merely as a way of encouraging adhesion,

but also as a means to encourage close bonding to surfaces. Having a cell as close to a surface as
possible is important when building electrical sensors that rely on close contact taureeasry small
changes in voltage. Immobilizing a number of common adhesion molecules incléding
aminopropyltriethoxy silane (APTES), Laminin, RGDC adhesion peptide, and cysteine terminated
recombinant proteins Cyaxoninl and Cy$NgCAM. The last the of which were immobilized using

1t ¢9{Qa ISFAfFOtS FYAy2 3INEdLID L A4Ay3 Ffd2NBaoOSy
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measure distance between the solid substrate and the cell. The team noted that a smaller adhesion
molecule did not neessarily correlate with a closer adhesion,Risresulted in a larger distance than
RGDC, Cyaxoninl and Cy®NGCAM. It was observed that Ggsoninl resulted in the closest
adhesion, with about 37 nm, followed closely by APTES at 39 nm. Lamininehatigest adhesion by

far, at 91 nm, but also had the greatest level of neurite growth with 90% of cells developing neurites. By
contrast, APTES, despite its good adhesion properties, saw only a 20% neurite differentiation rate
(Sorribas & Padeste, Photolithographic generation of protein micropatterns for neuron culture
applications, 2002)

Distance between substrate and cell as determined by adhesion molecules may not correlate directly to
strength of adhesion. Smaller laekion promoters likd’Land APTES seem to promote adhesion with
their positively charged functional group. In cases of -specific adhesion promoters, distance
between the cell membrane and substrate are determined larggiythe thickness of the glycbe
(Sorribas & Padeste, Photolithographic generation of protein micropatterns for neuron culture
applications, 2002) The correlation between positively charged functional groups and cellular adhesion
was demonstrated someimhe earlier in 1988. It was noticed that adhesion promoters with more
positively charged functional groups per molecule tended to promote more cell growth on substrates.
Surface coats of diethylenetriamine propane outperformed ethylenediamine propaneh wit
outperformed aminopropane when culturing nerve cells on silicon and quartz substfidteimfeld,
Kahler, & Hockberger, 1988)Large protein complexes used to encourage adhesion bind to specific
NB OS LJi 2 N& 2 yior. (iTKeSdist@rSeis befveen Subsir&eNdnd cell membrane is determined by
the size of the adhesion promoter and the target receptors on the cell surface, which may extend up to
20 nm into the extracellular space. That is unless the prommeeptor compla is shorter than the
glycoalyx, in which case the glycoalyx determines binding distances. Indeed, the fact that Sorribas et al.
reported no adhesion closer than 35 nm confirms the assertion that the glycoalyx ultindetelynines

cell to substrate distaces. Given the close performance of most adhesion promoters, it is important
then to choose an adhesion promoter based on the desired neurite growth performg@aeibas,
Braun, Leder, Sonderegger, & Tiefenauer, 2001)

In adlition to adhesion response, surfaces may be chemically functionalized to induce morphological
changes. As noted previously, findings by Sorribas €2@0.1)demonstrated varying levels of neurite
differentiation with the use of different adhesion prorm@ws. Immobilization of growth factors or
certain proteins on surfaces provides a way to encourage specific morphological changes in cultures.
Kleinfeld et al.(1988)demonstrated ways to immobilize molecules with functional amino groups on
surfaces pattrned with photolithography. Treating a silicon oxide surface coated in photoresist with
alkyHrichlorosilanes prior to wet stripping leaves a layer of atkghlorosilanes bonded strongly only
to the oxide layer after stripping. Using wet strippilmgémove the photoresist leaves an area of silicon
oxide that is able to bind functionalized silane molecules, arrihgdroxysilane for example. The
result is a deliberately patterned area of substrate with functional groups available to(iKkdlafeld,
Kahler, & Hockberger, 1988) ater studies would use techniques virtyatlentical to methods used by
Kleinfeld et al. to immobilize proteinsising silanes Most proteins will not bond directly to the
functional amine grap, so it is treated with SGMBS, permitting proteins with a terminal cystine to
12



attach easily. Alternately, silanes with a mercapto group may be attached to proteins which have had
their N-terminus treated with sMBS. Either method results in a covaldniipobilized protein on a
patterned surface(Sorribas & Padeste, Photolithographic generation of protein micropatterns for
neuron culture applications, 2002)

Surface energy has been demonstrated to have a profound effecetisurface interactions. A 2006
paper by Kennedy et al. demonstrated a relationship between surface energy and cell migration and
proliferation. A surface of graded surface energies was coated in fibronectin and mouse fibroblasts cells
were grown on tle surface. It was observed that cells on hydrophobic regions had a higher rate of
proliferation and a higher density per unit area. Coating the surface in fibronectin and the choice of
fibroblast cells (which adhere via a fibronectin mediated mechanjsin) to seeding cells permits this
study to be used draw conclusions only about fibroneatiediated cell adhesion and proliferation
(Kennedy et al., 2005).

2.3.4. Neurite Guidance

One key aspect of the use of MEMS structures as substrates for neuron growéhability to control
surface geometry andhemistry with a high degree of spatial accuracy. Among other advantages, this
ability to precisely fabricate materials has proved useful in studying cellular response to surface
properties. In particular, neug outgrowth in the context of particular surface features is a large area

of study. Recent studies have looked at neurite response to surface chemistry, topographic features and
the integration of the two.

Early studies with neuron response to surfacemiabilized moleculesfocused on using adhesion
promoting peptides to encourage specific neuron adhesion. A 1988 study by Kleinfeld, Kahler and
Hockberger used photodefined patterns of immobilizttlylenediamine propane (EBRAto control cell
adhesion. It was observed that cells adhered almost exclusively to regions coated in the adhesion
promoting molecules. Additionally, neurite outgrowth was confined to adhesion promoting regions,
demonstrating a propensity to guide neurite outgrowth by vagyisurfae adhesive properties
(Kleinfeld, Kahler, & Hockberger, 1938)

Immobilizing NGF in a three dimensional matrix or on a two dimensional surface has elucidated cellular
response to chemical cuesA 2003 study by Kapur and Shidckeught to examine cellular response to
gradients of NGF. In a hydrogel mataxgradient of varying NGF concentration was established and
immobilized. Culturing PC12 cells in the matrix, it was observed that at gradients of 357 ng/riildmm
cells tendto favor the direction of the gradient. Further experiments demonstrated the fact that it is
the gradient that encourages the neurite growth, rather than the NGF presence im#aia. No
preference was observed for lower gradients (the closest beingridmL/mm). Neurites growing in
the direction of the gradient were guided at an average angle of 8.2 dedreesference to the
direction of the gradient It is important to note that these results were observed at very high
concentrations of NGF, witthe final gradient ranging between 1e5 and 3e5 ng/mL in a roughly linear
pattern with respect to displacemer(Kapur & Shoichet, 2004)
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Microfabricated surfaces may be created with topographic features that attempt to moddl ce
substratum properties. Such surfaces may be used to study cellular response to three dimensional
topographical cues. Notably, such studies have demonstragéidlignment axon guidance and neurite
response to topographical cuesleuron cells growon surfaces with grooves that are of similar scale to
processes tend to align themselves in the direction of the grooves. Additionally, processes tend not to
respond to topographical features that are much smaller than the process. This behavior seeens to
best explained as a function of the ratio between the size of the neurite growth cone and the
dimensions of the groovgdohnansson, Carlberg, Danielson, Montelius, & Kanje, 2006)

Studies using three dimensional constraimn two dimensional topography have further elucidated the
role of growth conesurface interactions in neurite outgrowth. A 2007 study by Francisco et al.

RSY2Yy &GN SR GKFG GKS ydzYoSN) 2F aO2fftAarzyaé |

outgrowth potential. This was most strongly shown in investigating ayjowth through corners of
varying degrees and widtrend by totally confined cells. In both cases, neurites were not observed to
continue outgrowth after a few collisions with th@rmfining wall. The team expected the neurites to
grow to fill the chamber or perhaps grow with a limited length, not to stop growing completely
(Francisco, Yellen, Halverson, Friedman, & Gallo, 2007)

2.4 Surface Characterizat ion

Characterizing surface properties may offer insight regardingsadiace response. As discussed in
Section 2.3, minute variations in surface features may have drastic consequences for cell adhesion,

y

morphology or even survival. Of particular intstéo celtd dzNJF I OS Ay GSNF OGA2ya Aa

properties. Cydli voltammetry is used to assess electrochemical properties of the surface. By

O2YLI NRYy3a | abyvYLXS G2 + (y2eéy aidlyRINRX Al Aa L
elect2 OKSYAOIFf LINPLISNIASED { dz2NF I OS SySNH& Aa | YSI:
the contact angle of a droplet on the surface, one may see how the surface interacts with the fluid and
FaaSaa 0KS adaNFIF O0SQa odzZ | LIREIFNARGE LINPLSNIASa®

2.3.1. Cyclic Voltammetry

Carbon films are characterized to ensure that the chemical and physical properties are indeed as
desired. ! RRAGAZ2Yy I ft&z | adaNBSe 2F FAf{Y TSI ddaNBa Aa vy
surface. Of particular interest is the sutti N § SQ& OKSYAOIf LINRPLISNIASEAS 4K
OStt FTRKS&aA2y FyR 3SyS SELINBaaAzyod hyS O02YY2y @S
Ad OeOtAO @G2f 0l YYSUNER o/ 03 |y StSO0NPtOe&Yes O f (S

in voltage while exposed to a standard ion solution.

Cyclic voltammetry is a technique that examines changes in current that result from changes in potential
influencing a surface. A solution is subjected to a potential that increases amddécreases (or
decreases and then increases depending on the scan profile) and the resulting current is measured.
Peaks in current are observed when an ion in solution becomes a solid on the electrode surface or a
solid on the surface is ionized intolgtion. This technique is commonly used to detect metals in
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solution, as each metal will become a solid at different potentials and different metals can thus be
discerned easily.

2.3.1. Surface Energy

Placing a droplet on a flat surface and observing the céntad y 3t S f SYRa Ay aA3aKi NEB:
interaction with the droplet. A flatter contact angle indicates greater wettability dochination of

surfaceliquid interfacial interactions over the gdiguid interactions For example, a flat droplet of

water on a surface indicates that the surface has the capacity to form hydrogen bonds with the fluid,

where a round droplet with a greater contact angle corresponds to a redsoedceaffinity for the

droplet.
L

Figure 2.3.11: Drawing of dropletsurfae interaction illustrating differences in surface energy.

5NR LI SG O2ydFOG Fy3ftS Aa YI NJ] SR 0 &helsurface withegsy § KS
energy is displayed at bottom, with a much larger contact angle tharhitjeenergy surfaceat top.

¢KS RNRLX SGQa akKILIS A& RSISNN¥AYSR o0& (KSgadl GA2 ¢
interface (the diagonal force vector in grey) and the fisigiface interaction (solitlquid surface tension

illustrated by the horizontal grey vemt pointing inward toward the droplet) and the solighs surface

tension (the horizontal vector pointing outward away the droplet).

A lower surface energy results domination of surface tension forces at the fltgds interface and a
rounder droplet wih a higher contact angle is formed. The strength of the dimlidd interfacial stress

is directly proportional to the cosine of the contact angle, that is to the horizontal component of the
diagonal vector. A higher energy surface has a greater stijdid interaction force than liquidias
interaction (surface tension), the result is a lower contact angle and greater wettability. By contrast, the
low energy surface sees domination of liqgias interaction (surface tension) and the droplet is more
sphericalwith a larger contact angle
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3. Materials and Methods

3.1. Photoresist Derived Carbon Film Fabrication

Fabrication of thin carbon films is broken into two major parts: preparing the photoresist film and
pyrolyzing the photoresist film into a carbon filithe photoresist film is prepared lspin coatinga thin

layer positive photoresist, S1813 (Shipley) using a novel procedure to achieve the necessary film
thickness to overcome surface loss during the pyrolysis procedure. The pyrolysis procedure is
developed in an effort to reduce time and inert gas and energy use while maintaining a quality product.
For a detailed and illustrated guide to procedures, refer to Appendix D and Appendix E for a detailed
explanation of clean room preparation and the spin cogtprocedure. Additionally, a detailed guide to
pyrolyzing photoresist films to produce thin carbon films may be found in Appendix F.

3.1.1. Preparation of S1813 photoresist film

In a clean room, polished silicon wafers are cleaned in preparation for spin godthe wafers are first

left to soak in acetone for 4 minutes in a large Petri dish. Over the course of the soaking period, the dish
is agitated or the wafer moved to ensure that any material dislodged from the surface is washed away.
Next, the wafer isonicatedin a bath of methanol for 4 minutes. Upon completion of the ultrasonic
methanol bath, the wafer is put in a Petri dish being filled and overflowing with a constant stream of
deionized water. After 4 minutes in the water bath, the wafer is gpdadry with nitrogen, ensuring

that there are no droplets on the polished side of the wafer. A 1 minute bake in an oven at 110°C is
then used to dry any remaining water. The wafer is removed and left to cool on a clean surface for 2
minutes.

Now cleanithe wafer is ready to be spin coated. The wafer is positioned and centered on the spin

O21 G4SNRa @F Odzdzy K2f RSNJ YR &aldzy F2NJ mn aSO2yRa |
remove any remaining water. To apply the photoresist, approximately &tnf1813photoresist is

pipetted into the center of the wafer using two pasture pipettes in parallel. The high viscosity of the
photoresist does not allow the use of a single pipette because the time to fill and empty the pipette is

too long and the phairesist begins to harden before it is all placed on the wafer. Once the photoresist

is applied, the wafer is spursing one of two spin profiles.

The first consists of spinning the wafer at 3000 rpm for 90 seconds, yieldiagy auniform but thin

coating. The second spiprofile isa spinat 500 rpm for 45 seconds, followed promptly by a 45 second

spin at 1000 rpm. The 500 rpm spin helps to ensure there is an even coating of photoresist in the center

and mid portions, while the 1000 rpm spin remov&sd A RdzS G KIF 0 O2ft f SOlGdue & GKS
to surface tension of the liquid photoresiahd further ensures that the photoresist forms a uniform

layer.

After spin coating, the wafer is removed and placed into th@°C furnace for 3 minutes forsaft bake.
Having baked for 3 minutes, the wafer is left to cool at room temperature and is readyndtiner spin
coat orpyrolysis. The first spin procedure is often coated four times to ensure a thick layer is produced,
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while the second procedure deands only two coats to create a sufficiently thick layBrecautionsare
taken during transport of the coated wafer to minimize exposure to oxygen and light, with the wafer
beingtransportedin an air tight case covered in tin foiRdditionally, the wéers are stored in a dark
drawer to minimize light exposure.

3.1.2. Pyrolysis

The pyrolysis process was varied depending on the type of photoresist used. Unique chemical
properties of each photoresist demanded a slightly different approach to the pyrolysisgstoEer
example, the annealing temperature of 8Uis around 300°C, thus requiring a brief rest at this
temperature to encourage extensive crd@sking prior to carbonizatiorfdel Campo & Greiner, 20Q7)

By contrast, S1813idl not need this rest and the temperature rates seem to be determined more by
thermal expansion concerns.

Regardless of the photoresist used, the steps leading up to the pyrolysis are the same. The 100mm
circular silicon wafers are cut into 22mm by 22mnipshby scoring the uncoated side with a diamond
tipped pen and then breaking the wafer along a straight edge. The pieces are loaded onto a sled made
of stainless steel (for 900°C maximum temperature), a silicon wafer or silica (for procedures up to
1000°Q. The sled is then placed in a three inch diameter fused quartz tubeemdred in the tube
bSEGTE GKS (dzoSQa 2Ly SyR A& &aSFHtSR gAGK | o2fi
into the split tube furnace and the open space bebmethe quartz tube and the furnace aiesulated

with christobaliteblocks. Pure N2 is then flowed through the now sealed quartz cylinder at 100 cm3
sccm for 10 min to ensure an inert atmosphere.

The furnace is turned on and programmed to the desired patars. From room temperature to
300°C, the furnace is heated at 2°C/min. When using SU8, the temperature is then sustained at 300°C
for one hour. After the 1 hour rest, the temperature is increased at a rate of 10°C/min to 900°C. When
using S1813, theest period is omitted from the procedure and the sample is heated at 10°C/min to
1000°C immediately after reaching 300°C at 2°Cfmaim room temperature Samples may be left to sit

at 1000°C for one houmt which point the furnace was turned off anldet samples are left to cool to
room temperature in the still flowing Natmosphere. Once the samples are cooled to room
temperature, the gas is turned off and the samples are removeee Table 3.2.1 for details of pyrolysis
procedures.Oxygen plasma samtes were prepared using.@lasma treatment at 150 mTorr and fifty
watts for thirty secondsSamples treated with oxygen plasma etching were prepared with pyrolysis
method 16.

Table 3.2.1Substrate Preparation Methods

Method | Heat rate 1 | Restl Heat rate2 Timax Rest 2 Photoresist
1 10°C/min none N/A 1000°C 60 min SuU8

2 3°C/min none N/A 600°C 60 min SuU8

3 2°C/min 40 min at 300°C | 10°C/min 900°C 60 min SuU8

4 2°C/min 40 min at 300°C | 10°C/min 900°C 60 min S1813

5 2°C/min 40 min at 300°C | 10°C/min 1000°C 60 min S1813
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6 2°C/min 0 min at 300°C | 10°C/min 1000°C 60 min S1813
7 2°C/min 60 min at300°C | 10°C/min 1000°C 60 min Su8
8 2°C/min 60 min at300°C | 10°C/min 800°C 60 min sSus8
9 2°C/min 60 min at300°C | 5°C/min 800°C 60 min sSus8
10 2°C/min 60 min at300°C | 5°C/min 700°C 60 min Su8
11 2°C/min 60 min at300°C | N/A 1000°C 60 min Su8
12 2°C/min none N/A 100C0C 60 min su8
13* 2°C/min none N/A 800°C 300 min su8
14~ 2°C/min none N/A 800°C 60 min su8
15* 2°C/min none N/A 800°C 0 min su8
16 2°C/min 0 min at 300°C | 10°C/min 1000°C 0 min S1813
17 2°C/min 0 min at 300°C | 8°C/min 1000°C 0 min S1813

* indicates a2°C/mincooling rate.

3.2. Cell Preparation

Cells used for neuron modeling experiments are from the PC12 rat pheochromocytoma clonal cell line.
When not in use, cells are stored frozen-80°C and are thawed for seeding plates. Cells are grown on
100mm plastic petri dishes in 10ml high glucose DMEM bovine serumincabator at 38°Gnd 5%

CQ. The PC12 cells have very high metabolic demamis aae very sensitive to changes in
environment and thus their media is changed daily or every other day to promote steady growth. After
at least 4 days of growing on the largelture plates, cells are ready to be seeded onto sample plates.
To seed cedl on other plates, the medium is removed from the plates and the cells are washed 3 times
with PBS. Next, 1ml 0.25% trypson is added and the plate is let sit in the 38°C incubator for 5 minutes.
Upon removal, 9 ml media are added and the plate is washeaughly with the media to ensure that

no cells remain attached to the plate. Cells concentration was determined by counting cell numbers on
a hemocytometer. With the cell concentration in the Petri dish, it is possible to seed the desired
number of cdls onto the smaller dishes.

3.3. Neurite Differentiation Genetic Assay

/ Stf& NB LINBLI NBR F2NJ GKA&A SELSNAYSY(H |a RA&Odza:
seeded at concentrations betweeh.0x1® cells/ml and 1.2x10 cells/mlL  Cells, nce seeded, are

permitted to sit for 1 day to adhere before media are removed and replaced with NGF (if appropriate for

the sample) media. NGF is added at a 1:1000 ratio, as in all other experiments. Media is changed every
other day, with DMEM high gluse (Invitrogen) being usedAfter six days, cell concentration is
determined using the samemethods as for the adhesion assajmRNA is extracted using the
Guanidinium thiocyanat@henolchloroform extraction procedure utilizing a TRIR&lagent Ifivitrogen)
F2ff26Ay3 (KS YI y dExtradOtaddeNRBIA EdAcenkayion is MdszOuietl dvigh i/
spectrometer and 1 ug total MRNA is used as a template to make first strand cDNA.
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Frst-strand cDNA is reverse transcribed from 1 pg of total RNA usiRgomega RT/PCR kit, all
O2yRdzOGSR FOO02NRAY3I G2 YI ydzF | SelededBiideE ardlBsORiVYSYy RS
accordance witlPromega'secommended proceduresPrimers chosen include Tau, a structural protein

that stabilizes actin filamentdyeta-adin, a structural protein that plays a key role aéxtra-cellular

matrix structureand glyceraldehyde8-phosphate dehydrogenase (GAPDH), a cytosolic enzyme that
participates in glycolysie act as a housekeeping gene

3.4. Cellular Adhesion Assay

Cellular ahesion assays were devised as a means to potentially correlate discrepancies observed in
geneticassay 2 with cell adhesion. The easily performed assay selectethyipsmizecells and count

those that are removed. This procedure will only removedscislat are not adhered strongly. More
specifically, this assay is a measure of removable cells and may say very little about the total number of
cells or cell density per unit area on the substrate.

3.4.1 Cell Adhesion Assay Method 1

This experimentvas conducted on a silicon wafer coated with four layers of S1813 each spun at 4000
rpm for 90 seconds. Pyrolysis was conducted using method 6, as may be seen in Table 3.2.1. Four
22mm by 22nm carbon samples were used addition to four 22mm by 28m bare (unmodified)

silicon squares an80mm diameter bare glasamples. Each substrate was placed into a steBEmm

Petri dish. All samples were washed with DI water and sterilized with overnight exposure to ultraviolet
light. Two of each type of substrateeve soaked ina 50mg/ml polylysine (PL) (30,0000,000
molecular weight, SigmAldrich) for four hours before being washed 3 times with .PB&e resulting

sample set consietl of two 22mm by 2&m blank carbon substrates, two 22mm byrdéh carbon
substrates coated inPL, two blank 22mm by &#n blanksiliconsubstrates and two 22 mm by &&n

silicon substrates coated PLand twobareglass substrates and tweL coated glass substrates.

Substrates were washed 3 timeach with PBS before seeding celels were first prepared using the
procedure discussed in section 3.8he concentration of cells in the septhte was determined to be
2.2x10 cells/ml. From the 6ml total volume on the seed dis#80ml of the cell solution was added to

each of the targt Petri dishes. An additional 25l of high gluose DMEM serum media was added to
each sample dish, to ensure that the volume of fluid was able to completelgr the substrateand
resulting in a final seeded cebunt of 10.56x10cells at aconceriration of 528x10 cells/ml The Petri

dishes were gently agitated to ensure good mixing of cells in the dishes. The cells were then placed in
an incubator kept at 38 degrees Celsius.

The cells were left for 24 hours in the incubator to ensure thathall cells that could adhere had a
chance to do so. Low adhesion rates of PC12 jcmsiidy the long period granted for cells to adhere.
The liquid media werearefullyaspirated off and new media were prepareNGF was diluted 1:1000 in

12 ml high gluose nonserum media. 2 ml of the mixture was added to one dish from each category
(one carbon withoutPL, one carbon withPL, one silicon withoutPL, one silicon withPL, one glass
without PLand one glass with polysine). To each of the remaining diek 2 ml of high glucose DMEM
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non serum media were addedNonserum media was used in an effort to halt proliferation among cells
not treated with NGF to parallel the haltering of proliferation obhat in cells treated with NGFsreat
care was taken wheintroducing new medium to the dish so as to not dislodge any cells that had
adhered to the substrate.

After two days the media in each of the dishes was aspirated off carefully and replaced with the same

NGF or noiNGF norserum media.Two days after thenedia were changed, the cells were counted. To

count the cells, the cells were first separated from the substrate byingd8.5 ml of 0.25% trypsin
a2fdziAz2zy YR 06SAy3 LIXIOSR AY | oyx [/ AyOdzml 2N F2
of nonserum media was added to each dish, and each substrate was washed very thoroughly with the
solution in the dish inm effort to dislodge any remaining c&ll A very small sample (about 1l) was

removed and a drop was placed on a hemocytometéising a microscope, cell numbers in three

squares on the hemocytometer were counted to find a cell concentration in ea¢h dBetween

counting cell numberthe hemocytometer was cleaned and sterilized.

3.4.2. Cell Adhesion Assay Method 2

Shortcomings in findings from Trial 1 (failure of assay on siéindriow cell seeding concentrationost
notably) prompted slight revisi@to be made to the procedureln addition to cells being seeded in a
higher concentration3 ml of solution was used rather than 2 ml in an effort to ensure that the
substrates would be completely covered by the media solution. Additionally, a largdremwof squares
were counted on thehemocytometerin an effort to create a more consistent set of data. The
procedure in detail follows.

22mm by 22mm carbon film wafers are placed in 35mm plastic Petri dishes and are sterilized by
overnight exposure to Ulight. In parallel, 35mm Petri dishes with bell glass slides are prepared and
sterilized along with the carbon sampleéSamplesare coated with Plby suspending 30,0000,000
molecular weight PL (Sigr#ddrich) at a concentration of 50mg/ml. The subsgare set in 35mm

Petri dishes to be exposed to the PL solution for 4 hours, at which point the PL solution is removed and
the samples are washed three times with PBS.

Seeding cells are prepared grown in a Forma Scientific water jacketed series ltdnetit3a°C and 5%
CQin high glucose DMEM serum media (Invitrogen, Carlsbad CA). Changing the media every other day,
cells are grown until they reach $igfent concentrations (around.2x1 cells/ml). Cell concentrations
are determined using ahemocyometer and a VMR Vista Vision InvedteMicroscope at100x
magnification. PC12 cells are seeded at a concentration okB®cells/ml onto sterilized substrates in
a 35mm Petri disizml of cell solution is pipeti@into the dishand an addition 1ml of edia is addedo
ensure that the substrate is covered with liquid. Cells are permitted to adhere to the surface for 1 day,
at which point the medias replaced with DMEM high glose serum free media (Invitrogen, Carlsbad
CA) At this point, nerve growthfactor (NGF) is added to the media of certain samples at a
concentration of 1:1000 (v/v). The media is changed for fresh media of the same type after another two
days, and after two more days the cells are counted. Cells are washed #BiSinthen wated with
0.5ml 0.5% trypsin and let to sit in an incubator at 37°C and 5% E&€ri dishes are removed from the
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incubator after 15 minutes exposure and 0.3ml DMEM hificoseserum free media (Invitrogen,
Carlsbad CA) is added to the dish. With aefé the cells are washed thoroughly with the trypsin
media mixture to detach them from the surface. @elhcentrations are then determined by counting
cell numbers using kemocytometerwith the use of a VMR Vista Vision Inverted Microscope at a 100x
objective.

3.5. Cellular Morphology Assay

Cell morphology on each surface is evaluated not only as a means to evalusigrfeale interaction on

a qualitative level, but alstw further explore possible explanations for the odd results in genetic assay

2. Indeed, this assay can serve as a baseline to explain further genetic assays in terms of morphology.
Regrettably this assay is not as quantitative as RT/PCR procedGiase the substrates for cell growth
(silicon, carbon and oxygen plasma treatedocear) areopaque, traditional transmission visual spectrum
microscopy cannot be used. Thus, options are limiednore complicated techniques. Scanning
electron microscopy (SEM) is a reasonable option, but it is a relatively challenging and time cgnsumin
procedure. Fluorescent microscopy does not offer the resolution or accuracy of SEM, but it is much
easier and higher throughput.

Cells for this experiment were seeded at 3.7%@6élls in 3 ml of growth media. Glass, carbon, oxygen
plasma treated carboand silicon substrates are used for this experiment. Within each material group,
there is a control sample seeded wibimly cells and media, a group with PL added to the surface using
the aforementionedprocedure, a group with NGF added and a group Wwithand NGFPL is coated on

the surfaces prior to seeding cells, while NGF is added after a 24 hour adhesion period. After three days,
the media is refreshed and after two more days the cells are prepared for microscopy.

To begin, Dil (Invitrogen) powdé suspended at a concentration of 1 ug/ml in ethanol. This stock
solution is diluted 1:1000 by volume in ethanol for further use. 4 aliquots each of 1 ml were prepared
for later use. Cell media is removed and cells are fixed for 5 minutes in 4%rpaafafehyde solution

for 5 minutes. Enough paraformaldehyde is added to each of the 35 mm Petri dishes to ensure that the
substrates are covered. The paraformaldehyde is disposed of and cells are washed 3 times in PBS. The
1:1000 Dil in ethanol solutiois then pipetted in 20 pl quantities until the surface is covered and is
added constantly to keep the surface from drying out over a 1 minute period. After 1 minute of
exposure to the dye solution, the substrate is rinsed once in PBS and then mountethicroacope

slide. 20 ul of mounting media is added and a cover slip is applied.

3.6. Film Characterization

Film characterization is intended to place a focus on properties that may play a role-surate

interaction. The film mass and thickness Iasséntended to demonstrate a change in density on the

surface and is useful for comparison to previously documented work with other photoresist precursor

materials. Film electrochemical properties analyzed with the use of cyclic voltammetry offer a hint at

0KS adaNFIF 0SQa OKSYAOL € LINELISNIIASaz gKAOK Yl & LI
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stability after experience to solvents and wate For an illustrated guide to cyclic voltammetry
procedures, refer to Appendix H for the setup of the electrochemical cell and Appendix | for a guide to
the software used to conduct the scan.

3.5.1. Film Loss Assessment

Film thickness and mass loss dgrifabrication are also quantified to provide better understanding of
the film. Film thickness is measured using interfering phase microscapyikon microscop&ith a

white light source and a 10X mirou type double beam CF Plan EPI DI objective mauratdehgsik
Instrumente E500.00 piezoelectric controller and measuring device is used tortea@surements By
scraping a small area of the carbon film off with a razor blade, it is possible to measure the distance
between the top of the remaining film anthe wafer surface. Viewing the wafer through a microscope

at a 100x objective, the wafer is aligned at a slight tilt so that it is not perpendicular to the microscope.
The tilt of the sample makes phase contrast lines appear and distances may be edebgubserving

the change of phase between focusing on the top of the film and bare wafer surface.

Film mass loss is measured using a balance. Unpyrolyzed photoresist coated wafers cut into 22mm by
22mm wafers are weighed and then pyrolyzed. After theolysis, the wafers are weighed again. The
carbon films are removed from several wafers using an abrasive technique (rubbing with a kim wipe)
and then are sonicated in ethanol. Resulting bare wafers are weighed, permitting film mass loss to be
quantified.

3.5.2 Electrochemical Tests

Carbon films are characterized using cyclic voltammetry (CV) to confirm that the samples are indeed
carbon. Using thePPFsurface, the rectangular surfaces will first be cleanedsbgicationin water,
ethanol, and water aga for five minutes each using the B25500AH Ultrasonics Cleaner
manufactured by VWR North America. The wafers are then allowed to dry in air. Using 3 mM 4
aminobenzoic acid (ABA) in a 1 M KCI deionizand distilled water solutionThe carbon surfee will

act as a working electrode using eel@ctrode potentiostat with Ag/AgCl as theference electrode

using an AUTOLABGSTAT12 and utilizing the General Purpose Electrochemical System for Windows
version 4.9.004. The surface in the water solutidh e treated and monitored using four cycles of
cyclic voltammetnscanning between 0.0 and 80 V at a rate of 1@mV/s.

3.5.3 Surface Energy Tests

Contact angles are estimated by simply placing a droplet on the surface and taking a photograph.
Water, ethanol and toluene are used on bare silicon, silicon coated in s1813, an ordinary thin carbon
film and an oxygen plasma treated thin carbon film. For water, a 25 pL droplet is used, 12 pL for ethanol
and 8 pL for toluene. The differences in surfamesion between the fluids allows for larger droplets to

be more stable on the surface, where a larger droplet eases the task of measuring the contact angle.
Photographs were taken of the droplets with a Niko&0with a Nikon AF Nikkor 50mm 1:1.8Bverse
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mounted. A tangent line is drawn on each end of the droplet using Microsoft Paint and the angle is
measured with a protractor.

23



4. Results and Discussion

4.1. Substrate Spin Coating

Wafers appear to have a very even coating of photoresist while spinniefyacRon of light along the
surface of varying height creates a banding pattern of green and red that enlarges outwards as the
wafer spins. This suggests an evening of the coating, with each band approximating a single wavelength
height difference. Aseen in Figure 4.4.1, the spinning wafer reflects light very well, suggesting a rather
smooth surface.

Figure 4.1.1Wafer whilebeing spin coated

The wafer in this photograph is spinning at 3000 rpm to ensure a uniform coating. Each layer is
approximately 2u thick, resulting in a final thicknesté &10 um for four layers. The wafer appears
mirror smooth while spinning, as may be seen by the reflection of the nozzle in the wafer.

After a single coating and soft bake, a banding pattern appears perrtignan the wafers when
subsequent photoresist layers are added. As seen in Figure 4.4.1, alternating green and red bands mark
the surface of the wafer, though the wafer still does appear mirror smooth. With the addition of more
coatings, the size and gbea of the banding pattern grows more irregular, eventually appearing in a
spotted pattern.
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Figure 4.1.2Banding pattern on a wafer with multiple coatings

The banding pattern that appears on the wafer is due to differences in coating height. Each band
represents a one half wavelength difference in heighitore coatings results in a less even distribution

of the banding pattern, and has consequences for local thickness. That said, changes in film thickness
are not noticeable between different groups different areas of the wafer.

Figure 4.1.3Addition of photoresist tacoatedwafer.
2 ml of photoresist is pipetted into the center of the wafer prior to spinning. The wafer in this picture
has been coated twice and the banding pattésrvisible. Imrmediately after applying the photoresist to
0KS 41 TSNRA &adz2NFIFOS GKS aLIAy OeoftsS Aa aidl NISRo
When pipetting the photoresist onto the wafer for spin coating, the liquid photoresist expands evenly in
a circle from the center of the wafer, as is expected (dgarf 4.1.3). When adding subsequent layers,
however, droplets tend to pool preferentially in certain areas compared to others. The droplet
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formation, though not quantified, seems to indicate slight variations in surface energy, with those
photoresistphobic regions forming nearly spherical droplets that roll along the surface rapidly, and
photoresistphilic regions that see shallow droplets that pool together. This effect is exaggerated in the
two 45 second step spin procedure. Though only observeditgtiely, it is believed that these
variations in surface energy may play a role in adhesion between photoresist layers since the two 45
second step procedure seems to exhibit poor adhesion between layers.

The first spin procedure (3000 rpm for 90 secenkksults in a very thin (&1 um) coating (measured
using the procedure in section 3.5.1) that is very consistent. By contrast, the second procedure (500
rpm for 45 seconds followed by 1000 rpm for 45 seconds) creates a visibly uneven coatingdgdhe e
effects are very noticeable and there is a clearly thicker layer in the center. Because of the
inconsistencies in thickness, the wafers coated in this method did not produce good, consistent results
when pyrolyzing, with samples cracking.

4.2. Substrate Pyrolysis

42.1. Pyrolysis Summary
Table 4.1.1Substrate Preparation Methodsganized chronologically
Method | Heatrate 1 | Rest Heat rate2 | Peaktemperature rest time | Photoresist
1 10°C/min none N/A 1000°C 60 min sus8
2 3°C/min none N/A 600°C 60 min sus8
3 2°C/min 40 min at 300°C | 10°C/min | 900°C 60 min sSus8
4 2°C/min 40 min at 300°C | 10°C/min | 900°C 60 min S1813
5 2°C/min 40 min at 300°C | 10°C/min | 1000°C 60 min S1813
6 2°C/min 0 min at 300°C | 10°C/min | 1000°C 60 min S1813
7 2°C/min 60 min at300°C | 10°C/min | 1000°C 60 min NewSU8
8 2°C/min 60 min at300°C | 10°C/min | 800°C 60 min NewSU8
9 2°C/min 60 min at300°C | 5°C/min 800°C 60 min New S8
10 2°C/min 60 min at300°C | 5°C/min 700°C 60 min New S8
11 2°C/min 60 min at300°C | N/A 1000°C 60 min New S8
12 2°C/min none N/A 100C0C 60 min New S8
13* 2°C/min none N/A 800°C 300 min New S8
14* 2°C/min none N/A 800°C 60 min New S8
15* 2°C/min none N/A 800°C 0 min New S8
16 2°C/min 0 min at 300°C | 10°C/min | 1000°C 0 min S1813
17 2°C/min 0 min at 300°C | 8°C/min 1000°C 0 min S1813

* indicates2°C/mincooling rate
Bolded rows indicate successful procedures

Defects in carbon surfaces are generally described as either peeling or cracking. Peeling is the
delamination of the carbon film, which is believed te baused by uneven thermal expansion of the
wafer and carbon as proposed Bgnganathan et al. (2000). Cracking is a breakdown of the film itself,
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presumably caused by film breakdown due to high temperature. Both defects may exist independently
of one arother, butmay occur togetherSee Figure 4.2.1.1 for an example of cracking, Figure 4.2.1.2 for
a depiction of peeling and Figure 4.2.1.3 for an example of a peeling and crackingrfilgeneral,
peeling refers to degradation dflm adhesion, whilecracking is the disintegration of the film itself.
Other defects includeleplating under electrical currerdand edge effects or edge pealifdepicted in
Figures 4.2.1.4 and 4.2.1.5 respectivelig)ectrical deplating is observed with the film dissocidtem

the silicon wafer during a CV analysisdge effects seem to be caused largely by process used to cut the
wafersand are exaggerated by exposure to wat&roperly fabricated photoresist films may be seen in
Figures 4.2.1.6 and 4.2.1.7Photoresistf A f Y& 2y 4 FSNhy D28 (p&tddl wafefs a b S g
receivedin the fall of 2008) remained intact when the wafer was brokdime result was pealing along

the edges of a significant number of these samples due to the peeling off of edge areas.

Figure 4.2.1.1 Photograph of cracking aarbonfilm.

Cracking is defined as theakdownof the film within itself, while maintaining adhesion to the silicon
surface. Cracking is caused by a heat rate or cooling rate that is too,regsdlting in diffeential rates

of thermal expansionThe four ridges near the center of the image are from water induced edge effects
(as depicted in Figure 4.2.1.5.
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Figure 4.2.1.2Photograph of peling ofcarbonfilm.
Film peeling is the dissociation of the carbdmfirom the surface. Note the separation of the film from

the surface and continued integrity of the film within itself. The insert highlights an area of particularly
profound peeling. Peeling is caused iy maximum temperature that is too highlRidgesin the upper
right of the wafer are caused by edge effects and exposure to water, highlighted in Figure 4.2.1.5.




Figure 4.2.1.3Photograph of cracking and pealingoafrbonfilm.
Cracking (disintegration of the carbon film) and peeling (separatioheofilm from the silicon surface)

occur together when the heat rate is too high and the maximum temperature is too hifhen
exposed to water, these surfaces are often left as bare silicon wafers.

Figure 4.2.1.4Photograph of electric deplating of dzam film.
Application of current to a seemingly stable film resulted in deplating of the film. The film was stable

when left in water for 24 hours, but lifted off the surface after a single CV scan. Additionally, securing
the wafer in the electrochemicatell broke the wafer along the edge depicted on the left of the

photograph.
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Figure 4.2.1.5Photograph of edge effects of carbon film after exposure to water.

Slight defects along the edgd the wafer are caused by the wafer scoring and breaking psocég¢ater

infiltrates under the wafer along the edge and lifts the wafer from its silicon substrate, but the carbon
FAEY NBYlFIAya Ayidal Oldo LG KFra 0SSy 20aSNBSR GKI G
as a substratum for cell culture

Figure 4.2.1.6Photograph of properly fabricated thin carbon films.
These properly fabricated thin carbon films are consistent and free of defects. Integrity within the film

itself and strong adhesion to thgilicon substrate result in no visible cking or peeling, creating the
appearance of being a single, coherent layer.
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Figure 4.2.17: Photograph highlighting the reflective properties of properly fabricated carbon films.

4.2.2. Pyrolysis Method 1

Resulting substrates from method 1 were marked byisappearance of photoresist from the surface.
Retrieved samples appear to be pristine silicon waf@ise peak temperature of method 1 was within a
range where the photoresist would be expected to still be stainie the predicted stability for different
photoresists was assumed to hold true f8U8 Heat rate was selected as half of that used by
Ranganathan et al., which was noticed to be somewhat higher than most other procedures
(Ranganathan, McCreery, Majji, & Madou, 20@Renschler & Sylwester, @uctive, spircast carbon

films from polyacrylnitrile , 1987fjRenschler, A.P., & Salgado, Carbon films from polyacrylnitrile,,1989)
(Kostecki, Schnyder, Alliata, Song, Kinoshita, & Kotz, 20®ijs, it was concluded that the heat rate for
this methodmust be too high.

4.2.3. Pyrolysis Method 2

Desire to insure film stability and reduce film loss during heating motivated the creation of method 2.
Samples prepared with this method appeared to have a consistent and smooth layer of carbon covering
the surface. Results by Ranganathan et al. seemed to indicate that 600°C would be a sufficient peak
temperature, albeit for AZ433@Ranganathan, McCreery, Majji, & Madou, 2008)simple adhesion test
(merely submerging the sample in tap water in a Petri dish foerséwdays) indicated that the
photoresist did not adhere well to the silicon wafer in agueous environment. Thus, this method would
not be suitable for creating a substrate to withstand biological conditions.
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4.2.4. Pyrolysis Method 3

Learning from the failuresfanethods 1 and 2, method 3 combined the slow initial heat rate of method
2 with the high maximum temperature of method 1. The carbon film produced by method 3 appeared
consistentand proved stable in water. This method was used to create the subsuagssfor the cell
experiments using films frol8U8 According to Ranganathan et al., the material loss was greatest
around 300°GRanganathan, McCreery, Majji, & Madou, 2000hus seeing that greatest material loss
seemed b correlate with greatest rate of temperature increase in our experiments, it was decided that
slowing or halting the rate of temperature of change in that period may curtail material loss. The
procedure seemed to work, creating a layer with minimal stefdoss and with desired stability.
Method 3 was used to prepare samples for genetic assays dof¢J8based carbon films.

4.2.5. Pyrolysis Method 4

Method 4 was merely applying method 3 to the S1813 photoresist. The product of this procedure was a
thin and vsually consistent film. Despite appearances, tha flid not prove stable in water, breaking

into small pieces which floated to the surface of the wat€hese results paralleled results from method

2, suggesting that the peak temperature was not higioegh.

4.2.6. Pyrolysis Method 5

With the failures of method 4, the peak temperature was increased in an effort to create a more carbon
like character in the film. Samples created by method 5 were consistent thin films that appeared
smooth. The carbon films westable in water and proved suitable for cell cultures.

4.2.7. Pyrolysis Method 6

Method 6 was created merely as a means to decrease the time necessary to complete a pyrolysis
procedure. It was hypothesized that S1813 would not need a rest because the filmweasthinner

than the previous coatings and may not need the rest period to form cross links to increase stability.
Samples produced by method 6 were indistinguishable from samples from method 6. It was method 6
that was used to prepare carbon film samgplfor the cellular adhesion assay done on S1813 based
carbon films.

4.2.7. Pyrolysis Method 7

After having run out of S8 and switching to S1813 for procedures 4 through 6, more3 Stas
ordered. Procedure 3, which was previously successful failed tdecee@arbon film with suitable
stability. In particular, the film failed to adhere when exposed to water and when conducting CV
analysis.It was assumed that the failures of procedure 3 were due to an inability to sufficiently convert
the photoresist tocarbon, and the film retained photoresibke properties. Thug,000°Gvas chosen as

a new peak temperature, as suggested Rgnganathan, McCreery, Majji, & Madou, 200The film
appeared fractured and demonstrated poor adhesion in the same mannera®ps high temperature
results.
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4.2.8. Pyrolysis Method 8

Assuming that the peak temperature for procedure 7 was too high, it was lowered in procedure 8. It
was hoped that this method would indicate more photoresist like character than procedure 33900
and less carbon character than both procedures 3 and 7. The film, contrary to expectations pealed and
was fractured in points, yet had some areas that adhered very well. Unfortunately, surface areas for
these adhered points were not sufficient to condwet electrochemical analysis of the surface. The
fracturing in this case appeared similar to previous tests with heat rates that were too high.

4.2.9. Pyrolysis Method 9

Working on the hypothesis that the heat rate was too high for method 8, a lowé&Infsn) heat rate
was used in method 9. The film appeared slightly more stable, but still failed to adhere, particularly
around the edgeslt appeared that the temperature may have been too high for this procedure.

4.2.10.  Pyrolysis Method 10

Lowering the temprature of procedure 9 to 70Cs & AYGSYyRSR G2 GSad AT LN
temperature was too high. The film appeared very stable and had good adhesion in air and in water, but

did not qualitatively look the same as the film produced by procedur&pecifically, the film did not

have the same dull black color and still appeared to refract light as the bare photoresist does. Yet, a CV
analysis revealed no carbon like behavior, with eventual deplating of the photoresist. It was quite clear

that the temperature for procedure 10 was not high enough to pyrolyze the photoresist.

4.2.11. Pyrolysis Method 11

It appeared from procedures 9 and 10 that the heat rates were too high and the maximum temperature
was not high enough. Thus, method 11 was devisedhi@ta lower heat rate and a higher maximum
temperature. The ZImin heat rate had proven successful previously and thus was used again, while
the 1000Cmaximum temperature was selected to guarantee total pyrolysis, even if perhaps the film
was unstable.Results indicated a film that was well adhered in some points, exhibiting pealing that is
indicative of a maximum temperature that is too high.

4.2.12. Pyrolysis Method 12

Method 12 was conceived to test whether the cross linking rest had any effect oirthstébility. No
differences were observed between method 11 and method 12.

4.2.13. Pyrolysis Method 13

Consulting published sources (Singh, Jayaram, Madou and Akbar, 2002), method 13 emerged was
selected. The heat profile was supposed to b@rin to 800°C followed by a 60 min rest at 800and

then a 20min cool to room temperature. An equipment malfunction, however, caused the
temperature controller to not properly execute the planned procedure. The result was a 300 minute
rest at 800Cwith the desied heat rates up and down. The resulting film was fractured in very much
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the same manner as procedures that use temperatures that are too high, yet it remained unclear
whether this was due to the extended exposure at high temperature or the temperaget. i

4.2.14. Pyrolysis Method 14

To examine the role of rest time in method 13, method 14 was devised as a reduced rest time method.
The film was somewhat more stable than method 13, but still failed to adhere after long term exposure
to water and in thepotentiostat.

4.2.15. Pyrolysis Method 15

With a better film from a shorter rest time between methods 13 and 14, method 15 was devised to test
if a further reduction in rest time could improve film stability furthefThere were no noticeable
differences béwveen methods 14 and 15.

4.2.16. Pyrolysis Method 16

Following repeated failures using 8US1813 was returned to again for its successes and ease of use.
With the increased film stability with decreased rest time demonstrated by methods 13 and 14, method
16 was fashioned after method 6, but with no rest time. The films produced by method 6 and 16 are
indistinguishable and thus method 16 was selected as a means to reduce process$-time.depicted

in Figures 4.2.1.6 and 4.2.1.7 are created using metitod

4.2.17. Pyrolysis Method 17

Method 17 is very similar to method 16, with the slightly lower second heat rate step yielding a slightly
thicker film. No obvious differences in stability or chemical content are observed, but the film is nearly
1.0 um thicke (see section 4.5.1 for detailed discussion of film thickness). Additionally, this heat profile
produced a higher portion of high quality films, with around 90% of samples being usable for cell
growth, compared to the approximately 65% using method That said, those suitable samples made
with method 16 appear to be a higher quality than those with 17, with fewer minor defects and a more
consistent appearance.

4.2.18. Pyrolysis Method Summary

Early procedures using original-8ldamples were successfulama two step heat profile was adopted.

The rest temperature 0B00°Cwas selected because it is a commonly used hard bake temperature for

SU8 (del Campo & Greiner, 2007Movement to S1813 was done out of necessity, asSii8 samples

had been consumed and S1813 was available. Nef/\&fers were eventually obtained, but attempts

to create an acceptable carbon film were unsuccessful. It was concluded that the rgwQSU T | A £ dzNB
were due to the wafers being fused silither than monocrystal silicon. S1813 was thus used again
because it was available and effectiv&amples prepared using Method 16 are treated with oxygen

LX FaYlr SGOKAy3Id 2 KAETS FAEY GKAOlYySaa o1 derer St a dzNBS
are no visible differences between oxygen plasma treated carbon and unmodified carbon.
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4.3. Neurite Differentiation Genetic Assay

A genetic assay was selected as an easgnsto gauge celburface interactions. Similar studies have
usedvisualmethods(SEM and fluorescent microscopy most notably) to assessuédice interactions
(Zhou, Gupta, Zou, & Zhou, 2007; Li & HoffiKém, 2008) These techniques are more expensive, time
demanding andess quantitativahan assessing gene expression, though it provides a much clearer view
of cellular phenomena Thus, it is desirable to develop a genetic assay that can offer insight regarding
cellsurface interactions with greater eas@d higher throughput

Three genes werselected as a means of assessingagtface response. The first, Tau, is a protein that
crosslinks tubulin to stabilize microtubule@Veingarten, Lockwood, Hwo, & Kirschner, 197%) has
been observed previously that Tgenes are upregulated during the process of neuritogen@sisbin,
Feinstein, Shooter, & Kirschner, 198k)Jevated levels of Tau expression should indicate a higher rate of
neurite growth and more stable neurites as a résafl assisting microtubule assemhligsmaehAzad,
McCarty, & Feinstein, 1994)The next gene, glyceraldehyd@gphosphate dehydrogenase (GAPDH)
codes for a cytosolic protein that plays a key role in glycolyBiscause of th & 3 &gstudve
nature, its regulation is not expected to change between samflest, Voet, & Pratt, 2006)GAPDH is

to act as a housekeeping gene that is expected to be roughly constant in all safiplaky, betaactin
expression is gauged. Bedatin is a structural protein that plays a key role in cytosolic expansion and
neuritogenesis.  Previous studies have notslightly elevated expression of this gene during
neuritogenesigDrubn, Feinstein, Shooter, & Kirschner, 1985)

4.3.1. Genetic Assay Method 1

Assay 1 sought to determine if neuritogenesis could be detected using a geneticoasphygtoresist
derived carbon surfacesTau proteins were chosen to detect neurite growth, ll@APDH would serve
as ahousekeeping gen¢hat was presumed to be constant between cell populations. As expected,
processes were observed on NGF treated cells removed from the substratgpbinization and not
observed on samples not treated with NGEug total RNA per sample wastracted and the cDNA
librarywas created and amplifiedithout any errors

The results of the gel electrophoresis shown in Figure 4.3.1.1 demonstrate an upregulation of Tau genes
in the presence of NGF.Additionally, theconstant expression of GAPDH and equivalent starting
guantities of mMRNA indicatehat the cell numbers are roughly constant and other genes are being
expressed in normal levels. These results, considered along with observations of processes and
previousy published work indicate thafau genes may be used as an indicator of neurite growth for
these PPF substrates.
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GAPDH

control NGF

Figure4.3.1.1Gel electrophoresis results foells grown on carbon substrates usigenetic assay 1.
Note the upregulation of Tau genes WhiGAPDHtandardremains constant.Enhanced expression of
Tauin the context ofconstantGAPDHexpression indicatethat NGF does indeed cause néogenesis
on PPF surfaces. These results are confirmed by observatiypsihizedcells (not shown).

Further experiments using this procedure in context of current alternatives (SEM or fluorescent
microscopy) may provide a quantitative method to study neurite growthough the method will not
provide the level of detail that alternatives possetgde dimensional visualization of neurite growth
specifically), the assay may be used as an easy and high throughput screening method to compare cell
surface response at a superficial levéldditionally, genetic analysis methods permit an understanding

of cellsurface interactions that isat apparent in other techniques. Specifically, genetic assays permit
one to quantify gene expression levels.

4.3.2. Genetic Assay Method 2

Building on the success of Assay 1, it was hoped that a mocempassingtudy would further
elucidate cellsurface interactions Tau genes were selected to confirm that neuritogenesis was indeed
taking place, while betactin was hoped to offer further insight regarding cytosolic expansion and
GAPDHwvould act as a housekeeping geagan. As inthe previousassay neuritogenesis was noted
when observing trypsinized cells from samples treated with NGF, but not from samples not treated with
NGF.1ug total RNA per sample was amplified.
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Figure 4.3.2.1Merged image of gene expressiondtsas determined in genetic assay 2.

GAPDH genes show equal expressiaemonstrating performanceas a good housekeeping gene and
suggesting that representative mRNA samples are accurate assessments of cell gene levels. Tau genes
show little noticeablechanges in expression level, with a slight upregulation in NGF on carbon samples
and a slight downregulatiomn glass. Betactin behaves as expected on carbon surfadms, is
downregulated after treatment with NGF on glass surfaces.

The results for Asy 2 did not conform to expectationsThoughthe GAPDH:ontrol did behave as
expected, showing a constant expression level, {zstlin and tau geneshowed some puzzling results.
Beta-actin, as a structural protein, would presumablyy@egulated afteNGF treatment, but actually
shows a lower expression level on glass samples treated with R&Funderexpression in NGF treated
glass samples is very slight.

It was believed that the lower expressiafi Tau and betaactin could be accounted for by diffnt
cytoskeletal conformations This difference in cytosolic shape may perhaps have consequences for
cellular adhesion. Such predictions make sense in context of previous findings of cell adhesion
(Liliensiek, CampbeNealey, & Murphy, 2006; Teixidor, et al., 2008hus, a cell adhesion assay would

be conducted in an effort to see if any correlation existed.

Examining the findings of this assay in context of cell adhesion assay 2 (see section 4.4.2) shows
enhancel Tau and betactin expression on better adhering cells within surface material groups. In
other words, the glass control group exhibits better adhesion and higher expression of tau and beta
actin genes, while the NGF treated carbon surface shows hegpeession and adhesion. These results

may be accounted for by different cell morphologies in each group.

4.3.3. Genetic Assay Method 3

It was belieed that the results in Assayn2ay beelucidated by a cellular adhesion studyor this assay,
only betaactin and GAPDH are considered in an effort to simplify the experiar@hbecause the Tau
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genesappeared tocoordinate strongly with betactin expressiorand it was believed that betactin

would be a suitable indicator of possible changes in cell smagnifested in changes in adhesion
Adhesion data from Cell Adhesion Assay Method 2 is compared to findings from the genetic assay in an
effort to better understand the results of Genetic Assay Methodh\8.in previous assayglg total RNA

per samplewasused as a means to normadi expression levels for each sample.

As in previous assays, cells were trypsiniaad examined under a microscope confirm that only

those treated wih NGF exhibited neuritogenesis. Results of the genetic assay are displagmutext

of the cellular adhesion assay in Figure 4.3.3.1. GAPDH levels between all samples are constant as
expected from previous experiments, demonstrating that GAPDHagainbe used as a housekeeping

gene forthesegeneticassays Slight variatios in betaactin expression are observed.
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Figure 4.33.1: Merged image of gene expressitmvelsfrom genetic assay 8nd cell adhesion data
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indicates an absence of PL or NGFars indicate concentration of adhered cellsl@i cells/ml for each

sample, where grey bars represent carbon samples and white bars denote glass sub$eteesctin

expression diffes only slightly between samples, showgiwery slight levels of upregulation on only PL

coated surfacesompared to only NGF treated surface$his assay does not show the difference in
expression observed in Method Dnly samples without PL and without NGF stsmstantiallylower

38



levels ofexpression.GAPDH expression is constant for all samplRsfer to Section 4.4.2 for a detailed
discussion of cell adhesion data.

Results from Genetic Assay Method 2 were not repeated in Genetic Assay Methdil@ there is a

clear upregulation of &ta-actin in NGF treated carbon compared to AdGFreated carbon with no PL,

the difference in expression of betectin between samples with and without NGF treatment on4ftn

coated surfaces is not notable. There are slightly elevated expression tdveétaactin on surfaces

that exhibit the greatest levels of adhesion. That is to say that samples treated with NGF on PL coated
glass and carbosurfaces show clearly elevated levels of expression in context of other samples on
carbon or glass surfas. This may be explained by previous findings regarding morphological changes
of nerve cells on differentially adhesive surfa@iéeinfeld, Kahler, & Hockberger, 1988)
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Figure 4.3.3.2:Semi quantitative fluorescent intemities for betaactin and GAPDH genes displayed in

context of cell adhesion.
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normalized to the greatest fluorescent intensity (G P+ N+), and shows a high degree of consistency
within each material grop. Betaactin expression is normalized to the maximum value also and

adhered cell numbers are shown in units of £8lls. It is important to note the consistency of GAPDH

in each group and the lack of correlation between adhesion and-betia expres®mn.
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Levels of betactin expressiomo not exhibit any substantial differences between sample groups. Due

to the semiquantitative nature of theRTPCR procedure, differences of 20% or more are considered
significant. This cutoff means that only the vegd expression of betactin in carbon samples without

PL and without NGF treatment is considered significant. Such findings correlate with expectations, since
beta-actin expression is not controlled on a genomic level and actin monomers exist in gidgbstan
concentrations in the cytosol, with filamermssembly controlled on the protein lev&Voet, Voet, &

Pratt, 2006)

Betaactin (and perhaps tau as well) may not serve as a means to accurately compare levels of neurite
growth between different surfaces without the ability to accurately account for changes in cellular
morphology on each surfacdt is exceedingly difficult to isolate each factor of sitface interaction
between materials that differ on several very importgroperties. Differences between each surface

in terms of chemistry, roughness, stiffness and several other parameters make it very difficult to, at this
stage, develop a genetic assay that will isolate neuritogenesis as the dependent variable.

4.3.4 Genetic Assay Further Discussion

Findings from genetic assays demonstrated the difficulties of isolating variables in cell assays. The
complicated nature of ceBurface interactions made it difficult to select genes that would indicate only
neuritogenesior neurite extension. Changes in cell shape due tescefhce interaction are believed

to account for a great deal of the differences in gene expressrastic differences in cell shape in
response to surface adhesivihave profound consequences fgene expression, as may be seen in
Figure 3.4.3.1.
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Figure 3.4.3.1Figure of dissociated spinal cord cells grown on PL caateduncoated regions from
Kleinfeld et al. (1988).

PL coated regions appear esised areas wh high levels of cell adhesiomhile uncoated (remaining

area) surfaceshow lower levels of adhesionNote the drastic differences in morphology between the

PL coated and uncoated areas. Cells grown on PL coated surfaces adopt a familiar neurite geometry,
with a flat cell body and eé&nding neurites, where cells on uncoated surfaces have a nearly spherical
morphology with very few if any neurites are visible.

The extensive differences between glass and carbon surfaces in chenigtography and other
influential factors make gee sdection difficult for this assay. The opaque nature of the carbon surface
makes visualization of cells very difficult, leaving very few techniques to view cells on the surface with a
high level of detail. Typical methods include scanning electron mapygs(SEM) and fluorescent
microscopy. The latter involves fluorescently dying the cell membrane and visualizing fluorescent
emissions from the flouropores embedded in the membrahedeed, to further elucidate potential cell
surface interaction that codlnot be accounted for by mere genetic and adhesion assays, a wiogyh

study was conducted (Seed@ion 4.5).

4.4. Cellular Adhesion Assay

Results from Genetic Assay Method 2 wdrelieved to be accounted for by differences in cell
morphology, which may perlpg manifest in differences in cell adhesion on each surfae adhesion
assay was devised as a meansmeasurecell number for each surface and see if any correlation
between cell number and genetic assay results could be notitad is not to mentio the fact thatcell
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adhesion is an importarfacet of cellsurface interaction Differences in adhesion may shed light on the
importance of surface chemistry or roughness among other factors between different materials
(Liliengek, Campbell, Nealey, & Murphy, 2006This procedure will only remove cells that are not
adhered strongly. More specifically, this assay is a measure of removable cells and may say very little
about the total number of cells or cell density per umiea on the substrate.

4.4.1 Cellular Adhesion Assay Method 1

Judging cellular adhesion rates permits a greater understanding of the interactions between PC12 cells
and the photoresist derived carbon substrat€ells in silicon samples not coated in PLtbeated in

NGF exhibited very low numbers because these samples were contaminated in thisAtriatal of

52x10 cells were seeded on eaqpiate Additionally cell seeding numbers were quite low, leaving
standard deviations that represent rather larg®rtions of the total seed numberFigure 4.4.1
illustrates the results of the test.
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Figure 4.4.11: Results frontellular adhesion assay method 1

Cell concentration (10,000 cells/ml) for each sample evaluftedccach surface configuration Data
represents mean and standadkviation for each of the sample<s indicates glass substrates, S silicon
substrates and C carbon substrates.répresents surfaces not coated in PL, while P+ is surfaces coated
in PL. Similarly,-lenotes samples not treatl with NGF and N+ marks samples treated with NGF.

It was expected that botPLand NGF would promote adhesion on all surfaces. Glass presents the most
peculiar results, with the sample lacking b&hand NGF exhibiting the highest rate of adhesidhs is
believed to be due to elevated proliferation rates during the initial adhesion peridtie lack of
significant difference between three glass samples PPN+ and P+N+) was unexpectedhese
observations seem to be due in large part to
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A simple analysis of variationuging the ANOVA test) offexr further insight regarding the adhesive
properties of each surfaceGroups that have a statistically significant separation share a p value less
than 0.05 (Refer to Appendix B for detailed p value cdlicuig). No statistically significant difference is
observed between any of the surfaces coated with PL and treated with NGF. This appears to be due
largely to the large variation in the glass values and obvious similarity between carbon and siligmn. Gla
and carbon are significantly different than silicon for PL coated surfaces not treated with NGF, while
carbon and glass are not significantly different.

The most important implication from these findings is the promise to parallel behavior on somewhat
similar substrates. A study by Gabay etirmR005demonstrated the ability for neuronal cells to migrate

and self assemble into organized wetrks given proper surface qualities. Usisglated islands of
carbon nanotubes on a silicon substrate, a ppasgiexperiment usingLislands on quartz was paralleled

with new materials. Both experiments relied on local regions of high and low affinity to create self
organizing neuronal networks. The cells tend to migrate, pulled by surface tension into ctustdgh
adhesion surfaces with bridges between clusters crossing the low adhesion surfaces. In the case of
carbon nanotubes and silicon dioxide, the carbon nanotubes represent areas of high affinity upon which
clusters form(Gaay, Jakobs, & Bekacob, 2005) Similar patterns of migration have been witnessed in
dorsal root ganglion bridging gaps on MEMS surfd@ddner, Bruder, Li, Gazzola, & Hoffrém,

2006)

Judging by differences in adhesion between photoresist deroarthon and bare silicorit may be
possible to create self organizing clustered networks of neurons with the use of small islands of carbon.
The potential for surface modification in terms of topological roughness and chemical markers may
further increa§ G KS OF Nb2yQa | RKSAAGBS oAftAGASaT 2dzad
specific active groups or a metallic coating below the photoresist may decrease cellular affinity for the
non-carbon surfaces. Increasing affinity in certain areas widlereasing it in others creates the
requisite highand low adhesiomprofilesfor designing sélorganizing neuronal networks.

4.4.2 Cellular Adhesion Assay Method 2

Learning from the flaws of method 1 (low cell seeding humber most notabéflilar Adhesin Assay
Method 2 was designed with arfger initial seeding number in hopes of generating a set of data with a
smaller percentage variation. Additionally, bare silicon surfaces amited as a means to simplify the
experiment and allow faster repeat pariments from seeding coloniesA total of 120x1bcells are
seeded onto the samples at a concentration of 40ckIs/ml.

When cells were being removed from glass substrates, they were examined under the microscope to
confirm that the cells were indeedetaching from the surface.Samples treated with NGF were
observed on thehemocytometerto be growingrather smallprocesses regardless of surface of PL
treatment. For glass samples, a noticeable decrease in neurite length between the cells in trdidhetri
and in the hemocytometer (before and aftertrypsinizatior) was noted but not measured. A
substantially longer term ofrypsinization compared to that in Method 1 was used as cells were
observed to remain attached to the glass substratter 5 minues
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Figure 4.4.21: Results from cellular adhesion assay method 2.

Recovered &ll concentration (10,000 cells/ml) for each sample evaludde@dach surface configuration
Data represents mean and standard deviation for each of the sampBleindicaes nopoly-lysine (PL)
treatment, while P+ represents PL treatment, converselyd®&hotes no NGF treatment and N+ marks
NGF treated samples. For R+#d PN+ groups, glass and carbon are not significantly different and
there is no statistically signifot difference between P+Nind RN+ (p>0.05).

It has been long understood that both NGF and PL promote cell adhesion in PCIRam&jisnathan,
McCreery, Majji, & Madou, 2000; Schubert, 1973jatistical analysisfahe cell adhesion assay results
reveals no significant difference betwelwolylysine(PL) coatings on carbon surfaces not treated in NGF
and no difference in NGF treatment on glass surfaces not treated with FL.Ap). Moreover, there is

no statisti@l significance between glass and carbon surfaces that are either treated with PL and no NGF
or no PL and NGF. Further analysis reveals that there is no significant difference between only
treatment with NGF and only coating with PL.

Glass not coated inLlPand not treated with NG$hows 851.0%higher cell recovery ratéhan its carbon

based counterpart This may be due to either (as suspected in the previous assay) a higher proliferation
rate prior to firm adhesion, or a failure to adhere so stronglyt the trypsin treating cannot remove the

cells. The observations of high clustering rates in the morphology assay seems to suggest that the
second hypothesis may be true.

The lack of statistical significance between NGF and PL holds application ingaeiZiog neuronal
networks. Findings by Gabay et al. demonstrate the ability to create self assembling neuronal networks
with patterned surfaces with varying adhesive propert{@abay, Jakobs, & Bdacob, 2005) While

their results demonstrate network assembly on silicon patterned with nanotube islands, preliminary

44



findings and observed cell migration Byeinfeldet al. suggest that PL on glass or agarose may hold
similar promise for network assemb(ileinfeld, Kahler, & Hockberger, 1988%iven that the adhesive
properties of NGF and PL are virtually indistinguishable, it may be possible to create self assembling
neuronal networks with surface immobilized NGF patterns.

While self assemblingemironal networks on nanotubsilicon surfaces have been shown to exhibit
neurite growth on nordesired areas, surface immobilized NGF has been shown to have the ability to
induce neurite differentiation only in desired are@abay, Jakobs, & Bdacob, 2005; Kleinfeld, Kahler,

& Hockberger, 1988) Qualitative investigation of simil@PFsubstrates has demonstrated the capacity
for neuron cell migration and clustering dPPFsilicon patterned surface¢Teixidor, et al., 2008)
Coupling patternedPPFand immobilized NGF patterns may vyield the capacity to produce self
assembling neuronal networks where individual ceduritogenesismay be controlled. Differences
apparent adhesive propertge manifested in clustering rates in the cell morphology assay seem to
support this idea of use of carbon as a means to create self assembling neuronal networks.

Fabrication techniques for selected materials permit the creation of features with a resoadibigh as
0.48um, while the use of more elaborate fabrication techniques may permit the creation of intricate
three-dimensonal carbon structuregYamada & Chang, 2008)The high resolution and potential for
advanced structtes of PPFpermit the creation of multielectrode arrays. While some multielectrode
arrays have been successfully used to measure neuronal cell activity, they have been quite primitive and
lacked the ability toadequately pattern cell growth(Gabay, Jakobs, & B&acob, 2005; Ito, 1998)
Carbon nanotube (CNT) based multielectrode arrays may have cytotoxic effects, whereas results thus far
suggest thatPPFhas a high degree of biocompatibiiitthough admittedly not muctwork has been

done to investigate the biocompatibility ®PHZhou, Gupta, Zou, & Zhou, 2007; Teixidor, et al., 2008)

4.4.3 Cell Adhesion Assay Common Observations

Bare glass not treated with NGF was not expectededorm as well as it did in either experiment. It
appears that higher proliferation rates during initial seeding are the cause of the observed behavior, but
this has yet to be testedAdditionally, the method used only dissociates moderately well attdacells,
leaving very strongly adhered cells on the substrate, measuring only the number of cells which would be
collected via trypsinizationThe lack of significant difference between only PL coated surfaces and only
NGF exposed surfaces is shown athbmethods An exact explanation for this observation remains
elusive, but holds promise for the use of immobilized NGF as a means to preferentially control adhesion
and differentiation.

In either case, the elevated adhesion of NGF treated cells ondlass compared to carbon and the
statistically insignificant difference between NGF treated bare surfaces is observed. These results are in
agreementwith Teixidor et al., who observe a slight preference for glass by nerve (2018)
Additional resultsindicate a preference for carbon substrates over silicon, results that appear
NEFaz2yloftS S@Sy Ay ameokdde &ifh previdus Kn2lilfEeixitod, et ll, 2008p0zNES a
Gabay, Jakobs, & Bdacob, 200p
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4.5. Cellular Morphology Study

Cellular morphologyas determined for a total of eighteen samples composed of four substrate groups,
each with four PL and NGF configurations and a repeat of two of the groups. As may be observed in the
images of the cdll the Dil was successfully absorbed into the cell membranes with a low level of
background noise. Fixing the cells and addition of the dye appear seqwe morphologies of the cells,

as confirmed qualitatively by comparing the view of cells in an arglinnverted microscope to the
fluorescent micrographs.

This procedure allows qualitative comparison of cell shape and relative adhesion numbers between each
of the sample groups.While some of these observations permit one to draw conclusions about cell
surface interactions, the qualitative nature of these data limits the range of analysiselection of
figures follows, refer to Appendix G for more detailed images of each sample group.

100 pm 100 pm
Bare Carbon Bare Glass Bare Silicon

Figure 4.5.1Undifferentiated cells seeded on carbon, glass silidon surfaces.
It is important to observe here that the bare glass sample exhibits higher rates of clustering of cells
(better illustrated by figures in Appendix G).
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100 pm 100 pm 100 pm

NGF Carbon NGF Glass NGF Silicon

Figure 4.5.2NGF treated PC12 cells seeded on unmodified carbon, glass andsilitawes.

Here, with the addition of NGF, it is easy to see that the cells adopt a distinctly different morphology
than the blank control. Slight changes in cell adhesion are expected, and clustering rates, as a
consequence, are altered slightly.

100 pm 100 pm 100 pm

PL Carbon PL Glass PL Silicon
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Figure4.5.3: PC12 cells on PL coated carbon, glass and silicon surfaces.

Coating surfaces with PL promotes cell adhesion and decreases clustering slightly compared to samples
without PL. This suggests that more adhesive surfaces permit less cell migratiomeana to
clustering.

100 pm 100 pm 100 pm

PL+NGF Carbon PL+NGF Glass PL+NGF Silicon

Figure4.5.4: NGF treated®C12 cells on PL coated carbon, glass and silicon surfaces.
Addition of NGF and PL differentiates neuronal cells on a highly adhesive surface. As in previous

additions of PL, a reduction in clustering caargd to the NGF only group is observed, in addition to the
apparent ability to form long neurites.

Figures 4.1, 45.2, 45.3 and 45.4 depict cells seeded on bare substrates, cells treated with NGF on
bare substrates, untreated cells on PL coated substrand NGF treated cells on PL coated substrates
respectively. NGF serves to differentiate the cells intanfog processes and adopting an expected
neuronal cell morphology. PL increases cellular adhesion on each surface, serving as a basis against
which adhesion may be judged on a surface
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Figure 4.5.5Dense clustering of NGF treated PC12 cells on carbon (above) and glass (below)
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Though not pitured, the glass substrate featured more barren area than the carbon counterpart, with
clusters as depicted in the figure appearing at seemingly isolated intervals over the surface. By contrast,
the carbon surface saw smaller clusters with less distanee the surface of the substrate.

Clustering of PC12 cells oarbon occurs at a much lower rate than on glass. As demonstrated in Figure
4.5.5, dense clusters are much larger on glass than carbon. Other large vacant areas (not pictured), are
seemingly drger on glass than on carbon, suggesting perhaps a longer distance of migration brought
about by aperhaps lower level of adhesion. This hypothesis could perhaps be supported if one
considers that thetrypsinization procedure used to gauge adhesion (iactf gauging recoverable
adhesion) detaches only loosely attached cells, in cell adhesion method 2 shows a greater proportion of
cells detaching from glass.

100 pm 100 pm 100 pm| 100 pm

Bare Oxygen Carbon PL Oxygen Carbon NGF PLOxygen Carbon NGF+PL Oxygen Carbon

Figure 4.5.6Cell morphologies on oxygen plasma treated carbon samples.

These PC12 cells seeded oxygen plasma treated carbon samples demonstrate quite well the
morphological consequences for cells seeded on each surface. The cells seeded on oxygen plasma
treated carbon not treated with NGF and not coated in PL showghly spherical morphologies.
Coating surfaces with PL preserves the roughly spherical morphology, with a slight increase in cell
surface area from flattening the cell due to non specific adhesion to the surface as well as a slight
reduction in cell clustering. Addition of NGF resiitt clear formation of neurites, with a clear clustering

of cells. Addition of NGF to cells seeded on PL coated oxygen plasma treated surfaces shows clear
neurite formation with a slight reduction in cell clustering, suggesting an elevation ksurédte
adhesion.

Comparison of morphologies on a single surface with different treatments is quite easy, as is illustrated
in Figure 4.5.6, but comparisons between surfaces proves a bit more challenging since the consequences
of different surface properties arfar less pronounced than the dramatic differences imparted by
coating with PL or treating with NGF. That consideration, coupled with the qualitative nature of
examining cell morphologies, makes definitive conclusions abousudtce interactions diiult. Of
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course, profound differences between each of the surfaces are sufficient to draw conclusionselbout
surface interactions.

4.6. Film Characterization

To study celburface interactions, it is necessary not only to understand cellular responsegldm
surface characteristics that may influence cell response. Material loss plays an important role in
dzy RSNR Gl YRAY 3 (K SeffeEtivenedsd OSpéckicaly, alLiNPtkat & doQ thin or too
inconstant will not provide good surface coveraged will allow cells to contact the silicon substrate
below. Additionally, surface chemistry (as discussed in detail earlier) plays a very important role in cell
adhesion and ceBurface response. Electrochemical analysis demonstrates that the cailpon f
behaveselectrochemically as carbonElectrical behavior may also play a role in influencing nerve cell
behavior, thus surface electrical resistance is measured.

45.1. Film Loss

Film thickness measurements reveal an average initial film thickne€sXyfrh and a final pyrolyzed film
thickness of 1.8im. Film thickness measurements show an 82.2% loss in film thickness. Similar findings
have been reported, though admittedly with a differemessist(Ranganathan et al., 200

Figure 4.5.1.1Phasecontrast micrographs of unpyrolyzed S1813 coated surfaces.
The focal length of the peak contrast on the top of the films (left) is measured and compared to the focal
length of the underlying substrate (right). The contrast lines or fringes denote ke sirayelength
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difference in height, correlating to abo@50 nm in the case of the white light souread filtersused,
creating very high levels of contrast. A razor blade is used to remove the photoresist layer down to the
silicon substrate, leaving amusual pattern as seen above.

Table 4.5.1.1Film Thickneskleasurements

Type Film distance (um) Substrate distance (um) Film thickness (um] % loss
Pyrolyzed S1813

(10°C/min heat ratg 153.6 151.8 1.8

second step) 82.2%
Unpyrolyzed S1813 14 5 121.4 10.1

(4 coats)

Oxygen Plasma

Treated Pyrolyzed | 100.1 99.34 0.76

S1813 90.2%
Unpyrolyzed S1813 1 g 5 101.7 7.8

(4 coats)

Pyrolyzed S1813 29

(8°C/min heat rate | 131.0 128.1 '

second step) 62.8%
Unpyrolyzed S1813 1 g 5 101.7 7.8

(4 coats)

As was expeed, the oxygen plasma treated carbon film exhibited a greater amount of surface loss.
Reactions at the surface forming carbon monoxide and carbon dioxide reduce the film thickness.
Additionally, the 8°C/min heat rate for the second heat step was obsewettastically increase film
GKAOlYySaao LG FLIWISEFENE GGKFdG GKS at26SNJ KSFG NI GS
stability during thepyrolysisprocedure. The slight increase in exposure time at high temperatures
appearstonotha8 y20iAOSFofS SFFSOGa 2y GKS FAEYQa adloAf A

Table 4.5.1.2Film Mass Loss Measurements

Sample| Unpyrolyzed (g) Pyrolyzed (g)| Bare Wafer (g) Photoresist (g) Carbon (g)| Mass Loss ¢

1 0.6934 0.6877 0.6826 0.0108 0.0051 52.8%

2 0.6789 0.6741 0.6712 0.0077 0.0029 62.3%

Film mass loss for Method 16 (10°C/min heat rate for second heat step) averaged between 47.2% and
37.6%. Considering the change in mass in context in the change in film thickness, it is easy to see that
the material left on the wafer aftepyrolysis has a different density than the photoresist precursor. The
carbon film is roughly 2.5 times denser than the photoresist film. Film densities are 0.916 mg/um
thickness for the photoresist and 2.22 mg/um thickness for the pyrolyzed product.
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45.2. Electrochemical Analysis

Cyclic voltammetry (CV) analysis of pyrolyzed photoresist films (PPE@nded to indicate that the
substrate does indeed behave chemically as carldéor. certan pyrolysis methods that appeared stable

in water, the samm@s did not prove adherent under conditions of the CV test. Some samples broke
apart during sonication to clean the surface, while others did not adhere well either in the Fe(}l)(CN)
solution or when voltage was applied, causing the carbon film to deplate final stable method used

for cell growth tests is stable under CV conditions and is the method used to prepare samples for
characterization.

Characterization with the use of CV reveals that the pyrolyzed S1813 is very much akin to the glassy
carban standard. Figure 4.5.2 shows a plot of current against voltage for the thin carbon film and glassy
carbon standardn 9 values of 118mV and 137mV for glassy carbon and PPF respectiVély
difference of 19mV between 9Qvalues for each material is wesimilar to findings from procedures

using similar temperature ranges ja9 of 25mV has been reported for SU8 derived RREnganathan,
McCreery, Maijji, & Madou, 2000)

Current (mA)

'08 T T T T T 1

0 100 200 300 400 500 600
Voltage (mV)

Figure 4.5.2Cyclic voltammetry results for pyroly@&1813 wafer
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Thesolid linedepicts the CV for the carbon sample, while the dashed line is tlssygtarbon standard
Scans were conducted between 0.0V and +0.60 V at a rate of 100 mV/s in a OREB)KCN)and a
0.005 M Fe(lll)(Ch}¥olution of BS. Peaks appear at 302mV and 168mV for cathode and anode
respectively in the PPF and at 3@/ and 184mV for the glassy carbon standardResultingh 9values

are 2mV on the cathode side and 16 mV.

45.3. Surface Energy

As may be seen ifigure 4.5.3.1, the contact angle of water is greatest on the plain carbon surface.
Contact angles are less on the unmodified S1813 surface, followed by the silidace; while the

oxygen plasma treated carbon surface has the lowest contact angle. A greater contact angle indicates a
more hydrophobic surface, while a lower contact angle correlates to a hydrophilic surface. The bare
carbon surface was not expected be more hydrophobic than the untreated S1813 nor the silicon
wafer. It was expected that unmodified S1813 would probably have the greatest contact angle because
it is composed of aromatic polymer chains and it is cast in an organic solvent.

. [Y—
- -

Figure4.5.3.1: Image of droplet contact with surface samples.
Silicon (top left), untreated S1813 (top right), bare carbon (bottom left) and oxygen plasma treated
carbon (bottom right) are pictured. Bare carbon clearly exhibits the largest contact angle, follgwed
S1813, silicon and oxygen plasma treated carbon in descending order. The larger contact angle indicates
greater hydrophobic behavior, while a smaller contact angle indicates more hydrophilic chai@tdes.
and tissue culture plastic are not pictarewith glass appearing completely wettable (no defined droplet
shape and a very low contact angle) and tissue culture having a more spherical droplet than carbon. See
Figure 4.5.3.2 for quantitative measurements of surface energy.
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Angles are measured l@rawing a tangent line and using a protractor to estimate the contact angle of

GKS RNRLX SiGo { dz2NF I OS SySNBAS&a NB O f OdA F ISR A
S is calculated a¥= 1 yJcos — + 1), wheref jois the contact energy between the liquid and the gas
surroundings (or surface tension) ards the contact angle between the solid and fluid. The surface

energy, S, is calculated in dynes/cm (or mN/m), formanganalogue to surface tension between the

fluid and the solid phases, indicating an attractive force between the two substances. Using measured
contact angles and a surface tension of 71.9 dyne/cm (based on a temperature of roughly 25°C in the
laboratoty), surface energies are measured. These values are used for relative comparisons of surface
energy between samples. It is important to note that the method of measuring angles is accurate only

to within about £2 degrees, resulting in a potential errbabout 5%.

140
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Surface energy (dyne/cm)
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Plastic Bare Carbon Unomodifed Silicon Oxygen Plasma  Glass
S1813 Treated Carbon

Figure4.5.32: Energy of interaction between a water droplet and surface samples.

A greater surface energy correlates to a more hydrophilic surface, with glass being almost completely
wettable in these tests. It is important to note thdtie to the margin of error in measuring droplet
contact angles, tissue culture plastic and bare carbon are not significantly different. Similarly,
unmodified S1813 and a bare silicon surface are effectively identical. It is easy to see correlations in
suface energy between Figure 4.5.3.2 and measured values of surface energy.

Qualitative observations of droplet shape yield insight regarding the interaction between the fluid and
the surface, and calculation of relative surface energy values confirmdafivaliobservations. As
shown in Figure 2, within the degree of accuracy of the measuring methods, silicon and unmodified
S1813 are effectively equal, while bare carbon has a noaier energy and oxygen plasma etched
carbon has a muchigherenergy.
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In the case of ethanol and toluene, all surfaces were completely wettable by solvents. Contact angles
were far too small to measure and the droplets were not uniform in shape. Droplets as small as 4 uL
were tried, but the camera used had trouble resolvingls small images. The S1813 actually dissolved

in the ethanol, leaving a colorful pattern as the ethanol evaporated. Additionally, toluene dissolved
tissue culture plastic, leaving a hole in the dish.
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5. Conclusions

Once film flaws were correlated withfterent causes of the flaw, it was possible to easily optimize the
procedure for film quality. Films creatd using the developed procedure are free of cracking, peeling
and delamination. Most importantly, these films are stable in water and growth meéianitting cell
culture. Comparing film thickness and mass loss measurendemsgnstrates the creation of a thin and
dense carbon film on the silicon wafer. Additional surface modification in the form of oxygen plasma
etching modifies the chemical natlof the carbon film.

Completed films are characterized for electrochemistry and surface energy in hopes of identifying
properties relevant to ceburface interactions. Unmodified thin canb films are observed to have
electrochemical behavior that isirtually identical to a glassy carbon standard. Surface energy of
unmodified carbon is shown to be nearly identical to that of tissue culture plastic, while oxygen plasma
etched carbon is similar to glashe deposition of oxygen groups on the surfaéeh@ carbon films
drastically increases the surface energy by imparting the ability to form hydrogen bonds with water.

PC1zells are grown on carbon and oxygen plasma treated carbon and are compared to silicon and glass
surfaces. Examining gene expressi of PC12 cells grown and differentiated on carbon surfaces, it is
observed that neuritogenesis may be identified in a semuiantitative manner. Further efforts to
identify celtsurface responsegia gene expression remained inconclusive. While newgitegis could

be identified, the semiquantitative nature of RTPCR and agarose gel electrophoresis prevents any
definitive judgments from being made beyond very obvious observations.

Measuring recoverable cell adhesion on surfaces via trypsinizatiomiognates that each surface and
each sample group elicits a different adhesive response from cells. Examining morphologies of cells on

S OK adzNFIF OSs K2gS@OSNI ljdz t AGFGABST € SyYyR& FdzNI KSNJ

addition to being able to visualize individual cell shape, the interactions between cells shows very
different interactions between cells and each surface than was shown in either the genetic assay and
adhesion assay. Focus in this case is placed on apparent adipesparties of the surface and
consequences for cell network assembly and migration.

Ultimate hopes of using this material in regenerative medicine are less elusive after this study. Building
upon previous work demonstrating biocompatibility of photorésierived carbon and considering a
new context of celburface interaction studies, photoresist derived carbon has emerged as a stronger
potential material for neuronal cell network substrata. The adhesive properties in comparison to the
silicon substrateillustrated in the morphological studylraw clear parallels to similar materials
composed of carbon nanotubes that have proven capable of creating self assembling neuronal
networks. The increased ease of manufacture in contrast to the nanotube basedatsatdéfers a clear
advantage, in addition to the lower co&sabay, Jakobs, & Bdacob, 2005)

Modification of the carbon film with oxygen plasma etching leaves a surface that is ripe for further

modification via immobilizadn of key biomolecules or virtually any molecule of interest. This capability,

O2dzLJt SR gA0K GKS YIFIGSNRAFfQa OFLIOAGE 2F o0SAy13
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materials in its ease of manufacture and potential for application. Ritpgmtterned substrates could

create two dimensional gradients of immobilized molecules, offering a unique test platform for the
dGdzReé 2F ySdzNRPylf 3JdzZARFYyOS SAGK NBALISOG G2 Y2t S«
properties offer the capaty to measure action potentials between cells grown on the substrates, a feat

not possible with PDMS and PEG based soft materials.

Similar materials have proven capable of guiding neurite growth when properly patterned. Given the
chemical similarity betwen carbon nanotubes and photoresist derived carbon, it may be expected that
non-specific interactions between cells and these two key materials may be virtually very similar. The
largely nomamorphous sp configurations of these materials (though carboranotubes are
demonstrably less amorphous), may mean that photoresist derived carbon is a viable alternative to
carbon nanotubes for celéngth scale application@larris, 2005) This assertion holds greater potential
when corsidering the ciptoxic consequences of using nanotubes and the fact that the structural
advantages of carbon nanotubes are not significant when consideringleébieedscale of interaction
between cells and these substrates in neuronal network applicat{phs Ni, Montana, Haddon, &
Parpura, 2004)

In contrast to traditional approaches to neuronal network assembly and study, photoresist derived

carbon microstructures may be fabricated merely from patterned photoresist, eliinijat complex

series of steps to produce a MEMS structure with metatsigflace interface¢Zeck & Fromherz, 2001)

Photoresist derived carbon thus not only eases the difficulty and cost of manufacturing such platforms,

but the adhesive properties and easy modification of carbon structures further facilitates deliberate
network assembly and cell adhesion. The ability to manufacture complex three dimensional carbon

A0 NHzZOGdzNBa 6AGK NBf I (A DS agbdas welyanadbBFCBaNG 2008K A & Y I G S N

With respect to further work, both fabrication and cell growth hold promise for further development.

Doping thin carbon films with metal nanoparticles or ions that may diffuse out grachaltlg promise

for imparting unique properties to the surface. Sufficient concentrations of metal nanoparticles may
FfGSN) 0KS adz2NFIF OSQa St SO{ N&k 0 méngoR phgsicad ChardtRIGHS YA O f
(roughness and hardness among othets)a sufficient degree whereonsequences for cell growthay

be measured. Immobilizing salts in the structure of photoresist derived carbon may permit them to
gradually diffuse out, which may be useful for cell growth. Of particular interest in thésisalivalent

metal cations, which are known to influence neuron cell growth, and such applications of photoresist
derived carbon may permit the creation of a fixed two dimensional gradient enabling further study.

Cell growth on these substrates must beudied further to better understand the cedlurface
interactions and consequences of modifications. In seeking to deliberately guide neurite growth and
elicit very specific cell response to surface conditions, it is necessary to understand how celtsl tesp
certain chemical and topographic cues so that a platform for nerve study may be fabricated. Better
understanding of cekurface interaction and modification capabilities will permit the creation of a
platform for studying neurite response to notnly surface cues, but gradiemt®offering a great
advantage over existing materials and filling a large void in current research practices.
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APPENDIX A: Detailed Pyrolysis Procedure Summary

Table A.1Detailed Pyrolysis Procedure Summary

Date

Photoresist

Procedure

Results

n I onncl
onn

X

b mMmnnnc

10°C/min Less Peeling tha
S1813 Hold 1 hr previous
Cool to Room
Temperature
n o ynncl % Very good
NewSU8 Hold 6 hr carbonization
Cool to Room
Not very stable
Temperature
n mynncl X A lot of cracking
Su8 Cool to Room Not very good
Temperature adhesion
n b onncl X
sus Hold 1 hr Cracking
onn Tb ynnc/ Not stable in water
Cool to Room
Temperature
n bcnncecl X Not pyrolyzed
November 29, Sus Hold 1 hr Not stable in water
2007 Cool to Room ¢ forms a gel in
Temperature water
Little scratching
near edges ¢
n M onncl! X probably from
December 6, 2007  SU8 onn Tb gnnc/ cutting. .
Cool to Room No obvious
Temperature splotching or
pealing
Stable in water
n M onncl/ X
Hold 40 min No Visible Flaws
December 6, 2007 -8 onn Thb @nnc/ Some scratching i
Hold 1 hr
Cool to Room storage
Temperature
n bcnncl X Spotty
February 20, 2008 Sus Hold 1 hr Not stable in waj[er
Cool to Room ¢ forms a @t in
Temperature water
n mynncl X Peeling when
March 20, 2008 Sus8 Hold 1 hr placed in cloth
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Cool to Room
Temperature

(Damaged in
storage)

n bonncl/ X
Hold 1 hr

' onn Thynnc/ A Some peelig on
April 8, 2008 Su8 Hold 1 hr edges, otherwise
Cool to Room appears very good
Temperature
n onnc/ X
_ I;Oj:dnl hrl‘b ynncl A 1 small area o
April 17, 2008 sSu8 peeling ¢ appears
Hold 1 hr :
Cool to Room cutting
Temperature
n b onncl X
Hold 1 hr
onn [b dLenin)| A Perfect Film
June 25, 2008 Sus Wait 1 hr A No visible flaws
Cool to Room
Temperature
n b onncl/ X
Hold 1 hr A Stable Carbon
July 10, 2008 sus onn Tb @nnc/lx Good  adherent
Hold 1 hr layer
Cool to Room
Temperature
n b onncihn X
Hold 1 hr
onn TIb dnnc/|A Noproblems
August 4, 2008 S1813 Hold 1 hr A Very stable
Cool to Room
Temperature
A Appears consistent
A Some spotting ang
September 4, scratching, more
2008 S1813 pronounced along
an edge
A Shiny surface
n b onnGeiin X A Very consistent
Hold 1 hr ‘ :
onn b Mmnnnc A Reflectl\{e .
September 11, s1813 10°C/min A No obvious silicor
2008 viewable
Hold 1 hr ‘
Cool to Room A Some areas darke
than others
Temperature
September 13, s1813 n ™ onnc/ X|A Some edge effect

2008

onn [b Mmnnnc

on two of the
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10°C/min samples, probably
Hold 1 hr cutting
Cool to Room A Consistent
Temperature A Reflective
n bonnc/ X A 45045 , '\'/ery
unstable, significan
°’3”.rb“"“””c cracking
Sept;gz)%er 17, 51813 a(()JIc(ijllmkI\rr] A Also unstable ir
Cool to Room " water .
A Film cast¢ Peeling,
Temperature
very loose structure
A Inconsistent surfacs
between wafers
September 18, A B.aq edge_ effectsc
2008 New SUS8 disintegration along
some corners
A Looks suitablg
otherwise
n b onncl/ X
Hold 1 hr A Significant crackin
onn 0BCM@ and peeling
November 4, 2009 NewSU8 10°C/min A Not stable in water
Hold 1 hr A Bubbling up at
Cool to Room points
Temperature
n b onncl X
Hold 1 hr A Unstable in water
November 6, 2004 Newsug |°//1 b mnnnc A Some ad line
10°C/min formations on
Cool to Room surface
Temperature
A Some edge fron
n mynncl/ X cutting
November 12, NewSU8 |ynn TIh Hpc/ |A Very unstable in
2008
water and when C
is performed
n b ynncl/ %X|A Badcracking
Novzrggser 13, NewSUS8 Cool to Room A Flow r_emoval
Temperature A Bubbling up
A Peeling in watel
n ™ onnc/ % gfter. significant
time in water
December 11, 0 ]: ¢ . o mannc A Striations on surfac
2008 S1813 10°C/min G appear to be from
_CI_:OOI 0 Rtoom spinning process
emperature A Otherwise very

stable carbo

65



Bubbled areas ar
easily removed

December 14,

n bonncl/ X
onn b mnnnec

Significant crackin

New SU8 10°C/min .
2008 Cool to Room and peeling
Temperature
n ™ onnc/ % Cracking in mlddl.e
onn M MANNC of one  wafer;
December 16, $1813 10°C/min however, rest

2008

Cool to Room
Temperaure

appear stable
One has sma
bubbling
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APPENDIX B: Detailed Statistical Analysis of Cell Adhesion Assay 1

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
G RN- 3 103 34.33333 22.33333
SPN- 3 19 6.333333 6.333333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1176 1 1176 82.04651 0.000823 7.708647
Within Groups 57.33333 4 14.33333
Total 1233.333 5

Anova: $gle Factor

SUMMARY
Groups Count Sum  Average Variance
GP+N 3 40 13.33333 1.333333
SP+N 3 16 5.333333 1.333333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 96 1 96 72 0.001058 7.708647
Within Groups 5.333333 4 1.333333
Total 101.3333 5

Anova: Single Factor

SUMMARY
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Groups Count Sum  Average Variance
G PN+ 3 53 17.66667 14.33333
C PN+ 3 51 17 21
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.666667 1 0.666667 0.037736 0.855441 7.708647
Within Groups 70.66667 4 17.66667
Total 71.33333 5
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
G P+ N+ 3 48 16 39
SP+ N+ 3 30 10 7
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 54 1 54 2.347826 0.200223 7.708647
Within Groups 92 4 23
Total 146 5
Anova: Single Factor
SUMMARY
Groups Count Sum  Aveaage Variance
C PN- 3 28 9.333333 5.333333
S PN- 3 19 6.333333 6.333333
ANOVA

68



Source of Variation SS df MS F P-value F crit
Between Groups 13.5 1 13.5 2.314286 0.202837 7.708647
Within Groups 23.33333 4 5.833333
Total 36.83333 5
Anova: Single Factor
SUMMARY

Groups Count Sum  Average Variance
GP+N 3 40 13.33333 1.333333
CP+N 3 37 12.33333 4.333333
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 15 1 1.5 0.529412 0.507158 7.708647
Within Groups 11.33333 4 2.833333
Total 12.83333 5
Anova: Single Factor
SUMMARY

Groups Count Sum  Average Variance
G PN+ 3 53 17.66667 14.33333
S PN+ 3 1 0.333333 0.333333
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 450.6667 1 450.6667 61.45455 0.00143 7.708647
Within Groups 29.33333 4 7.333333
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Total 480 5
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
S P+ N+ 3 30 10 7
C P+ N+ 3 24 8 1
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 6 1 6 1.5 0.287864 7.708647
Within Groups 16 4 4
Total 22 5
Anova: Single Factor
JIUMMARY
Groups Count Sum  Average Variance
CRPN- 3 28 9.333333 5.333333
G RN- 3 103 34.33333 22.33333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 937.5 1 937.5 67.77108 0.001187 7.708647
Within Groups 55.3333 4 13.83333
Total 992.8333 5

Anova: Single Factor

SUMMARY
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Groups Count Sum  Average Variance
CP+N 3 37 12.33333 4.333333
SP+N 3 16 5.333333 1.333333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 73.5 1 73.5 25.94118 0.007016 7.708647
Within Groups 11.33333 4 2.833333
Total 84.83333 5
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
S PN+ 3 1 0.333333 0.333333
C PN+ 3 51 17 21
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 416.6667 1 416.6667 39.0625 0.003341 7.708647
Within Groups 42.66667 4 10.66667
Total 459.3333 5
Anova: Single Facto
SUMMARY
Groups Count Sum  Average Variance
G P+ N+ 3 48 16 39
C P+ N+ 3 24 8 1
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ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 96 1 96 4.8 0.093599 7.708647
Within Groups 80 4 20
Total 176 5
Anova: Single Factor
SUMMARY

Groups Count Sum  Average Variance
G RN- 3 103 34.33333 22.33333
S PN- 3 19 6.333333 6.333333
C RN- 3 28 9.333333 5.333333
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 1418 2 709 62.55882 9.58E05 5.143253
Within Groups 68 6 11.33333
Total 1486 8
Anova: Single Factor
SUMMARY

Groups Count Sum  Average Variance
GP+N 3 40 13.33333 1.333333
S PN- 3 16 5.333333 1.333333
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CP+N 3 37 12.33333 4.333333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 114 2 57 24.42857 0.001308 5.143253
Within Groups 14 6 2.333333
Total 128 8
Anova: Singt Factor
SUMMARY
Groups Count Sum  Average Variance
G RN+ 3 53 17.66667 14.33333
S PN+ 3 1 0.333333 0.333333
C PN+ 3 51 17 21
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 578.6667 2 289.3333 24.33645 0.001322 5.143253
Within Groups 71.33333 6 11.88889
Total 650 8
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
G P+ N+ 3 48 16 39
S P+ N+ 3 30 10 7
C P+ N+ 3 24 8 1
ANOVA
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Source of Variation SS df MS F P-value F crit
Between Groups 104 2 52 3.319149 0.107001 5.143253
Within Groups 94 6 15.66667
Total 198 8
Anova: Single Factor
SUMMARY

Groups Count Sum  Average Variance
GP+N 3 40 13.33333 1.333333
G PN+ 3 53 17.66667 14.33333
ANOVA
Source of Variation SS df MS F P-value F crit

Between Groups 28.16667 1 28.16667 3.595745 0.130804 7.708647
Within Groups 31.33333 4 7.833333
Total 59.5 5
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
G RN+ 3 53 17.66667 14.33333
G P+ N+ 3 48 16 39
ANOVA
Source of Variation SS df MS F P-value F crit
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Between Groups 4.166667 1 4.166667 0.15625 0.712807 7.708647
Within Groups 106.6667 4 26.66667
Total 110.8333 5
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
SPN- 3 19 6.333333 6.333333
SP+N 3 16 5.333333 1.333333
ANOVA
Source oVariation SS df MS F P-value F crit
Between Groups 15 1 1.5 0.391304 0.565533 7.708647
Within Groups 15.33333 4 3.833333
Total 16.83333 5
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
CRN- 3 28 9.333333 5.333333
CP+N 3 37 12.33333 4.333333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 13.5 1 13.5 2.793103 0.16999 7.708647
Within Groups 19.33333 4 4833333
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Total 32.83333 5

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
CP+N 3 37 12.33333 4.333333
C PN+ 3 51 17 21
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 32.66667 1 32.66667 2.578947 0.1835&¢/ 7.708647
Within Groups 50.66667 4 12.66667
Total 83.33333 5

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
CRN- 3 28 9.333333 5.333333
C P+ N+ 3 24 8 1
ANOVA
Source of Variabn SS df MS F P-value F crit
Between Groups 2.666667 1 2.666667 0.842105 0.41072 7.708647
Within Groups 12.66667 4 3.166667
Total 15.33333 5

Anova: Single Factor

SUMMARY
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Groups Count Sum  Average Variance
S PN+ 3 30 10 7
SP+N 3 16 5.333333 1.333333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 32.66667 1 32.66667 7.84 0.048812 7.708647
Within Groups 16.66667 4 4.166667
Total 49.33333 5
Anova:Single Factor
SUMMARY
Groups Count Sum  Average Variance
S PN- 3 19 6.333333 6.333333
S P+ N+ 3 30 10 7
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 20.16667 1 20.16667 3.025 0.156975 7.708647
Within Groups 26.66667 4 6.666667
Total 46.83333 5
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APPENDIXC: Detailed Statistical Analysis of Cell Adhesion Assay 2

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
glass Pland NGF 4 139 34.75 49.58333
glass PL+ and NGF 4 91 22.75 33.58333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 288 1 288 6.925852 0.038971 5.987378
Within Groups 249.5 6 41.58333
Total 537.5 7

Anova: Single Faor

SUMMARY
Groups Count Sum  Average Variance
glass PL+ and NGF 4 91 22.75 33.58333
glass Pland NGF+ 4 107 26.75 10.25
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 32 1 32 1.460076 0.272376 5.987378
Within Groups 131.5 6 21.91667
Total 163.5 7

Anova: Single Factor

78



SUMMARY

Groups Count Sum  Average Variance
glass PLland NGF+ 4 107 26.75 10.25
glass PL+ and NGF+ 4 265 66.25 9.583333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 3120.5 1 3120.5 314.6723 2.06E06 5.987378
Within Groups 59.5 6 9.916667
Total 3180 7
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
glass Pland NGF 4 139 34.75 49.58333
glass Pland NGF+ 4 107 26.75 10.25
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 128 1 128 4.278552 0.084066 5.987378
Within Groups 179.5 6 29.91667
Total 307.5 7
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
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glass PL+ and NGF+ 4 265 66.25 9.583333

glass PL+ and NGF 4 91 22.75 33.58333
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 3784.5 1 3784.5 175.3436 1.15E05 5.987378
Within Groups 129.5 6 21.58333
Total 3914 7
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
carbon PLand NGF 5 115 23 145
carbon PL+ and NGF 5 132 26.4 4.3
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 28.9 1 28.9 3.074468 0.11762 5.317655
Within Groups 75.2 8 9.4
Total 104.1 9
Anova: Single Factor
SUMMARY
Groups Count Sum  Average Variance
carbon PL+ and NGF 5 132 26.4 4.3
carbon PLand NGF+ 5 158 31.6 59.8
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ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 67.6 1 67.6 2.109204 0.18448 5.317655
Within Groups 256.4 8 32.05
Total 324 9

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
carbon PLand NGF+ 5 158 31.6 59.8
carbon PL+ and NGF+ 5 279 55.8 49.7
ANOVA
Source bVariation SS df MS F P-value F crit
Between Groups 1464.1 1 1464.1 26.74155 0.000852 5.317655
Within Groups 438 8 54.75
Total 1902.1 9

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
carbon R- and NGF 4 97 24.25 8.916667
carbon PLand NGF+ 4 137 34.25 32.91667
ANOVA
Source of Variation SS df MS F P-value F crit
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Between Groups 200 1 200 9.561753 0.021328 5.987378
Within Groups 125.5 6 20.91667

Total 325.5 7

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
carbon PL+ and NGF+ 5 279 55.8 49.7
carbon PL+ and NGF 5 132 26.4 4.3
ANOVA
Source of Variation SS df MS F P-value F crit
Between Group 2160.9 1 2160.9 80.03333 1.94E05 5.317655
Within Groups 216 8 27
Total 2376.9 9
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APPENDIXD: Detailed Clean Room Preparation Procedure

Prior to being able to spin coat within the clean room, some basic procedures need to beeubfmr
functionality. Initially, the nitrogen gas, water, and vacuum supplies must be opened and initiated. On
the side of the clean room, a small inlet is present in which the,@dpump, the vacuum, and the
nitrogen tanks are kegtigureD.1.

FigureD.li Clean,RooAm Supply Inlet 5 o . 3
CANRUXZ UKS ¢FUSN) adzllL) e aKz2dzZ R 0S UdaNYySR 2y FyR 2
every use to prevent overheating. To begin, plug henp in (behind the nitrogen tanks), followed by
2LISYAy3 GKS 4F GSNJ adzZllL & yR Gdz2NYyAy3a GKS LR2SSN ag
supply areas that need adjusting are displayeBigureD 2.
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Water Supply
Valve

Power Outlet for
Pump Power Cord : ‘ On Pump
‘ Power Switch

Pump Power Cord

FigureD.2: Water Supply and Pump Points of Interest
The nitrogen gas supply and the vacuum are easily activated. The vacuum uses a simple switch and the

nitrogen gas requires two valves to be opened fully. All of tlaeseators are displayed figureD.3.
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Two Valves |
Requiring Full
Opening

FigureD.3: Vacuum Switch and Nitrogen Gas Valves
After suiting up in the clean suits and entering the clean room, several machines and valve

need to be immediately started so that spin coating can run smoothly and cleanly. First the supplies of
water, nitrogen, and the vacuum must be opened to the hood and the spin coates.supplies to the

hood are located at the far left behind the hoadd the supplies to the spin coater are located directly
above the machine. All valves need to be opened for the equipment to funétigaréD 4).

FigureD 4: Hood Supply Lines (iteand Spin Coater Supply Lines (Right)
Next, the water within the hood should be opened and allowed to flow for ten minutes before

beingused. Additionally the oven should be turned on so that the operating temperature of 110°C can
be reached.FigureD5showsii KS 2 @3Sy Qa LI2gSNJ a6A00K | yR O2yGNRft
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Oven Control Display v Oven Power Switch

FigureD 5: Oven Control Panel
At this time the air analyzer within the clean room can be started to determine the quality of air

content within the room. To do this, the air collector on the top of the machine must be opened and
the cone must be inserted into the opening. Additionally the green power button followed by the blue
arrow must be pressed for the analyzer to begimitscess.

FigureD 6: Clean Room Air Analyzer
Finally the methanol and acetone must be set up for the spin coating process. This requires

methanol to be placed in the sonicator within the hood, acetone be placed in a petriatisha Petri
dish to be placed under the water flow iihe hood sink.FigureD.7 displaysthe approximate amount to

put in each of the containers.

/
d > .
" \ -, 4.‘ -
N
T —

FigureD.7: Spin Coating Fluid Sgt
The far left is the methanol within the sonicator. The middle picture contains acetone within a large
Petri dish. Enough of both materials should be placed into the containers so that a wafer is guaranteed
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