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1. Introduction
Although many current biomedical devices have been able to assist millions of people, there
are still many critical needs to be addressed. Many individuals need constant diagnostics,
controlled and targeted delivery of drugs, or even the replacement of motor and sensory
functions. Many of the current biomedical systems that perform these functions are large,
non-transportable, cumbersome or, more importantly, they cannot be in contact with the
body for extended amounts of time. One solution is to utilize micro-electromechanical
machines, or MEMS. With the same processes used to create computer chips, we can now
generate a variety of micron sized machines which are designed to deliver drugs, detect
physiological changes, and even electrically interface with cells. These micron to nanometer
sized devices can potentially be implanted into the body with minimal invasiveness. There
is, however, a very important issue which in turn needs to be addressed before their
widespread clinical use can come to realization.
A major difficulty of long-term implantable MEMS devices is the body’s inflammatory
response to foreign materials. This has been termed the property of biocompatibility which
is summarized as a material’s ability not to illicit a negative physiological response while
maintaining the devices designed functionality within the body environment (D. F.
Williams, 2008). Materials need to be screened and verified for their biocompatibility before
use within the human body. One problem is that many of the materials implemented in
MEMS devices are opaque, which are difficult to examine for biocompatibility using
traditional methods. For example, total internal reflection fluorescence (TIRF) measures the
cell/ surface interface within 200 nm; however this technique nominally requires evanescent
and internal reflection wave generation (Easley IV et al., 2008). Confocal microscopy
generates point illumination of a sample through a combination of filters, beam splitters,
and gratings to eliminate out-of-focus light, thereby detecting light within a specific focal
plane, and raster scanning can then be used to generate detailed two and three dimensional
images (Booth et al., 2008). Confocal microscopes are very expensive, and many of the
models used typically in biology labs are designed with inverted microscopes not suitable
for opaque substrates. Many fluorescent light microscopes suffer from the same limitations.
Atomic force microscopy (AFM) uses a laser reflected off a cantilever to gather quantitative
morphological surface information, can image cells an opaque surfaces, and nominally costs
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much less than a confocal microscope. It can provide information on cell spread and
morphology on almost any surface. With this ability, the AFM can be used to investigate
cellular activity on opaque materials. This chapter is dedicated to showing some of the
methodologies we have developed to investigate biocompatibility of novel carbon materials.
1.1 Cellular to surface interactions
Examining the biocompatibility of a material for use in a medical device begins through the
use of quantitative and qualitative techniques. These techniques have been collected into the
International Standards Organization’s (ISO) 10993 standards (ISO-10993-1, 2009; ISO-10993-5,
2009; ISO-10993-6, 2007). For in vitro testing, one of the most important qualifications is the
interaction of cells on the surface of the material. Fig. 1 shows the process of cell attachment,
which are mediated by the interactions between cell-surface integrin receptors and extra
cellular matrix (ECM) proteins adsorbed on the substrate, in which the wettability, roughness,
and charge of the surface play important roles (Lee, M.H. et al., 2005; McClary et al., 2000;
Underwood et al., 1993). A biocompatible substrate will allow cells to perform required
chemical processes on the materials surface, such as specific signal transduction responses,
that lead to cell attachment and proliferation (Juliano & Haskill, 1993; Miyamoto et al., 1995).

Fig. 1. A cartoon representation of cellular attachment factors to a substrate. The attachment
involves focal adhesion complexes and contacts, filopodia, and lamellipodia (Frame et al.,
2002).
Another measurement of surface biocompatibility is to evaluate the extension of
lamellipodia or filopodia from motile cells onto a substrate surface (Levitan & Kaczmarek,
2002). Microtubule-filled growth cones, the backbone for dendritic spines and axons, are
guided by the spike like filopodia and the membrane like lamellipodia (Levitan &
Kaczmarek, 2002). The latter are attracted and repulsed by chemical and contact-mediated
cues which influence how the structures connect to the outside world (Levitan &
Kaczmarek, 2002). If an external surface is repulsive to the cells, these features will not
couple with the surface and are retracted back into the central core, but if the substance is
attractive, they couple strongly with the surface and new actin fibers flow to the leading
edge (Levitan & Kaczmarek, 2002). Through the monitoring of lamellipodia or filopodia
structures, a surface can be considered permissive to the cells if it produces attractive
actions, and non-permissive if it repels them (Levitan & Kaczmarek, 2002).
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1.2 Techniques used for study
For this chapter, we use three general methods to test our materials. Our first method was
using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay to
quantitatively measure cellular viability/cytotoxicity on the materials. Our second method
was AFM measurements to assess cellular morphology changes and lamellipodia/ filopodia
permissiveness. Finally, we use immunohistochemistry to examine focal point adhesion and
the actin mesh within cells on our substrates.
1.2.1 MTT assay
Cell viability/ cytotoxicity on the tested substrates were quantified using MTT assays. This
proliferation assay was developed by Mossman and modified by Coletti et al. for bulk
materials (Coletti et al., 2007; Mosmann, 1983). We take three 8 x 10 mm samples of the
testing material, place them into a 12 or 24 well plate, and seed a predetermined number of
cells (determined experimentally by previously producing 70 – 90% confluence layer) on
each material and control. The cells are incubated at 37 C, 5% CO2, and 95% relative
humidity for the time of the test without changing media. MTT, a chemical which is yellow
in color, is added to each well (Mosmann, 1983). MTT is only metabolized by living
mitochondria, with purple formazan as a by-product. We remove the remaining media
carefully as to not disturb the formazan crystals, remove the samples from the wells, and
place them into a 24 plate well (Coletti et al., 2007). This prevents corruption of the assay by
adding formazan from cells attached to the polystyrene well to the formazan from material
attached cells. Dimethyl sulfoxide, or DMSO, dissolves the purple formazan and is
quantified by using a spectrophotometer measuring a wavelength of 500 to 600 nm
(Mosmann, 1983). The MTT tests were repeated in triplicate for each tested material. The
results from the MTT assays were normalized with respect to the control readings and
expressed as the sampling distribution of the mean ( x ) ± standard error of the mean (  M ).
1.2.2 AFM techniques for live and fixed whole cells
This method was first reported in (Frewin et al., 2009b). AFM measurements are made using
a Park Systems XE-100 AFM. Cells were seeded on each of the substrates within a 12 or 24
well plate incubated for at least 48 hours. The AFM of living cells was performed first within
phosphate buffered solution, PBS, and provided the basis for a quantification of cell height,
total surface area of the cell, angle of attachment, and the present extension of the
lamellipodia/filopodia. The cells were then fixed using 4% paraformaldehyde for 20
minutes, which immobilized the lamellipodia and filopodia, and the cells were again
measured using AFM. The measurements were repeated at least 3 times within each scan
area, and are expressed as ratios or percentages to provide a basis for comparison. Analysis
of the AFM images was performed with Park Systems XEI image analysis software as
shown in Fig. 2(a).
Although the topographical measurement provided by AFM will not image the internal actin
meshwork associated with lamellipodia and filopodia, these structures can still be identified
and measured. It is the consensus view that filopodia are the cell vanguard for probing the
local environment which is then followed by the generation of lamellipodia (Gordon-Weeks,
2004). By examining the sections of the outer extremities of the cell, we identified the spike-like
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Fig. 2. Selection of 45 x 45 µm AFM micrographs utilized for cell permissiveness on the
substrates. (a) From left to right: an enhanced color AFM micrograph of a cell, a line
evaluation to determine cell height and angle of attachment, and a surface area
measurement. (b) From left to right: a cropped 10 x 10 µm section of the AFM micrograph
depicting filopodia/ lamellipodia, a full area measurement and an area measurement of the
cell body eliminating the filopodia/ lamellipodia (Frewin et al., 2009b)
filopodia structures, as shown in Fig. 2(b). Lamellipodia are known to be a thin membrane
layer 100 – 200 nm thick and parallel to the substrate surface (Gordon-Weeks, 2004). XEI area
analysis was used on both living and fixed cell observations, normalized as a percentage of
total cell attachment area, and the subsequent loss (or gain) percentage in area was used to
quantitatively express the cell permissiveness to the substrate.
1.2.3 Immunohistological staining
To provide a clear picture of cellular attachment to a surface, we used immunofluorescence
in one of our tests to examine the focal points and the actin cytoskeleton. We fixed the cells
on our material using 4% paraformaldehyde, followed by a permeabilization and general
antibody blocking for 2 hours with horse serum. The samples were then incubated with the
primary antibody V4505 Monoclonal mouse anti-vinculin antibody (1:1000) in 4 C
overnight. The following day, we will conjugated the primary antibodies with goat anti
mouse Alexa fluor 488 (1:250) for 2 hours at room temperature. We added rhodamine
phalloidin (1:100) and ProLong® Gold antifade reagent with DAPI to stain the nucleus of the
cells. The samples were viewed and recorded using a Leica DM2000 microscope with
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EL6000 external light source. Microscope images were taken using a Canon Powershot S5 IS
equipped with a Martin Microscope MM99 adapter.

2. Neuronal cellular interactions with opaque surfaces
The central nervous system, or CNS, is one of the most complicated systems in the body and
consists of a dense network of neurons and glial cells. Implantation of a biomedical device
into the CNS allows direct interaction with neural cells and effectively bypasses the bloodbrain barrier. These devices can interact electrically with the CNS, be utilized as a platform
for delivery of drugs, neural factors, proteins, genetic material, or even other cells to the
CNS. These devices therefore can potentially repair a CNS system damaged by glial scarring
due to trauma or disease (Stichel & Müller, 1998). Unfortunately, the construction materials
for these devices activate microglia and astrocytes which begin to the process of gliosis, also
referred to as the glial scaring (Fawcett & Asher, 1999).
The CNS response to chronic implantation is one of the greatest difficulties facing the
widespread clinical incorporation of neutrally interfaced devices (Donoghue, 2008; Polikov
et al., 2005). Not only is this reaction medically unsuitable, but neural implant (NI) devices
which are electrode based are extremely vulnerable to changes in impedance and fail to
function typically within months to a few years after glial encapsulation (Polikov et al., 2005;
Rousche & Normann, 1998; J. C. Williams et al., 1999). Silicon (Si), a favored material for NI,
is not chemically resistant and has been shown to consistently cause gliosis (Polikov et al.,
2005; Rousche & Normann, 1998; J. C. Williams et al., 1999). Neural interfaces using SiO2
and Si3N4 have shown gliosis also, but polyimide, a chemically resistive polymer material
has shown excellent biocompatibility (Boppart et al., 1992; Rousche et al., 2001). Although
this material offers excellent biocompatibility, displaying a fibroblast adherence, growth,
and spread comparable to polystyrene, it has major drawbacks that hinder its acceptance as
the material of choice for NI devices (Lee, K. K. et al., 2004). The material has a relatively
high water uptake which decreases electrical impedance, and it is a very flexible material
which add complications during NI implantation (Polikov et al., 2005).
A semiconductor material, silicon carbide (SiC), may offer a different approach to the
generation of implantable neural MEMS devices. SiC has excellent mechanical properties, as
it is incredibly hard but also possesses excellent elastic properties (Kordina & Saddow,
2004). SiC is chemically inert to acids, alkalis, and salts, does not absorb water and expand in
liquid environments, and can be fashioned with many of the same processes used in the Si
industry (Kordina & Saddow, 2004). More importantly, single crystal SiC is a semiconductor
and therefore offers an alternative to Si as platform for the realization of NI devices.
Single crystal SiC has many different crystalline stacking sequences called polytypes, and
each of these polytypes displays different electrical and mechanical properties. Although
some literature exists on the biocompatibility of amorphous (a-SiC) and polycrystalline
(poly-SiC), single crystal SiC needed more investigation (Kalnins et al., 2002; Li et al., 2005;
Rosenbloom et al., 2004). This subsection reports on previously published research
evaluating biocompatibility of cubic silicon carbide, 3C-SiC, nanocrystalline diamond
(NCD), and silicon (Si) with immortalized neural cell lines (Frewin et al., 2009b). Cell treated
polystyrene (PSt) and amorphous glass serve as negative and positive reaction control
materials respectively.
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2.1 Methods and materials
The samples used in this work were as follows: commercial (100) Si and (111) Si; (100) 3CSiC and (111) 3C-SiC (growth process detailed in (Locke et al., 2009; Reyes et al., 2006));
NCD (process detailed in (Kumar et al., 2000)); amorphous glass cover slips; sterile Corning
CellBIND® treated polystyrene. The Si and 3C-SiC were n-doped, possessing a negative bulk
charge, and the NCD has intrinsic, or semi-insulating, doping. All samples were diced into
dimensions of 8 mm x 10 mm. After dicing, the semiconductor and glass samples were
ultrasonically cleaned in solvent baths of acetone, methanol, and isopropanol for 5 minutes
each to remove dicing particulates and disinfect the surfaces. The semiconductor samples
cleaned using the our standard cleaning process detailed in (Coletti et al., 2007; Frewin et al.,
2009b). All H2O was de-ionized (DI) with  > 16 M cm. The PSt samples were cut with
sterile scalpels within a class II A/B3 biological safety cabinet. All samples were placed into
70% (v/v) ethanol to prevent both bacterial growth and surface oxidation.
Two neural cell lines from American Type Culture Collection (ATCC) were used for this
study; H4 human neuroglioma (#HTB-148), and PC12 Rat pheochromocytoma (#CRL-1721).
The H4 cell line is derived from CNS glial cells and the PC12 is a neural modeling cell
derived from the adrenal gland. The H4 cell line was cultured in advanced Dulbecco’s
Modified Eagle’s Medium (DMEM) without L-glutamine supplemented with 10% fetal
bovine serum (FBS), 2.2 mM L-glutamine, and 1% penicillin-streptomycin. The PC12 line
was grown in Kaighn’s F-12K Media supplemented with 2.5 % FBS, 15% horse serum, and
1% penicillin-streptomycin. The cells were cultured in Corning CellBIND® 75 mm2 flasks to
approximately 90% confluence, trypsinized, and enumerated using a hemocytometer.
Each sample was placed into a well of a 12-well plate. 1x105 H4 cells and 5x105 PC12 cells
were seeded in each well followed with the addition of 3 ml of the appropriate media. After
96 hours, the MTT assay was performed in accordance with the procedures outlined in
section 1.3.1. Amorphous glass was not tested in the MTT analysis due to numerous
performance negative reports (Hench & Wilson, 1986). AFM procedures are detailed in 1.3.2.
2.2 Results
The MTT analysis results for both the H4 and PC12 cell lines are displayed in Fig. 3. The
H4 cell line shows a viability level of approximately 80% ± 5% as compared to the PSt
control for all samples excluding (111) Si, which performed at 108% ± 9%. The PC12 line
indicates the 3C-SiC samples and (111) Si possess a proliferation greater than 90% of the
PSt control, while the NCD and (100) Si possess proliferations of 46% and 55% percent,
respectively. Fig. 4 displays selected AFM micrograph scans of the H4 and PC12 cell lines
incubated on each of the tested substrates, and Table 1 summarizes the measurements of
cellular morphology.
During the AFM measurement of both cell lines deposited on the various substrates, the
Si surface was observed to suffer physical damage. Fig. 5 displays AFM scan micrographs
of the semiconductor substrates before and after the cells had been deposited for a time of
48 hours. For each of the substrates seeded with cells, any cellular remnants and
extracellular proteins were completely removed through the piranha cleaning method. Fig.
5a displays an AFM micrograph of the Si surface after the initial RCA cleaning, showing a
surface marred by only a few nm deep polishing scratches, and it possesses a surface
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Fig. 3. The combined results of the MTT assay with the H4 and PC12 on our materials. The
bars represent the SDM, x , with error bars indicating the SEM, σM (Frewin et al., 2009b).
Cell Interaction with Substrate
H4 Cell Line

Negative Interaction   Positive
Interaction
Glass

PSt

Si

NCD

3C-SiC

7.04

5.40

3.11

3.82

4.58

Angle of Attachment (⁰)

23.80

30.60

15.20

13.80

16.30

% Area: Lamellipodia/Filopodia Reduction

27.00

13.50

10.00

8.10

-0.30*

PC12 Cell Line

Glass

NCD

Si

3C-SiC

PSt

Live Cell Height/ Area (10-3 µm2)

6.85

5.88

5.14

4.80

2.65

Angle of Attachment (⁰)

31.20

29.90

31.50

25.80

22.60

% Area: Lamellipodia/Filopodia Reduction

24.80

19.50

10.20

4.50

-3.30*

Live Cell Height/ Area

(10-3

µm2)

Table 1. Values for the cell-surface interaction measured with AFM (Frewin et al., 2009b).
root mean square (RMS) roughness, rq in 5 x 5 µm of 0.137 nm. The surface of the Si after the
cell deposition (not shown) indicates many large elliptical depressions approximately 100 –
200 µm long which roughly correlate to the shapes of the H4 or PC12 cells. The surface
within the depressions, which is displayed in Fig. 5b, shows numerous small, rounded pits
with diameters of 500 to 700 nm and ranging from 30 to 70 nm deep. These features
increased 5 x 5 µm rq to 18 nm RMS.
3C-SiC and NCD are known to be chemically inert materials and they therefore do not
display the changes seen on the surface of the Si substrates. The surface of 3C-SiC, displayed
in Fig. 5c & 5d show a rough, mosaic surface due to planar defects caused by the 20% lattice
mismatch between 3C-SiC and Si, but no pitting or cellular damage. The deposited NCD
shows the microcrystalline grain structures across the surface. The 3C-SiC has a 5 x 5 µm rq
of 2.46 nm RMS before and after cell seeding. NCD has much more surface variation as
indicated by the differences in Fig. 5e and 5f, and shows 5 x 5 µm scan size rq of 17.79 nm
RMS and 13.42 nm RMS before and after cell seeding.
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Fig. 4. 45 x 45 µm AFM micrograph of H4 andPC12 cells on the substrates. (a), (c), (e), (g),
and (i) are live H4 cells measured in PBS deposited on PSt, glass, Si, 3C-SiC, and NCD
respectively. (b), (d), (f), (h), and (j) are have been fixed on PSt, glass, Si, 3C-SiC, and NCD.
(k), (m), (o), (q), and (s) are live PC12 cells measured in PBS deposited on PSt, glass, Si, 3CSiC, and NCD respectively. (l), (n), (p), (r), and (t) are have been fixed on PSt, glass, Si, 3CSiC, and NCD (Frewin et al., 2009b).

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5. 5 x 5 µm AFM micrographs of the surfaces of the three tested semiconductors. (a) and
(b) are Si, (c) and (d) are 3C-SiC, and (e) and (f) are NCD before and after removal of cells.
Note that Si shows signs of surface modification where NCD and 3C-SiC are relatively
unchanged (Frewin et al., 2009b).
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2.3 Discussion
This study focused on gaining insight of the biocompatibility of bare, untreated substrates
with immortalized neuronal cell lines, and primarily used two factors to determine the level
of biocompatibility. MTT assays, shown in Fig. 3, were used to determine cell proliferation
and viability, and the AFM measurements, compiled in Table 1 and Fig. 4, were used to
determine cell morphology for information on cell to substrate interaction and the
permissiveness of the substrate. Cell proliferation and subsequent membrane attachment on
substrates is dependent on a complex combination of physical, electrical, and chemical
reactions which are influenced by both surface and bulk substrate properties and the cell
membrane structure (Kumari et al., 2002; Richards, 1996). Cellular attachment to a substrate
involves the absorption of proteins within the media serum to its surface, followed by
cellular membrane integrin interactions (Rouhi, 1999). Subsequent membrane attachment,
membrane spread, and cellular growth are controlled by internal cellular cues initiated by
integrins, and it has been demonstrated that the response is heavily mediated by the surface
wet-ability and surface charge (Kim et al., 2001; Rouhi, 1999). Hydrophilic and charged
surfaces allow fibronectin (Fn), an extracellular protein which allows cell membrane to
surface binding, to unravel and elongate as it is absorbed onto the surface, whereas
hydrophobic surfaces show Fn is absorbed in its natural, compact, and rounded form
(Bergkvist et al., 2003). Cells show little reactivity with Fn in solution, so elongation is one
important factor for cell membrane reactions to occur (Bergkvist et al., 2003). Furthermore,
cell charge and surface wet-ability have been indicated as very influential factors for both
surface interaction and neurite growth and guidance. Growth cone formation and
filopodia/ lamellipodia guidance have been shown to favor a more hydrophobic surface
(Clark et al., 1993). Neurite formation and extension are also influenced by substrate charge,
with this growth favoring positive charge over negative charge, and neutral charges
produce almost no neurite outgrowth (Fine et al., 1991; Makohliso et al., 1993).
PSt treated through oxygenation for optimal cell attachment was used as a normalizing
control for the MTT assay test and as a comparison for cell attachment in the AFM analysis.
Proliferation of the H4 and PC12 was higher than the tested substrates with the exception of
(111) Si for the PC12. The level of attachment of the cells to the PSt substrate showed some
variation in that the AFM analysis indicated that the PC12 showed a low surface profile and
large surface area spread for the cell membrane, while the H4 have a large angle of
attachment, a subsequent high surface profile, and less surface area membrane attachment.
The lamellipodia permissiveness was also much better for the PC12 than the H4 on this
surface. This material has been shown to be normally hydrophilic, as indicated by (Kim et
al., 2001), and the Corning data sheet provides a H20 contact angle of 12.3 - 16.3. This
material has been also shown to often possess a negative surface charge (Bergkvist et al.,
2003). The hydrophilic surface and the negative charge of this material would allow for
elongation of the attached proteins, and therefore could be a reason the cells have high
proliferation. The negative charge could also be a reason for the improved cell attachment
and lamellipodia extensions for the PC12, as was also found with (Fine et al., 1991).
However (Makohliso et al., 1993) showed evidence that CNS neurite growth was more
sensitive to charge and favored a more positively charged environment, and this may be a
reason for the decreased H4 and lamellipodia attachment.
The untreated amorphous glass substrate surface was evaluated in this study as it is more
hydrophobic than 3C-SiC and slightly less hydrophobic than Si, PSt and NCD, respectively
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as seen by (Sklodowaka et al., 1999) which reports a contact angle of 51.05°. Amorphous
glass would also not provide a net substrate charge as it is an insulating material but any
charges that contact the surface would remain in place. The AFM analysis shows that both
cells tend to greatly minimize their contact with this substrate and have little lamellipodia
surface attachment, although cells on this substrate displayed large areas of lamellipodia
probing, which is consistent with past observations (Bergkvist et al., 2003). The neutral
charged surface could be a large factor in inhibiting the neurite expansion, as was shown by
previous studies (Fine et al., 1991; Makohliso et al., 1993).
Both faces of Si have shown a measured contact angle of 65.85° (Coletti et al., 2007),
indicating a weakly hydrophobic surface. The samples were doped n-type providing a
negative charge potential within the bulk of the material. The H4 showed good viability for
both Si surfaces. The PC12 results indicated poor cell viability for (100) Si, but excellent cell
viability for (111) Si, while the AFM indicates a high cell profile, large angle of attachment,
and a moderate lamellipodia attachment. As Si is hydrophobic, and the samples possess
negative potential, the differences between the reactions of the cells to the PSt may be due to
their chemical properties. The evidence may be displayed in Fig. 5d which indicates some
chemical reaction on the Si has occurred when cells are present. Also, studies have indicated
the presence of Si compounds present in the CNS (Birchall & Chappell, 1988). Both cell lines
have much higher proliferation on the (111) Si face than the (100) Si face, which may be due
to the available dangling surface bonds. The lower viability of the PC12 on (100) Si is not so
easily explained, but the lower attachment quality shown by the AFM analysis indicates Si is
not entirely favorable for this cell. The reaction of the cell and the substrate may be forming
silicic acid, which can have a negative effect on the cell viability when present in large
quantities (Carlisle, 1986). The moderate lamellipodia attachment to Si is most likely due to
the negative charge of the substrate, and mirrors the results seen by (Fine et al., 1991;
Makohliso et al., 1993), but attachment of the lamellipodia may have been altered due to the
hydrophobic substrate surface (Clark et al., 1993).
Both faces of 3C-SiC, unlike Si, have high proliferation values for both cell lines when
compared with the PSt control, and the surface, shown in Fig. 5e, showed no adverse effects
of surface degradation through cellular interaction on the surface. The AFM indicated that
the H4 have good cellular spread, low profile, and excellent lamellipodia permissiveness. A
low angle of attachment, moderate cell spread, and a relatively good level of lamellipodia
attachment was also observed for the PC12. The same difference in viability that was
observed in the Si crystalline planes also exists with 3C-SiC. (Coletti et al., 2007) have shown
the USF ‘as grown’ 3C-SiC has a contact angle of 52.53°, and (Yakimova et al., 2007)
indicates that SiC contains both hydrophilic and hydrophobic sites due to its alternating
elemental surface. It should be noted that these substrates are negatively charged, although
at a level much lower than the Si substrates. The fact that this substance is hydrophilic and
has viability levels comparable to the hydrophobic Si, along with the observation that there
is a similar viability contrast between the crystal orientations, suggests that there may be
competing bonding principals. One hypothesis is Si is the prevalent membrane bonding site
on 3C-SiC and Si substrates, but the patchy C surface bonds slightly decrease the attachment
sites, and thus viability, on 3C-SiC. However, the bonds involved for these cells are
relatively strong, as indicated by the flattened cell profiles. Like PSt and Si, the negative
material charge and presence of hydrophobic sites on 3C-SiC would generate good
lamellipodia extension, but the greater attachment of the lamellipodia may be due to the
hydrophobic sites on the surface caused by the patchy C bonding sites.
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Intrinsic NCD shows a good level of viability, cellular membrane expansion, and attachment
with the H4. Alternatively, the high cell profile and poor viability shows the PC12 does not
favor NCD. The H4 shows a moderate level of lamellipodia attachment, and the PC12 line
shows a very poor level of lamellipodia attachment. NCD has been shown by (Ostrovskaya
et al., 2007) (via contact angle measurements of 75° - 95°) to be a hydrophobic surface which
is mainly due to the large amount of sp2 bonded graphitic defects along the crystal grain
boundaries. As the NCD is intrinsic, there should be no appreciable surface charge level, but
random charges may be present along defect boundaries, and the underlying n-type Si
substrate may produce capacitive effects. The PC12 follows the previous studies of (Kim et
al., 2001; Rouhi, 1999) which show a low cellular viability and attachment due to a
hydrophilic surface. The low lamellipodia attachment may be due to the intrinsic charge as
was seen in (Fine et al., 1991; Makohliso et al., 1993). The H4 cell line, however, does not
follow previous observations. Further exploration into the surface properties of NCD and
how this material interacts with extracellular proteins would be necessary to determine
reasons for the observed level of viability.
2.4 Conclusion
This initial study of neural cell interaction with 3C-SiC and NCD has provided evidence that
these materials may be suitable for use in a NI device, but further investigation is needed to
examine the neuron cell reaction on these substrates. 3C-SiC indicated that both cell lines
used in this study showed a relatively high level of cellular viability as compared to PSt that
has been treated for optimal cell viability. Cell morphology results showed that the cells
attach very well to 3C-SiC, and. it has excellent lamellipodia permissiveness which is an
important quality for NI devices. Furthermore, the chemical resilience of 3C-SiC
demonstrates that this material resists the surface degradation that was observed on the Si
surfaces. The as-grown NCD showed good viability and moderate permissiveness for the
H4 cell line, but has a poor performance with the PC12 line. Future experiments need to be
conducted to better understand the cellular membrane molecular interaction with the
surfaces of 3C-SiC, Si, and NCD as many questions regarding substrate charge and protein
reactivity remain unresolved.

3. Cellular interactions with Self-Assembled Monolayer (SAM) surfaces
An ideal biosensor would consist of a biocompatible material that could be functionalized
to achieve a specific aim, such as detection of target bio-molecules or promotion of
specific protein attachment (Vahlberg et al., 2005). Self assembled monolayers (SAM)
modified surfaces yield inorganic/organic interfaces which can be used to tailor the
surface properties of SiC to achieve a specific aim. Previous studies of SAM formation on
Si, glass, and gold surfaces have proven many of these surfaces are highly biocompatible,
with corresponding increases in cell adhesion which facilitated the identification of
protein adsorption (Kapur & Rudolph, 1998; Low et al., 2006; Mrksich & Whitesides,
1996). SAMs are composed of organic molecules that are covalently immobilized on the
surface of the semiconductor via suitable linker groups (Catellani & Cicero, 2007;
Stutzmann et al., 2006). In general, hydrogen (H) or hydroxide (OH) terminated surfaces
provide the reactive sites necessary to obtain high quality monolayers. Hydrosilylation
and silanization are two common surface functionalization processes used extensively on
Si substrates (Linford & Chidsey, 1993; Stutzmann et al., 2006), and SAMs have been
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analyzed in detail, with suppression or enhancement of cell spreading and proliferation
depending on the SAM molecular end-group (Faucheux et al., 2004). In this section, we
report on the results of our study on the biocompatibility of SAM surface-functionalized
hexagonal silicon carbide, 6H-SiC, where the SAM surfaces produced both hydrophobic
and hydrophilic surfaces. The biocompatibility was assessed through the AFM and MTT
assay techniques detailed in 1.3.1 and 1.3.2.
3.1 Methods and materials
Two (0001) 6H-SiC 3.43º off-axis, n-type, 420 m thick were diced into 5 x 5 mm die. First,
we performed hydrogen etching in order to obtain well-ordered, atomically flat surfaces
with reduced surface defect densities (Frewin et al., 2009a). The samples were cleaned as
described in section 2.1. followed by a 5% diluted HF dip that results in OH termination of
the surface (Li et al., 2005).
After cleaning and etching the samples, alkylation of (0001) 6H-SiC was performed by
reaction of the hydroxylated surfaces with 1-octadecene for 120 min at 200°C under Ar. The
samples were then ultrasonically cleaned in hexane, chloroform, and methanol for 10 min
each (Schoell et al., 2008; Sharp et al., 2008). The silanization reactions were performed by
immersing the samples in 10% APDEMS (or APTES) in anhydrous toluene for 90 min at
room temperature in an N2 environment, followed by ultrasonic cleaning in toluene and
isopropanol for 20 min each (Schoell et al., 2008). After SAM formation, the samples were
placed in 70% (v/v) ethanol to prevent bacterial growth.
Static water contact angle measurements were performed using a KSV CAM101 system
from KSV Instruments. A 3 µl droplet of DI water was deposited on three different samples
for each of the surfaces prepared. The droplet contact angle was determined by measuring
the angles between the baseline of the drop and the tangent of the same. In addition, AFM
topography measurements of the surfaces were performed.
We utilized the two ATCC neural cell lines, H4 and PC12, for this investigation. The same
culture methods in 2.1, were used. The experimentally determined MTT assay cell seeding
concentration was 5x105 cells/ml for both the H4 and PC12 cell lines. The same amount of
cells were seeded on samples and placed in 12 well plates for the evaluation.
3.2 Results
The results of this study have been previously reported in (Oliveros et al., 2009). Static water
contact angle (SWCA) measurements give an idea of the degree of hydrophobicity and
hydrophilicity of the functionalized substrates. Table 2 contains the SWCA and RMS
roughness values for the surfaces tested. We observed a hydrophobic surface for the 1octadecene-treated sample, consistent with methyl molecular end-groups (Schoell et al.,
2008; Sharp et al., 2008). The APDEMS and APTES surfaces were moderately hydrophilic,
similar to the expected values for amino end-groups (Schoell et al., 2008). The untreated
sample exhibited hydrophilic behavior, consistent with a native oxide. Surface topography
analysis with AFM showed a very smooth surface following etching and prior to
functionalization (~ 0.3 nm RMS). The 1-octadecene-treated surface showed a similar
topography to the pre-functionalized 6H-SiC surface, no aggregates (See Fig 6 b). On the
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Surface Roughness1)
(rq, nm RMS)

Contact angle
(º)2)

6H-SiC H2 etched

0.30

19 ± 2

6H-SiC with Octadecene

0.26

110 ± 5

6H-SiC with APDEMS

0.36

48 ± 4

6H-SiC with APTES

0.53

54 ± 2

Substrate

1)
2)

RMS is the mean of 5 scans over a 5 µm x 5 µm.
Contact angle is the mean of 3 measurements for a 3 uL H2O droplet on different surfaces.

Table 2. SAM characterization via AFM and water contact angle analysis (Oliveros et al., 2009).
1

nm

0

-1
-2

(a)

(b)

(c)

(d)

Fig. 6. 5 µm x 5µm AFM micrographs of (a) 6H-SiC, (b) 6H-SiC after alkylation, (c) 6H-SiC
APDEMS and (d) 6H-SiC APTES. AFM data taken in tapping mode (Oliveros et al., 2009).
other hand, the APDEMS and APTES functionalized surfaces show some signs of
polymerization, most likely due to homogeneous methoxy cross-linking, which were observed
as particulates and a difference of rq with respect to the 6H-SiC substrate (see Fig. 6c & 6d).
MTT assays were performed and normalized to the PSt control to quantify the cell viability
on (0001) 6H-SiC without surface treatment and functionalized with the three SAM
compounds. Fig. 7 indicates both cell lines show similar viability trends; however, the PC12
show lower levels of relative proliferation. For the H4 seeded on unmodified 6H-SiC, we
obtained proliferation of only 31 ± 1% relative to PSt. The cell viability increased for the 1octadecene functionalized surface by 240 ± 3% relative to the untreated surface, whereas the
APDEMS and the APTES treated surfaces showed dramatic increases in cell proliferation,
exceeding the untreated surface value by 670 ± 4% and 850 ± 5%, respectively. The PC12
cells displayed a lower proliferation on 6H-SiC of only 38 ±3% relative to PSt. The 1octadecene functionalized surface results with the H4 show a 171 ± 3% increase of
proliferation relative to untreated 6H-SiC. The APDEMS functionalized surface yielded a
320 ± 4% proliferation to the 6H-SiC, whereas cell proliferation for APTES increased 480 ±
4%. More importantly, these results show a statistically significant degree of higher cell
proliferation than previous studies done with PC12 cells on porous Si (Low et al., 2006) and
SAMs on Si and glass substrates (Faucheux et al., 2004).
Insight into the cell morphology was obtained via AFM analysis. Fig. 8a - 8h displays
selected AFM micrographs of the H4 for both the unmodified and SAM-modified surfaces.
Fig. 8i - 8p shows representations of the AFM micrographs recorded for the PC12. Although
some subtle differences in cell morphology exist, both cell lines exhibited similar trends. For
the bare 6H-SiC and 1-octadecene modified surfaces, AFM micrographs showed elongated
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Fig. 7. Relative viability of the H4 and PC12 on the (0001) 6H-SiC as a function of surface
termination as determined by MTT assay. The results are expressed as SDM ( ) and SEM
(M) and normalized to the PSt readings (Oliveros et al., 2009).

Fig. 8. 45µm x 45µm AFM micrographs for H4 (a – h ) & PC12 (i – p) that are fixed (top row)
and live (bottom row). (a, b, i, & j) are untreated 6H-SiC, (c, d, k, & l) are 6H-SiC after with 1octadecene, (e, f, m, & n) are 6H-SiC with APDEMS, and (g, h, o, & p) are 6H-SiC with
APTES (Oliveros et al., 2009).
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or rounded cells with few focal points, filopodia, and lamellipodia extensions. Indeed, the
lamellipodia areas seen on those surfaces were not significant with respect to the total
cellular areas (Fig. 8). Conversely, on the APDEMS and APTES treated surfaces, we
observed elongated and flattened cells that expanded over large surface areas, suggesting
good attachment and consistent with the high proliferation observed using MTT assays (Fig.
7). Additionally, there was evidence of focal point attachment, filopodia and lamellipodia
extensions, as well as intercellular interaction. These results compliment the MTT assays
which showed greater proliferation on these surfaces compared to the untreated and 1octadecene modified 6H-SiC surfaces.
3.3 Discussion
Cell attachment and proliferation on surfaces are the products of many chemical processes
occurring between the cell membrane and the underlying substrate in contact with the cell.
This involves chemical, morphological, and electrical properties of the surface, as well as cell
protein-receptor binding and internal cellular reactions, all of which affect the cellbiomaterial interaction (Dan, 2003; Mrksich et al., 1996). Furthermore, ECM protein
adsorption on the substrate, which can occur much more rapidly than cell adhesion, is a key
step in the mechanism of cell attachment and spreading (Iwata & Arima, 2007; Ostuni et al.,
1999). In general, cell attachment and proliferation are considered to occur in three stages: I)
protein adsorption onto the substrate from the cell medium, II) attachment and spreading of
cells on the protein-modified surface and, III) remodeling of the surface by the cells through
cellular protein generation (Ostuni et al., 1999). Modification of surfaces with SAMs is
thought to primarily impact the first stage, since hydrophobic, electrostatic, and chemical
interactions between molecular end-groups and proteins in the growth medium
significantly alter the orientation, composition, and amount of attached proteins, along with
the strength of adhesion (Iwata & Arima, 2007; Ostuni et al., 1999).
Here, we have modified (0001) 6H-SiC surfaces, which are hydrophilic in their untreated
state (~19° SWCA), with 1-octadecene, which possesses hydrophobic methyl endgroups
(~100° SWCA), and APDEMS and APTES, which possess mildly hydrophilic amine
endgroups (~50° SWCA). Cell proliferation was significantly higher on the amine
terminated SAMs compared to the methyl terminated SAMs and untreated. These findings
are in accordance with results obtained on amino terminated SAMs on other substrates by
(Faucheux et al., 2004; Lee, M.H. et al., 2005; Low et al., 2006).
Morphological evaluation of cells provides another criterion to determine permissiveness,
cellular attachment, and spreading. Elongated and flat cells that are spread out on the
surface give an indication of positive cell-surface interactions (Tresco et al., 1998). On the
other hand, large cell height to area ratios (corresponding to cell somata which are far from
the substrate), cell clumps, cells of round shape with small interfacial areas, and/or few
lamellipodia extensions, are all symptomatic of low substrate permissiveness (Coletti et al.,
2007; Frewin et al., 2009b).
In this work, the cell morphology evaluation on untreated 6H-SiC and 1-octadecene
modified 6H-SiC showed, in general, rounded cell shape and a few elongated flat cells.
Additionally, few lamellipodia and filopodia extensions were observed, with evidence on
the 1-octadecene treated surface that cell bodies avoid contact with the surface. This is an
indication that, although the cells might attach to the substrate following gravitational
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settling from the medium, they do not find the appropriate conditions to spread and
proliferate on the surface. In previous studies using other cell lines on alkylsilane-modified
Si surfaces, similar cell morphologies were observed (Faucheux et al., 2004; Lee, M.H. et al.,
2005; McClary et al., 2000).
AFM measurements of cells on both APDEMS and APTES treated surfaces showed
significantly more elongation and spreading than on the untreated and 1-octadecene treated
surfaces. The spreading and elongation were significantly more pronounced on the APTES
functionalized surfaces. Indeed, the cells on the APTES surface exhibited a variety of shapes
which were predominantly elongated. Such cell morphologies indicate spreading, short cell
body-surface separations, and high adhesion to the surface similar to those reported by
(Frewin et al., 2009b) for cells seeded on PSt and 3C-SiC. Additionally, we saw indications of
microtubule and actin filament extensions on most of the cells seeded on the APDEMS and
APTES treated substrates. These findings are similar to the cell morphology and cell
spreading reported for rat hippocampal neurons (Stenger et al., 1993), PC12, epithelial (Low
et al., 2006), and human fibroblast cells (Faucheux et al., 2004) on different amino-terminated
surfaces. An additional study, which utilized fluorescence interference contrast microscopy,
also demonstrated short cell-surface distances (~ 40 nm) of neurons of the dorsal root
ganglia from rats on APTES-treated surfaces (Tiefenauer et al., 2001).
It has previously been demonstrated that very little protein adsorption, and essentially no
fibronectin or vitronectin adsorption, occurs on non-ionic hydrophilic surfaces, such as the
untreated 6H-SiC studied here (Faucheux et al., 2004). Conversely, significant protein
adsorption, including fibronectin and vitronectin adsorption, occurs on both moderately
hydrophobic (e.g. NH2-terminal) and highly hydrophobic (e.g. CH3-terminal) surfaces.
However, for the case of hydrophobic surfaces, fibronectin receptor function is impaired
due to poor fibronectin cell-binding domain accessibility (Faucheux et al., 2004; McClary et
al., 2000). Furthermore, competitive adsorption of non-binding proteins, such as serum
albumin, reduces the coverage of the ECM proteins which are important for cell spreading
and proliferation on hydrophobic surfaces (McClary et al., 2000; Tresco et al., 1998). Thus, in
terms of wettability, moderately hydrophilic surfaces provide a balance which allows
significant ECM protein adsorption while retaining appropriate integrin function.
In addition to protein adsorption, direct cell-surface interactions should also be considered.
It has been previously reported that cells show a tendency to attach to positively charged
surfaces (Dan, 2003; Van Damme et al., 1994) and that surface charge may modulate cell
attachment and spreading, as found by (Tresco et al., 1998) in their study of thiols, amines,
and quaternary amines. In principle, such an effect could contribute to the differences in cell
proliferation observed on untreated, CH3 and NH2 terminal surfaces (Tresco et al., 1998). In
order to affirm that the behavior of the cells presented above is general to other cell types,
and to ascertain the roles of electrostatic forces and surface chemistry, additional studies on
surface-modified SiC will be required.
3.4 Conclusion
Although SiC has already seen some implementation in modern medical implants (Li et al.,
2005), and previous studies have suggested that SiC is biocompatible with different cell lines
(Coletti et al., 2007; Frewin et al., 2009b; Li et al., 2005), little research has been devoted to
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enhancing its biocompatibility via surface modification. In this work, we examined the
possibility of increasing cellular proliferation and attachment on the (0001) Si face of 6H-SiC
with PC12 and H4 using SAM with terminal methyl and amino groups. Our observations
confirmed the influence of the substrate on viability and permissiveness, which were
significantly better for the amino terminated surfaces compared to the alkyl terminated
surfaces. Indeed, significant increases of cell proliferation were obtained using mildly
hydrophilic amino-terminal monolayers; the APTES (APDEMS) modified surfaces exhibited
an increase by a factor of ~5x (~3x) for the PC12 and ~8x (~6x) for the H4 with respect to
untreated 6H-SiC. Only a moderate increase of the cell viability was observed on
hydrophobic 1-octadecene modified surfaces.
This study indicates that the application of SAMs on 6H-SiC can greatly increase cell
viability and substrate permissiveness while providing the ability to modify specific surface
properties (Stutzmann et al., 2006). This method allows for direct control of the wettability
along with surface reactivity and charge which can directly mediate cell adhesion and
spreading.

4. Cellular interactions on graphene
Carbon allotropes, specifically carbon nanotubes (CNTs) and graphene have proven to be
promising candidates for biological implants as they potentially combine good
biocompatibility with excellent chemical resistance (Chen et al., 2008). Even though CNTs
have been studied and applied in tissue engineering and biosensing (Yang et al., 2010), there
are still some concerns regarding their biocompatibility (Pumera, 2009). On the other hand,
although graphene is considered to be a relatively new material, it is well known for its
exceptional electrical, thermal and mechanical properties (Geim & Novoselov, 2007), as well
as for its high sensitivity to chemical environments (Novoselov et al., 2007). While graphene
is an appealing candidate for biomedical applications its biocompatibility must first be
assessed and established.
There are different ways to prepare graphene, such as mechanical cleaving, chemical
synthesis, epitaxial growth on SiC, and CVD (chemical vapor deposition) on metals. Each
process yields graphene with different electrical, optical and morphological properties. In
Factors such as the interaction with the substrate, the presence of impurities, and the
physical edge of the structure, as well as ultimately the number of layers formed, define the
final properties of graphene (Geim & Novoselov, 2007). The epitaxial growth of graphene on
SiC in an Ar environment produces high quality films with large domains and good
thickness control, with the additional advantage of not having to physically transfer the
graphene film to an insulating substrate (Emtsev et al., 2009).
To date, only a few reports discuss the biocompatibility of chemically prepared graphene
derivatives (Agarwal et al., 2010; Chen et al., 2008). Recently a study of the biocompatibility
of single layer graphene produced by CVD on Cu using human osteoblasts and
mesenchymal stromal cells has reported better cell proliferation and morphology compared
as to SiO2/Si surfaces (Kalbac et al., 2010). 6H-SiC has been shown to be biocompatible
(Coletti et al., 2007) but it has not been reported if the graphitization of this surface will
present a similar behavior. This subsection presents our initial assessment of the
biocompatibility of epitaxial graphene on (0001) 6H-SiC (Oliveros et al., 2011).
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4.1 Methods and materials
The graphene films were epitaxially grown on (0001) 6H-SiC substrates. Initially, the 6H-SiC
samples were H2 etched in order to obtain a well ordered surface (Frewin et al., 2009a).
Subsequently, graphitization was performed under an Ar environment at annealing
temperature between 1600 and 1700 °C (Emtsev et al., 2009). The quality and thickness of the
graphene films were evaluated by angle-resolved photoemission spectroscopy (ARPES) and
X-ray photoelectron spectroscopy (XPS) as in (Coletti et al., 2010; Riedl et al., 2009). AFM
and SWCA were used to assess the surface morphology and wettability of SiC and
graphene. The SWCA was performed using the methods outlined in 3.1.
Prior to cell seeding the graphene surfaces were cleaned of possible air contamination by
performing thermal annealing under an Ar atmosphere at 700°C in a chemical vapor
deposition (CVD) reactor. For one set of samples (A) cell seeding was performed without
any further surface treatment. Another set of samples (B) had an additional disinfection step
via immersion in ethanol. The different surface treatment methods were considered with the
intention of learning if the ethanol dip would change the cell morphology and proliferation.
The 6H-SiC surfaces were HF dipped to remove the native oxide, annealed under the same
conditions as graphene, and finally ethanol dipped.
For the cell morphology analysis and viability assays, human keratinocyte cells (HaCaT)
were counted and plated at a density of 3.0x104 cells/cm2 in DMEM supplemented with 10%
FBS and incubated for 72 hours. A 5 µM solution of CMFDA (5-chloromethylfluoresceindiacetate) cell tracker dye was used to examine cell morphology analysis via fluorescent
microscopy (Coletti et al., 2007), and AFM measurements (1.3.2) were performed on fixed
cells to evaluate the filopodia and lamellipodia extensions. Viability evaluation was
performed using MTT assays (1.3.1). Immunoflourescence was performed at 48 hours (1.3.3)
to investigate focal attachment and the actin cytoskeleton of the HaCaT.
4.2 Results
Characterization of the epitaxial graphene and 6H-SiC surfaces was performed to assess
the surface properties prior to cell seeding. In Fig. 9a we report the dispersion of the πbands around the K-point of the graphene Brillouin zone measured via ARPES for a
typical sample used in this work. The π-bands linear dispersion and the displacement of
the Fermi level above the Dirac point of circa 0.42 eV are characteristic features of
monolayer graphene epitaxially grown on (0001) SiC. Also the C1s XPS spectrum reported
in Fig. 9b confirms the monolayer nature of the adopted graphene films. The analysis of
the graphene surface topography with AFM (see Fig. 9c) showed indication of large
continuous terraces, on average 3.6  2 µm long with a step height of 6.3  3.6 nm, which
is larger than the original H2 etched 6H-SiC substrate terraces (data not shown) consistent
with (Emtsev et al., 2009).
The SWCA measured for graphene cleaned by methods A and B were 87.3° ± 9.5° and 94.9°
± 3.2°, respectively. These results confirm the hydrophobicity of graphene (Wang et al.,
2009) and demonstrate that ethanol disinfection did not change the water affinity of the
surface significantly. For 6H-SiC the SWCA was 47°.2 ± 3°, confirming the hydrophilic
character of the surface in support of previous reported data (Coletti et al., 2007).
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(a)
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(b)

(c)
Fig. 9. ARPES (a) and XPS (b) characterization of a monolayer graphene sample. (a) Dispersion
of the π-bands measured with UV excited ARPES (h = 40.8 eV) with a display analyzer
oriented for momentum scans perpendicular to the ГK-direction of the graphene Brillouin
zone. (b) C1s XPS spectrum measured using a non-monochromatic Mg Kα source, h = 1253.6
eV, plotted as a black line and fitted components. (c) 20 µm x 20 µm AFM micrograph of
epitaxial graphene on 6H-SiC (0001). Z scale -10 nm to 8 nm (Oliveros et al., 2011).
After 72 hours, for both graphene and 6H-SiC, the morphology of the HaCaT cells was
similar to that on the PSt control (data not shown) with signs of cell-cell interaction and cellsubstrate interaction (Fig. 10). The cells appeared to be flattened and cuboidal typical of
HaCaT cells. The morphology is confirmed with AFM inspection shown in Fig. 11a & 11b
where the filopodia and lamellipodia of the cells have been identified. In addition,
immunofluorescence analysis of the actin cytoskeleton and the number of focal points are
shown in Fig. 11c. These indicate some HaCaT cells present elongated shape while others
are a more cubical. We can see the actin fibers (red) are oriented towards the focal points
localization (green), indicating good surface attachment.
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(a)

(b)

(c)

(d)

(e)

Fig. 10. Fluorescent micrographs of HaCaTs after 72 hour on a) graphene (A), b) graphene
(B), c) 6H-SiC(0001), and after 120 hrs on d) 6H-SiC(0001) and e) graphene (B) (Oliveros et
al., 2011).
4.3 Discussion
Certain differences were observed for cell proliferation and shape when seeded on
surfaces after ethanol disinfection. For the graphene substrates from group A, as seen in
Fig 10a, small islands of cells were observed compared to the monolayer that started
forming on the graphene surface cleaned by method B (Fig 10b). The 6H-SiC samples also
showed via optical inspection clear signs of an initial formation of a cell monolayer (see
Fig 10c). It is apparent from the comparison of Figures 10a and 10b that the ethanol dip
step favors a more homogeneous cell adhesion and for this reason subsequent
experiments whose results are reported below were performed only on samples cleaned
by using method B. It is known that HaCaTs tend to form groups of cells such as islands,
and with time they start growing tighter and closer to each other and eventually form a
conformal layer of cells. Consequently at a time of 120 hours optical inspection of cells
plated graphene and 6H-SiC samples was performed with the intent of checking whether
the cells would grow to confluence. Promisingly, as shown in Figures 10d & 10e, the 120
hrs optical inspection data showed a homogeneous monolayer of cells formed on both
graphene and 6H-SiC.
On the other hand, the MTT assays provided an average value of cell viability after 72 hrs of
incubation and with respect to the PSt control. The results were as follows: 17 ± 0.07 (std
deviation of the mean) for graphene and 58 ± 0.05 for 6H-SiC. It should be pointed out that
the lower viability values obtained for the graphene surfaces might be explained by the
hydrophobic nature of the substrate. It may significantly contribute to the cell viability
because the initial phase of cell attachment involves the physicochemical linkages between
the cells and the surface through proteins (Akasaka et al., 2010). Despite the lower viability
measured on graphene after 72 hours of incubation, the evidence of the formation of a cell
monolayer on graphene substrates in a similar fashion to 6H-SiC (as in Figures 10d & 10e)
after 120 hours of incubation strongly suggests the need to perform longer time MTT assays.
As already discussed, because of the hydrophobic nature of the surface, the cells may adapt
to it and find the right cues for increased cell proliferation over longer time spans (Akasaka
et al., 2010). In addition, the cell viability on both surfaces was compared using an ANOVA
test considering that the viability is sample dependent. In this case we obtained that, even
though the graphene and 6H-SiC viability levels are close, the surfaces are statistically
different with a p-value =0.043 (Oliveros et al., 2011).
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Figure 11. 45 µm x 45 µm AFM micrographs of HaCaT cells on (a) monolayer graphene and
(b) H intercalated graphene. The AFM micrographs confirm the presence of 1) cell-cell
interaction and 2) evidence of lamellipodia and 3) filopodia. (c) Composite images actin
(red), focal points (green) and cell nuclei (blue) on epitaxial graphene (Oliveros et al., 2011).
4.4 Conclusion
In this paper we have reported preliminary methods and result for testing the in vitro
biocompatibility of epitaxial graphene on (0001) 6H-SiC through the cellular interactions of
HaCaT cells with these surfaces. We have compared the cell viability and cell morphology
of these surfaces. Two different cleaning procedures were employed on the graphene
surfaces tested. The optical inspection results after 72 hours of cell incubation suggest that
the ethanol sterilization step is required in order to have a more homogeneous and
enhanced cell adhesion on graphene surfaces. The results obtained from MTT assays after
the same incubation time (i.e., 72 hours) evidence of cell viability almost 3 times higher for
6H-SiC than for graphene surfaces. However, the optical inspection performed after 5 days
of incubation shows that cells grow in a similar trend on graphene as they do on 6H-SiC.
Hence, it is possible to speculate that the viability values obtained after 3 days of incubation
might be due to the initial process of surface recognition by the cell and later activation of
the appropriate mechanisms for proliferation. Additional MTT assays and optical inspection
over longer incubation times must be performed before giving a final answer regarding the
in vitro biocompatibility level of graphene. Also, studies pertaining to the cytoskeleton
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organization (e.g. actin cytoskeleton) on these surfaces or the determination of the number
of contact sites (e.g. vinculin staining) could give better insight into the process of cell
adhesion and proliferation on graphene.

5. Conclusion
The results of this work have shown that SiC and graphene could potentially become
excellent materials for use in biomedical implants. As these materials can be opaque due to
the substrates they are grown on, we have shown a method that involves AFM to study the
morphology and pseudopodia extensions of cells on their surfaces. In combination with
techniques that measure viability, the AFM can be an excellent tool for investigating whole
cells interacting on surfaces. Combining the whole cell AFM investigation with previously
developed AFM techniques of protein investigation on surfaces, one could more fully
understand the cell to substrate interactions and model methods to manipulate them to
improve implantable biomedical devices in the future.
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