We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 185,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 7

The Properties and Application
of Carbon Nanostructures

Petr Slepicka, Tomas Hubacek, Zderka Kolska, Simona Trostova,
Nikola Slepickova Kasalkova, Lucie Bacakova and Vaclav Svorcik

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51062

1. Introduction

Nanocomposite carbon-based substrates are a large group of materials promising for
medicine and various biotechnologies, particularly for coating biomaterials designed for
hard tissue implantation, constructing biosensors and biostimulators or micropatterned
surfaces for creation of cell microarrays for advanced genomics and proteomics. These
substrates comprise nanocomposite hydrocarbon plasma polymer films, amorphous carbon,
pyrolytic graphite, nanocrystalline diamond films, fullerene layers and carbon nanotube and
nanoparticles-based substrates. Polymer/carbon composites have attracted increasing
interest owing to their unique properties and numerous potential applications in the
automotive, aerospace, construction and electronic industries.

Amorphous carbon, also referred to as diamond-like carbon (DLC), possesses a number of
favourable properties, such as high hardness, a low friction coefficient, chemical inertness
and high corrosion resistance, which is due to its particular structure, i.e. cohabitation of the
sp? and sp?® phases [1]. These properties make DLC attractive for coating bone and dental
implants coating bone and dental implants in order to improve the resistance of these
devices against wear, corrosion, debris formation and release of metallic ions, which can act
as cytotoxic, immunogenic or even carcinogenic materials [2,3]. However, unmodified
amorphous carbon usually acts as bioinert, i.e. not promoting its colonization with cells,
which property prevents hemocoagulation, thrombosis and inflammatory reaction on the
surfaces [4]. DLC coated materials have been utilized for construction of articular surfaces of
joint prostheses [2] or blood-contacting devices (intravascular stents, mechanical heart
valves, pumps).

From all nano-sized carbon allotropes, diamond has been often considered as the most
advantageous material for advanced biomedical an biosensoric applications, which is
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176 Polymer Science

mainly due to the absence of its cytotoxicity, immunogenicity and other adverse reactions
[5,6]. Other remarkable properties of nanodiamond, enabling its application in
biotechnologies and medicine (particularly in hard tissue surgery), are high hardness, a low
friction coefficient, and also high chemical, thermal and wear resistance. In our earlier
studies and in studies by other authors, nanodiamond has proven itself as an excellent
substrate for the adhesion, growth, metabolic activity and phenotypic maturation of several
cell types in vitro, including osteogenic cells [5,7]. An interesting issue is doping of NCD
films with boron. This doping renders the NCD films electroconductive [8]. Boron-doped
NCD films have been applied in electronics and sensorics, e.g. for he construction of sensors
for DNA hybridization [9], bacteria [10] or glucose [11].

Graphite is one of the most common allotropes of carbon, and the most stable form of
carbon under standard conditions. However, despite its electrical conductivity, which is
usually associated with the stimulatory effects on cell colonization and functioning,
unmodified graphite is rather bioinert, i.e., less adhesive for cells [12]. It is due to a relatively
low ability of graphite to adsorb cell adhesion-mediating proteins from the serum
supplement of the culture medium [13] and also bone morphogenetic proteins (BMP), i.e.
factors promoting the osteogenic cell differentiation [14]. Fullerenes are spheroidal
molecules and are made exclusively of carbon atoms (e.g. Ceo, Cn). Their unique hollow
cage-like shape and structural analogy with clathrin-coated vesicles in cells support the idea
of the potential use of fullerenes as drug or gene delivery agents [15]. Fullerenes display a
diverse range of biological activity, which arises from their reactivity, due to the presence of
double bonds and bending of sp? hybridized carbon atoms, which produces angle strain.
Fullerenes can act either as acceptors or donors of electrons. When irradiated with
ultraviolet or visible light, fullerenes can convert molecular oxygen into highly reactive
singlet oxygen. Thus, they have the potential to inflict photodynamic damage on biological
systems, including damage to cellular membranes, inhibition of various enzymes or DNA
cleavage. This harmful effect can be exploited for photodynamic therapy of tumors [16],
viruses including HIV-1 [17], broad spectrum of bacteria and fungi [18]. On the other hand,
Ceo is considered to be the world’s most efficient radical scavenger. This is due to the
relatively large number of conjugated double bonds in the fullerene molecule, which can be
attacked by radical species. Thus, fullerenes would be suitable for applications in quenching
oxygen radicals, and thus preventing inflammatory and allergic reactions [19] and damage
of various tissues and organs, including blood vessels [20] and brain [21]. Finally, carbon
nanotubes are formed by a single cylindrically-shaped graphene sheet (single-wall carbon
nanotubes, referred usually to as SWNT or SWCNT) or several graphene sheets arranged
concentrically (multi-wall carbon nanotubes, referred to as MWNT or MWCNT). Carbon
nanotubes have excellent mechanical properties, mainly due to sp? bonds. The tensile
strength of single-walled nanotubes is about one hundred times higher than that of the steel,
while their specific weight is about six times lower [22]. Thus, carbon nanotubes could be
utilized in hard tissue surgery, e.g., to reinforce artificial bone implants, particularly scaffolds
for bone tissue engineering made of relatively soft synthetic or natural polymers. In our
earlier studies, nanotubes were combined with termoplasts of polytetrafluoroethylene,
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polyvinyldifluoride and polypropylene, which significantly enhanced its attractiveness of
nanotube-based substrates for colonization with bone-derived cells [23].

Recently, nanotechnology has gained much attention in research to develop new carbon-
based materials with unique properties. Nanotechnology can be broadly defined as the
creation, processing, characterization and use of materials, devices, and systems with
dimensions in the range 0.1-100 nm, exhibiting novel or significantly enhanced physical,
chemical, and biological properties, functions, phenomena, and processes due to their
nanoscale size [24]. Ultrathin carbon films can be used for analytical applications, e.g.
carbon micro-arrays for transmission electron microscopy [25], high resolution microscopy
[26], microelectromechanical systems [27] or electrodes for corrosion sensor applications at
high temperatures [28]. “Carbon composites” has attracted increasing interest owing to their
unique properties and numerous potential applications in the automotive, aerospace,
construction and electronic industries [29]. Diamond-like carbon based films on polymer
substrates can strongly influence gas barrier performance [30]. Polymer/carbon nanoparticle
systems can be used as polar vapour sensors [31]. Thin films on a polymer-fullerene base are
used for a hybrid solar cells construction [32]. The intensive investigations of carbon
nanolayers and carbon/polymer nanocomposites [33] stimulated remarkably by the
discovery of carbon nanotubes [34], fullerenes [35] and graphene layers [36] resulted in the
conclusion that the character of the carbon atom connections in the carbon layer has crucial
importance for the structure and the properties of carbon nanoparticles and thin layers.
Sputtered or evaporated [37] carbon structures can create nanostructures of different
electrical or morphological properties. The opportunities for systematic investigation of
nanolayers structures [38-42] are very promising for new application both in electronics or
nanoengineering and biomedicine.

2. Carbon nanolayers

Thin carbon layers are considered as a prospective material for a wide range of biomedical
application [39,43-45], e.g. tissue regeneration [46], controlled drug delivery [47], surface
coating for bone-related implants [48], increase of resistance to microbial adherence, blood
interfacing implants applications [49] or neuronal growth.

2.1. Carbon layer flash evaporation

Little attention has been devoted to the study of carbon layers prepared by the simplest
deposition technique — flash evaporation. By flash evaporation carbon layers of different
thickness can be produced for routine SEM and TEM electron microscopy. In general, there
is a need for these layers to be fine grain, even coating, with uniform and controllable layer
thickness. Flash deposition is distinguished from other techniques (e.g. vacuum
evaporation, ion beam) by short deposition time and low total power input. The thickness of
flash prepared carbon layer should be controlled, but at present none of the conventional
methods in general use allows precise and reproducible deposition and layer thickness
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control. Flash deposition can be accomplished either by rapid evaporation of a carbon
filament or by pulsed laser vaporization of a carbon target [50]. The former technique is
based on rapid evaporation of carbon filament caused by an electric discharge. The majority
of the evaporation material is believed to be in the form of molten globules. The carbon
layers can be deposited by flash evaporation onto polymer substrates (e.g. PET and PTFE).
Their properties are of interest for many potential applications mentioned above and, in our
case, for their usage in the study of interaction of living cells with carbonaceous materials
and carbon based structures with potential applications in medicine. Physical, chemical and
electronic properties of the deposited carbon layer were studied as a function of the distance
between the substrate and the carbon source and the layer thickness.

2.1.1. Layer thickness

The dependence of the layer thickness, measured by the scratch technique, on the distance
between the substrate and the carbon filaments is shown in Fig. 1 for arrangements with one
and two filaments. It is obvious that the layer thickness decreases with deposition distance
monotonically, as expected. It should be noted that the deposition process is affected by
several phenomena. The filament does not represent a point-like carbon source [51] and
during the evaporation process it breaks without fully evaporating along its complete
length. The flash evaporation proceeds in rather low vacuum and evaporated carbon
particles under a large number of inelastic scattering events with molecules of residual gas
on the way from the filament to the substrate, by which their energy is reduced and flight
direction is changed randomly.
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Figure 1. Dependence of the thickness of the flash-evaporated carbon layer on the distance of glass
substrate from 1 (circle points) and 2 (square p.) filaments, determined by AFM technique. The values
calculated according to formulae presented in [37].
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2.1.2. Chemical composition and structure

The typical XPS spectrum of carbon layer deposited onto PTFE is introduced in Fig. 2. One
can see that besides of carbon the oxygen is also observed. The presence of oxygen is
explained by oxygen absorption from residual atmosphere during deposition process. Cls
and Ols peaks correspond to about 94.1 and 5.8 at. % of carbon and oxygen concentration,
respectively. The presence of carbonyl, carboxyl and hydroxyl structures in the carbon layer
were proved. Hydrogen depth profile was determined by ERDA. It was found that the
concentration of carbon and hydrogen decreases with increasing depth while the
concentration of fluorine increases. No hydrogen is detected beyond 75 nm. This
observation may indicate that the thickness of deposited carbon layer is about 75 nm (in
accordance with measurements performed on glass samples) and at larger depths the
composition approaches pristine PTFE [37].
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Figure 2. XPS spectrum of the carbon layer deposited from 2 cm distance on PTFE; decomposition of
the O1s band is shown too [37].

2.1.3. Surface properties

Surface wettability depends on surface chemical structure [52] and is commonly characterized
by contact angle. Contact angle on polymers was studied as a function of the distance of PET
and PTFE substrates from the filament. It was observed on PTFE substrate that the contact
angle increases with an increasing deposition distance (thinner layer thickness), while on PET
the contact angle does not change within experimental errors for deposition distances from 2
to 7 cm. According to XPS analyses chemical composition of the deposited carbon layer is the
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same for both polymers with low concentration of oxidized, polar structures. It is supposed that
the wettability might also be affected by surface morphology and roughness of both polymers.
While the roughness of PET after carbon coating remains unchanged within experimental error,
a dramatic change of the roughness is observed on PTFE. With increasing thickness of the
carbon layer the PTFE roughness decreases from 13.3 nm for pristine PTFE to 2.9 nm for
thickest layer (deposition from 2 cm). Significant differences in the surface morphology are
found between both polymers before and after carbon deposition (see Fig. 3). For pristine PET
the surface is composed of tiny, rounded formations, homogenously distributed over the
sample surface. Carbon deposition does not result in any significant change in the surface
morphology and roughness. Surface of the pristine PTFE is markedly wrinkled and its
roughness is higher comparing to PET. Carbon deposition results in a dramatic morphology
change and roughness declines indicating a preferential carbon accumulation into holes.

PTFE

0 nm

Figure 3. AFM images of pristine PET and PTFE and those coated with carbon from the deposition
distance of 2 cm (C2/polymer). Ra is surface roughness in nm [37].

2.1.4. Electrical properties

Carbon deposition results in a rapid resistance decrease (comparing to pristine polymers)
indicating formation of continuous carbon layer on the polymer. The decrease of electrical
sheet resistance (Rs) is more pronounced on PET, probably due to lower surface roughness.
According to our previous results [37] the conditions of the layer deposition were chosen to
obtain about 70 nm thick carbon layers. For the measurement of the sheet resistance Rs as a
function of the temperature, the C/PTFE samples were placed in the cryostat cooled by LNo.
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Temperature dependence of the sheet resistance, measured in the temperature range from
80 to 350 K, is shown in Fig. 4a. One can see that over a broad temperature range the sheet
resistance decreases rapidly with increasing temperature. The decrease is typical for
semiconductors; “semiconductance” of amorphous carbon (a-C) was reported earlier, e.g. in
[53]. It is believed that the mechanism of the charge transport in carbon layers proceeds
according to variable range hopping (VRH) mechanism, suggested by Mott [54], which
depends on the density of the states present near the Fermi level. The same dependence as
in Fig. 4a is shown in Fig. 4b in In Rs(T) vs. T-/* representation. One can see that the VRH
model describes well the charge transport in the temperature range from 80 to 350 K. It is
supposed that the electron states are localised on carbon clusters sp?, dispersed randomly
within the carbon layer. After application of an external electrical field electron hopping
between the clusters takes place. The electron movement proceeds via phonon-assisted
tunneling and with decreasing temperature the electrons tend to hop to larger distances on
sites which are energetically closer than the nearest neighbour.
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Figure 4. Temperature dependence of the sheet resistance (Rs) for carbon layer, 70 nm thick, flash
evaporated onto PTFE (a) and temperature dependence of the sheet resistance Rs in form In Rs vs. T-/4
(b) for the same sample [41].

2.1.5. Zeta potential

Electrokinetic analysis results of flash deposited carbon layers on PTFE are presented in Fig.
5 [41]. It is clear, that after carbon deposition decreases zeta potential obtained by
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Helmholtz-Smoluchowski equation due to creation of carbon layer. Carbon layers embody
the similar behavior as gold layer [55]. The thicker carbon layer the lower zeta potential
value. Results for sample distance of 4 and 7 cm are the same due to similar value of surface
roughness [41]. After deposition from distance 2 cm zeta potential dramatically decreases
due to significant decrease of thickness of carbon layer, surface roughness and sheet
resistance. Difference between zeta potential obtained by both of used methods and
equations (streaming current, Helmholtz-Smoluchowski eq. and streaming potential,
Fairbrother-Mastins eq. [41]) is significant for pristine PTFE due to great surface roughness.
For other samples this difference increases with decreasing distance of filaments. It can be
explained by increasing surface conductivity, which plays an important role in zeta
potential calculation and comparison. Zeta potential obtained by Fairbrother-Mastins
equation increases due to increasing polarity of surface, which is explained by creation of
polar groups on surface. It can be concluded from Fig. 5 that carbon layer deposited from
distance 2 cm is the most conductive.
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Figure 5. Zeta potential of pristine PTFE (pristine) and PTFE with carbon flash evaporated layer from
distances 2, 4 and 7 cm (C2, C4 and C7). Black columns represent data obtained by streaming current
method (Helmholtz-Smoluchowski equation), the orange ones by streaming potential (Fairbrother-
Mastins equation) [41].

2.1.6. Cell adhesion and proliferation

Cytocompatibility of samples was determined from in vitro experiments on adhesion and
proliferation of LEP cells (human diploid fibroblastoids) performed on pristine and carbon
coated PTFE. For comparison the same experiments were performed on ,tissue polystyrene”
(PS) too. The results are presented in Fig. 6. It is seen that the carbon coating increases adhesion
and proliferation (Fig. 6) of LEP cells significantly in comparison with pristine PTFE [41].
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Cell proliferation 3 days after the seeding is comparable with tissue PS. For both cell adhesion
and proliferation maximum positive effect is seen on the samples carbon coated from the
distance 4 cm. In this case the carbon layer is about 32 nm thick and it exhibits the higher
roughness, good electrical conductivity and contact angle of about 80°. Low surface
roughness and wettability seem to have negative effect on the cell adhesion and proliferation
[41].
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Figure 6. The proliferation of LEP cells proliferation (3« and 6% day) on pristine PTFE, PTFE with
carbon layers prepared by carbon flash evaporation from the distances 2, 4 and 7 cm (C2, C4 and C7)
and on the ,tissue” polystyrene PS [41].

2.2. Carbon layer sputtering

Different types of carbon layers can be preferentially prepared by various types of carbon
deposition. DLC films can be deposited using DC plasma chemical vapor deposition, radio
frequency magnetron sputtering or ion beam-based methods. DLC (polycrystalline
diamond) needs high temperatures to be deposited [56]. Amorphous carbon can be
prepared at low temperatures by different techniques, but its physical, chemical and
mechanical properties depend on the deposition conditions, mainly on the temperature and
hydrogen content [57]. Hydrogenated amorphous carbon (a-C:H) is usually prepared by
plasma-assisted CVD of hydrocarbons (i.e. methane or ethylene). Amorphous carbon (a-C)
is prepared by PVD techniques such as sputtering, arc discharge or pulsed laser deposition.
Amorphous hydrogenated carbon is unstable under thermal treatment since it tends to
eliminate hydrogen and transform in to a more stable graphitic structure. As an alternative
method for thin layer preparation the sputtering method was chosen. Carbon layers on
polyethyleneterephtalate (PET) backing were prepared by sputtering from graphite target.
The deposited layers were characterized by different techniques (UV-VIS, Raman
spectroscopy, RBS, AFM) and the biocompatibility of the layers was studied by cultivation
of 3T3 mouse fibroblasts.
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2.2.1. Structure of sputtered carbon layers

UV-VIS spectrometry is used frequently to follow the changes in chemical structure of
polymers. Absorbance increase indicates an increase of the concentration of structures with
certain length (number) of conjugated double bonds. Longer structures absorb on longer
wave lengths [58]. It was determined that the amount of 7 bonds (sp? hybridization) and the
length of conjugated double bonds are increasing functions of the sputtering time. The
thickness of the deposited carbon layer increases with increasing sputtering time as could be
expected. The structure of the carbon layers can be characterized by Raman spectroscopy
[59]. Raman peak at 1360 cm™! is attributed to disordered mode of graphite and that at 1500
1550 cm™ corresponds to an amorphous-like structure with sp3 + sp? bonding [59]. Fig. 7
shows the Raman spectra from pristine PET and PET with carbon layer deposited for 30-90
min. The carbon deposition for the times up to 30 min does not result in any observable
changes in the spectra. The deposition for longer times leads to appearance of a signal in
1100-1700 cm™ region, the intensity of the signal being an increasing function of the
deposition time. All spectra exhibit a broad peak at 1530 cm™ indicating that the deposited
layers are composed mostly of amorphous carbon with sp® and sp? bonds. Small peak at
1360 cm™, which is also present in all spectra, is due to the presence of disordered graphite.
The results of Raman and UV-VIS spectroscopy show that the thickness of the deposited
layers increases with increasing sputtering time.
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Figure 7. Raman spectra from pristine PET and PET samples with carbon layers deposited for different
sputtering times (min) as indicated in the figure [45].

ERDA (Elastic Recoil Detection Analysis) revealed information on hydrogen concentration
and its depth profile in the deposited layers. RBS spectra provided information on carbon
and oxygen concentration and on the layer total thickness. It was observed that for the
sputtering times above 45 min the composition of the deposited layers does not depend,
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within RBS and ERDA experimental errors, on the deposition time. The measured
concentrations varied from 7 to 9 at. % for oxygen and from 16 to 26 at. % for hydrogen.
These concentrations were significantly lower than those in pristine PET. The layer thickness
increased roughly linearly with increasing deposition time.

The layer morphology changes as a function of the sputtering time and the layer thickness.
It was found that after 15 s of deposition carbon creates rounded, regular grains the size of
which is larger compared to those observed for longer sputtering times [45]. For the
sputtering times above 30 s the carbon grains become smaller but some irregularities arise.
The surface roughness is an increasing function of the deposition time.

2.2.2. Cell growth

The carbon layers-PET structures were used as a substrates for cultivation of 3T3 mouse
tibroblasts (Fig. 8) [38]. The number of adhering cells increases with increasing deposition
time for deposition times up to 30 min (Fig. 9). For longer deposition times on the contrary
the cell number decreases with increasing deposition time (Fig. 9). Possible explanation of
the decline may be found in unfavourable surface morphology and roughness of the layers
deposited for longer times. Possibly the adhering cells prefer smooth surface without sharp
irregularities. An effect of the layer continuity or discontinuity can not be excluded, too. It
should also be noted that in the present case a non-polar material (carbon) is deposited onto
polar substrate. The surface modification of PET by carbon has the positive influence on
cells adhesion and sample sputtered 30 min has the greatest amount of adhered cells.

PETICS |

Figure 8. Cells distribution on PET with different time of carbon deposition. The equable distribution of
the 3T3 fibroblasts on the PET after carbon deposition is shown [38].
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Figure 9. Dependence of number of cells on the time of carbon deposition by magnetron sputtering on
the PET [38].

2.3. Fullerenes

Above other interesting properties, fullerenes emit photoluminescence which could be
utilized in advanced imaging technologies [60]. In their pristine unmodified state, fullerenes
are highly hydrophobic and water-insoluble. On the other hand, they are relatively highly
reactive, which enables them to be structurally modified. Fullerenes can form complexes with
other atoms and molecules, e.g. metals, nucleic acids, proteins, synthetic polymers as well as
other carbon nanoparticles, e.g. nanotubes. In addition, fullerenes can be functionalized with
various chemical groups, e.g. hydroxyl, aldehydic, carbonyl, carboxyl, ester or amine group,
as well as amino acids and peptides. This usually renders them soluble in water and
intensifies their interaction with biological systems [61]. Despite all these exciting findings,
relatively little is still known about the influence of fullerenes, particularly when arranged
into layers and used for biomaterial coating, on cell-substrate adhesion, subsequent growth,
differentiation and viability of cells, especially bone-forming cells.

2.3.1. Physical and chemical properties of fullerene Ceo layers

Fullerenes Cso were deposited onto microscopic glass coverslips by evaporation of Ceo in the
Univex-300 vacuum system (Leybold, Germany). The thickness of the layers increased
proportionally to the temperature in the Knudsen cell and the time of deposition. Four types
of layers of different thickness and morphology were prepared: thin continuous, thick
continuous, thin micropatterned and thick micropatterned. The micropatterned layers were
created by deposition of fullerenes through a metallic mask with rectangular holes [62].

Raman analysis was performed on micropatterned samples immediately after deposition
and then after sterilization with ethanol. Immediately after deposition, the Raman spectra
showed that the fullerene films were prepared with high quality [62]. After sterilization with
ethanol, the thin micropatterned fullerene layers were almost intact, and a considerable
amount of fullerenes was found not only on sites underlying the openings of the grid, but
also below its metallic part. However, in thick micropatterned layers, an analysis of the
vibration mode showed that the Cso molecules reacted with oxygen or polymerized [62].
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The proportion of Ceo molecules involved in these chemical changes and reached about 50%.
Moreover, the amount of fullerenes below the metallic bars of the grid was very low, though
still detectable. The color intensity increased with layer thickness, while the transparency of
the layers in a conventional light microscope decreased [62]. Despite of this, the cells on both
continuous layers were well observable, even those native and non-stained (Fig. 9A-D). On
thick micropatterned layers, the bulge-like prominences were relatively dark, and the
contrast between the bulges and grooves was relatively high (Fig. 9E). In addition, it was not
possible to focus the cells on bulges and in grooves simultaneously, whereas the
fluorescence signal from both groups of cells was observable. Thus, the presence and
morphology of cells on bulges and in grooves was evaluated using fluorescence microscopy
(Fig. 9F).

Reflection goniometry showed that all fullerene Cg layers were relatively highly
hydrophobic. The continuous and micropatterned layers had similar water drop contact
angles ranging from 95.3 + 3.1° to 100.6 + 6.8°.

Figure 10. Morphology of human osteoblast-like MG 63 cells in cultures on a polystyrene dish (A) a
microscopic glass coverslip (B), thin continuous (C), thick continuous (D), thin micropatterned (E) and
thick micropatterned (F) fullerene C60 layers. A-D: native cultures; E: a culture stained with
hematoxylin and eosin; F: a culture stained with LIVE/DEAD viability/cytotoxicity kit (Invitrogen). A—
D: day 5 after seeding, E-F: day 7 after seeding. Olympus IX 50 microscope, DP 70 digital camera, obj.
20x, bar=200 pm except E, where bar=100 um [62].
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2.3.2. Adhesion and proliferation of cells

On day 1 after seeding, the cells on both continuous thin and thick fullerene layers adhered
at similar numbers (34204420 cells cm? and 2880+440 cells cm?, respectively), which was
comparable to the values found on standard cell culture substrates, represented by the
tissue culture polystyrene dish (3080+290 cells cm?) and the microscopic glass coverslip
(25604310 cells cm2) [62]. On both micropatterned thin and especially thick fullerene layers,
the average cell population densities tended to be lower (by 11 to 43 %) than both
polystyrene and glass, but these differences were not statistically significant. The cells
colonized practically exclusively the grooves (Fig. 9F), thus they used less space for their
proliferation. Although the grooves occupied only 41+1 % of the material surface, they
contained from 80+4 % to 98+1 % of the total cells on the material surface [62]. The cell
population density in the grooves was about 5 to 57 times higher than on the bulges, and
these differences increased with time of cultivation. On the other hand, on the thin
micropatterned films, the cells colonized homogeneously the entire surface of the sample
(Fig. 9E) and the percentage as well as the population density of cells in the grooves and on
the bulges were similar.

2.3.3. Presence and spatial arrangement of Bl-integrins, talin, f-actin and osteopontin

As revealed by immunofluorescence, MG 63 cells on both continuous and micropatterned
fullerene layers were intensively stained for (1 integrins and talin, i.e. molecules
participating in cell-substrate adhesion, $-actin, an important component of the cytoplasmic
cytoskeleton, as well as osteopontin, a marker of osteogenic cell differentiation. This staining
intensity was similar as in cells on the control polystyrene culture dish and microscopic
glass coverslips (Fig. 10). All these molecules (particularly extracellular matrix protein
osteopontin) were found in fine granular distribution throughout the cells, often
preferentially located in the perinuclear region [62]. In addition, both 1 integrins and talin
also formed dot- or streak-like focal adhesion plaques, visible mainly on the cell periphery.

Beta-1 integrin-containing focal adhesion plaques were particularly well developed and were
often located on fine long protrusions formed by cells, which was accompanied by the
formation of a fine mesh-like [-actin cytoskeleton. No apparent differences in the staining
intensity and distribution of all molecules mentioned here were found between cells growing
on thin and thick micropatterned fullerene layers or in cells in grooves and on bulges [62].

2.4. Carbon nanoparticles

Carbon nanoparticles, nanotubes and nanodiamonds, are considered as promising building
blocks for the construction of novel nanomaterials [63,64] for emerging industrial
technologies, such as molecular electronics, advanced optics or storage of hydrogen as a
potential source of energy. In addition, they are considered as promising materials for
biomedical applications, such as photodynamic therapy against tumors and infectious
agents, quenching oxygen radicals, biosensor technology, simulation of cellular components,
such as membrane pores or ion channels, as well as controlled drug or gene delivery,
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Figure 11. Immunofluorescence staining of 31 integrins (A, E, I, M, Q), talin (B, F, ], N, R), -actin (C, G,
K, O, S) and osteopontin (D, H, L, P, T) in human osteoblast-like MG 63 cells on day3 after seeding on
microscopic glass coverslips (A-D), thin continuous (E-H), thick continuous (I-L) thin micropatterned
(M-P) and thick micropatterned (Q-T) fullerene C60 layer. Olympus epifluorescence microscope IX 51,
digital camera DP 70, obj. 100x, bar=20 yum [62].

particularly targeting the mineralized bone tissue [65]. Despite these exciting perspectives,
relatively little is known about the influence of carbon nanoparticles present on the
biomaterial surface on the adhesion and growth of cells.

Therefore the three types of materials modified with carbon particles were prepared: (i)
carbon fibre-reinforced carbon composites (CFRC), materials promising for hard tissue
surgery, coated with a fullerene Ce layer, (ii) terpolymer of polytetrafluoroethylene,
polyvinyldifluoride and polypropylene mixed with 4 wt. % of single or multi-walled carbon
nanotubes and (iii) nanostructured or hierarchically micro- and nanostructured diamond
layers deposited on silicon substrates [23].

The materials were seeded with human osteoblast-like MG 63 cells (density from 8500 cells
cm? to 25 000 cells cm2) [23]. On the fullerene layers, the cells (day 2 after seeding) adhered
in number from 2.3 to 3.5 times lower than those on control non-coated CFRC or
polystyrene dishes. However, their spreading area was larger by 68 % to 145 % than that on
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the control surfaces. On diamond layers, the number of initially adhered cells was higher on
the nanostructured layers, whereas the subsequent proliferation was accelerated on the
layers with a hierarchical micro-and nanostructure [23].

2.4.1. Carbon fibre-reinforced carbon composite (CFRC)

Carbon fibre-reinforced carbon composite (CFRC) was coated with fullerene layer. The
fullerene coating did not significantly change this surface microroughness but created a
nanostructured pattern on the pre-existing microarchitecture of the CFRC surfaces. The contact
angle was unmeasurable due to a complete absorption of the water drop into the fullerene
layer, which suggested a certain non-compactness or porosity of this layer. The contact angle
of the non-coated CFRC was 99.5+1.0°. The release of fullerenes into the culture media and
their cytotoxic action seemed to be less probable in our experiments. The cell attachment and
spreading on the uncoated regions of them fullerene-modified CFRC, and also on the bottom
of the polystyrene dishes containing fullerene-coated samples, were similar as in the control
polystyrene dishes without fullerene samples. At the same time, the fullerene layer was
resistant to mild wear, represented by swabbing with cotton, rinsing with liquids (water,
phosphate-buffered saline, culture media) and exposure to cells and proteolytic enzymes used
for cell harvesting. After these procedures and/or one-year-storage at room temperature in
dark place, the Raman spectra did not change significantly [23]. On day 2 after seeding, the cell
population density (Fig. 11A) on the CRFC surfaces was lower than that on the control
uncoated material and TCPS, which could be due to the relatively high hydrophobicity of the
non-functionalized fullerenes. In addition, the fullerene-coated CFRC surfaces were stronger
and less prone to release carbon particles, which is an important limitation of the potential
biomedical use of CFRC [66]. Moreover, the spreading area of cells on the fullerene-coated
samples amounted to 3,182 + 670 mm?, while on both control surfaces it was only 1888 + 400
and 1300 + 102 mm? (Fig. 11B). This could be explained by the low cell population density on
the fullerene layer, which provided the cells with more space for them to spread [23].

2.4.2. Carbon nanotube—polymer composites

Similarly as on the fullerene layer, the cells on PTFE/PVDF/PP mixed with single-wall
carbon nanohorns (SWNH) or multiwall nanotubes (MWNT-A) were well spread,
polygonal, and contained distinct beta-actin filament bundles, whereas most cells on the
pure terpolymer were less spread or even round and clustered into aggregates [23]. The
enzyme-linked immunosorbent assay (ELISA) revealed that the cells on the material with
SWNH contained a higher concentration of vinculin and talin, i.e. components of focal
adhesion plaques. While on day 1 after seeding the initial cell population density was
similar on the terpolymers with or without MWNT-A, on day 7, the cells on the MWNT-A-
modified terpolymer reached a density 4.5 times higher than the density on the unmodified
samples (Fig. 11C). The improved adhesion and growth of MG 63 cells on the nanotube-
modified terpolymer could be attributed to changes in its surface roughness rather than to
its surface wettability, which remained unchanged and relatively low [23].
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Figure 12. Population density (A) and adhesion area (B) of osteoblast-like MG 63 cells on day 2 after
seeding on tissue culture polystyrene dish (TCPS), carbon fibrereinforced carbon composites (CFRC) and
CFRC coated with a fullerene layer (CFRC+full). C: Growth curves of MG 63 cells on a terpolymer of
polytetrafluoroethylene, polyvinyldifluoride and polypropylene (Ter), terpolymer mixed with 4 wt. % of
single-wall carbon nanohorns (SWNH) or 4 wt.% of high crystalline electric arc multi-wall nanotubes
(MWNT-A). D: Growth curves of MG 63 cells on TCPS, a nanostructured diamond layer (Nano) and a
layer with hierarchically organized micro-and nanostructure (Micro-Nano). Mean+S.E.M. from 4-12
measurements, ANOVA, Student-Newman-Keuls method. Statistical significance: TCPS, CFRC, Ter:
p<0.05 compared to the values on tissue culture polystyrene, pure CFRC and pure terpolymer [23].

2.4.3. Diamond layers

On nanostructured diamond layers, the number of initially adhered cells on day 1 after
seeding was similar to that found on the control TCPS (Fig. 11D), whereas on the layers with
a combined micro and nanoarchitecture, this number was significantly lower. In addition,
the cells on the latter samples were distributed non-homogeneously [23]. However, from
day 1 to 3 after seeding, the cells on the hierarchically micro- and nanostructured layers,
which are considered to resemble the architecture of natural tissues, showed the quickest
proliferation. Their doubling time was 23.4 h, whereas on the nanostructured layers, it was
56.7 h, and on TCPS, the cells still remained in the lag phase and have not yet started their
proliferation [23]. As a result, on day 3 after seeding, the cells on the diamond layers with a
combined micro-and nanostructure reached the highest cell population density compared to
nanostructured diamond and TCPS, respectively [23].
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2.5. Chemical vapour deposition

Another type of carbon layer useful for the preparation of biocompatible surfaces includes
chemical and physical vapor deposition. The preparation of the carbon layers on
polytetrafluoroethylene (PTFE) by photoinduced CVD from acetylene and their physical
properties and chemical structure have been studied. These properties related to the
adhesion and proliferation of human umbilical endothelial cells (HUVEC) seeded thereon
were characterized [39].

2.5.1. Surface morphology and layer thickness

The surface morphology was changed during the photo-deposition by carbon. The images
suggest that in a first step the surface is covered by carbon and then the holes present in the
material are filled. However, one should keep in mind that due to the production process
the surface of pristine PTFE foils are typically not very homogeneous regarding surface
roughness. The main difference is between the pristine PITFE and PTFE/C. The surface
roughness is decreasing after more than 20 min deposition [39].
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Figure 13. SEM scan of the carbon layer (d=thickness, gray shadow part) deposited 30 min on a silicon
substrate (bright white part, left) (A) and the thickness dependence of the carbon layers on the
deposition time. (B) The thickness was measured on Si substrate by SEM and profilometry [39].

The thickness of the deposited layers was measured by SEM microscopy and profilometry
[39]. For both methods silicon platelets were used as substrates. For SEM microscopy, the
coated Si platelets were broken and such a cross-section can be obtained. Fig. 14A shows the
SEM cross-section of a broken Si sample coated with carbon for 30 min. The silicon substrate
is represented by the bright white part on the left of the image, while the gray shadow part
represents photo-deposited carbon layer. The dependence of the carbon layer thickness on
deposition time measured by SEM and by profilometry is presented in Fig. 14B. Data of both
methods show a nearly linear increase of the thickness with the deposition time.
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2.5.2. Surface wettability and chemical stability

Surface wettability can be characterized by water contact angle, mainly influencing adhesion
of cells on the modified polymer [45]. Pristine PTFE is a strongly hydrophobic material with
a very high contact angle. With increasing carbon deposition time, the water contact angle
strongly decreases to values considerable below 90°, which is a typical value for
hydrocarbons. As discussed later, we attribute this decrease of the contact angle below 90°
to polar groups in the carbon layers. There may be also effects of the surface roughness.

2.5.3. Surface chemistry

The results from Raman spectroscopy (whole layer thickness) and XPS (only surface layer)
indicated, that the photoinduced deposition from acetylene results in layers consisting of C-
H, C-C, C=C, C=0 and O-H it means also C-O-H) bonds. The oxygen containing groups are
probably either formed due to reactions layer with residual gases in reaction chamber or
due to oxidation of unsaturated radicals by the exposure of samples to air after the
deposition. The occurrence of polar oxygen containing groups and remaining radicals are
suggested to be the main reason for the low water contact angle [45].

2.5.4. Cell-surface interaction

HUVEC were seeded on the pristine PTFE and PTFE coated with different carbon layers [45].
The adhesion was studied after 1 day, the proliferation after 3 and 7 days. The amount of cells
was determined by counting from images and MTS test [39]. The positive influence of the
photo-deposited carbon layer for cytocompatibility is more significant after 3 and even more
after 7 days of proliferation. The highest cell densities were detected after 7 days on the
sample with a deposition time of 20 min. The phase-contrast micrographs of HUVEC on
various samples 7 days after seeding revealed only a relative small number of cells adhered
pristine PTFE. The cells have a small diameter and a round shape and seem to try to avoid
the contact with the surface. On the other hand on carbon coated PTFE, the number of cells
was much higher. The highest amount of cells is significant on the sample coated for 20 min
by carbon. Here the cells were spreaded onto surface and had a polygonal shape. The large
difference in cell adhesion and proliferation between pristine PTFE and carbon coated PTFE
allows to confine the cells to certain areas at the surface. This is demonstrated in Fig. 15,
where the sample was covered during carbon deposition by a contact mask with 1.5 mm
diameter holes. The cells practically only adhere and proliferate at the carbon coated spot.

2.6. One substrate, three deposition methods

2.6.1. Thickness, contact angle and resistance of deposited C-layers

For the comparison of deposition methods the samples with approximately the “same”
thickness (interval 73-85 nm) were chosen. From the values of contact angle measured with
water drop presented we can resume that the most hydrophobic is pristine PET. Due to
coverage of the substrate by the carbon layers we observed lower values of contact angle. This
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Figure 14. Phase-contrast micrographs of HUVEC (7 days after cell seeding) on a sample coated
selectively with carbon for 20 min by photo-induced CVD through a contact mask (spot diameter 1.5
mm) [39].

fact shows an increase of hydrophilic character of the carbon layers. The concentration of
carbon, oxygen and nitrogen in PET and carbon layer deposited by evaporation, sputtering
and CVD deposition was determined. The samples prepared by sputtering contained the
most amount of oxygen in comparison with others deposited carbon samples. This means
that sputtered layer is containing more polar oxygen groups, but still it is showing higher
contact angle. It is known that polarity or wettability of the surface [67] is determined also
by other parameters for example surface roughness and morphology which will be
discussed later.

2.6.2. Surface morphology of deposited C-layers

It was observed that carbon layer evaporation did not cause significant change of the surface
morphology of pristine PET. The values of roughness R. were comparable for the pristine
PET and evaporated PET. The higher values of Ra were typical for the samples prepared by
sputtering and CVD method. The surface morphology was changed dramatically during the
photo-deposition by carbon. It is seen that the morphology of the evaporated and sputtered
layers are similar instead of layer after CVD from acetylene. The sharp areas on the sample
prepared by CVD method were not found on the others.

2.6.3. Chemical structure of deposited carbon layers

The Raman spectra of pristine PET and carbon layers on PET prepared by evaporation,
sputtering and CVD methods are shown in Fig. 16. The spectra have differences especially
between 3000-2750 cm! where some characteristic peaks are present in the spectrum of
CVD: 2931 cm is typical for C-H vibration from -CH>- groups, a weak band at ca. 3040 cm!
is assigned to C-H stretching vibration on unsaturated carbons (sp?). Raman peak for CVD
spectrum at 1360 cm! is attributed to disordered mode of graphite and that at 1500-1550 cm-
I corresponds to an amorphous-like structure with sp® and sp? bonding [61]. CVD-carbon
layer has a broad peak at 1530 cm! indicating that the deposited layers are composed mostly
of amorphous carbon with sp? and sp? bonds [68]. Peak at 1360 cm!, which is also present in
evaporated and sputtered C-layers, is due to the presence of disordered graphite [68]. Band
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position at 1617 cm™ is typical for plane stretching C=C vibration (sp?), called G (“graphite”)-
band in the case of carbon materials. From spectrum is obvious that layer deposited by
evaporation and sputtering doesn’t contain valence C-H vibration, which is normally
appearing around 2950 cm™.

T T T T T — — T
3000 2500 2000 1500 1000
Raman shift [cmi”]

Figure 15. Raman spectra of pristine PET and carbon layers on PET prepared by evaporation,
sputtering and CVD method. The layers have comparable thickness (approx. 80 nm).

Longer “structures” absorb on longer wave lengths. It was observed that in comparison
with pristine PET the sputtered and CVD deposited C-layers are containing more
conjugated double bonds. Dramatically an increase of amount of double bonds is present at
the evaporated layers. This result is confirmed by measurement of sheet resistance. The
sputtered and CVD layers show small decrease of Rs in comparison with pristine PET.

Significant decrease of 10 orders was measured for the evaporated C-layers. It was
published that evaporated C-layers deposited by flash-evaporation were showing high
electrical conductivity [41]. The concentrations of carbon, oxygen and nitrogen in the surface
layer with the detection thickness around 1 um were measured by RBS and ERDA After
deposition of C-layers the increase of the carbon content was observed. The highest oxygen
concentration being observed for sputtered C layers on PET.

2.6.4. Cells adhesion and proliferation

We have observed by the Raman spectroscopy, that there are no significant changes of the
carbon layer after sterilization [39]. The sterilization in autoclave of the samples was
performed 1 day before the experiment and then they were kept under sterile conditions.
Adhesion and proliferation of 3T3 fibroblasts on the pristine PET and evaporated, sputtered
and CVD coated foils with approximate C-layer thickness around 80 nm. The amount of
adhered cells after 1 day of cultivation and proliferating cells after 3 and 5 days of
cultivation is shown in Fig. 17. It is seen that the cells adhere similarly on all the surfaces
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without any significant difference. The proliferation after 3 days is showing certain
differences in the amount of the cells especially increase of the amount of the cells on the
evaporated and sputtered layers.
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Figure 16. The amount of the 3T3 cells measured from absorbance of MTT test after adhesion (1st day)
and proliferation (3rd and 5th day) on pristine PET and carbon layers on PET prepared by evaporation,
sputtering and CVD method. The layers have comparable thickness (approx. 80 nm). The amount was
calculated in respect to the tissue PS.

As was observed, the values of the water contact angle on the surface of evaporated and
CVD deposited coatings are similar and slightly higher for sputtered layers. The amount of
adhered cells after 24 hours is equal for all coatings, so there is no significant influence of the
water contact angle (wetting properties) on the adhesion of the cells. The evaporated layers
were showing high electrical conductivity in comparison with other techniques which is due
to the creation of the conjugated systems of double bonds. An increase of electrical
conductivity can be taken as the main factor positively influencing the proliferation of the
3T3 tibroblast cells on the evaporated surfaces compared to pristine PET.

3. Conclusions
The present results can be summarized as follows:

e carbon nanolayers for enhancing of surface biocompatibility can be prepared by
sputtering, evaporation, CVD method or by nanoparticles deposition on polymer. The
scheme in Fig. 19 represents the idea of our research,

e carbon layers deposited onto polymer substrate strongly influences the surface
morphology, wettability and chemical structure of polymer’s surface,

e  PVD methods (sputtering, evaporation) and CVD deposition of carbon layers leads to
the contact angle decrease and the surfaces wettability increase,

e carbon layer deposition leads to the significant decrease of surface sheet resistance,

e the sputtered carbon layers consist of amorphous hydrogenated carbon (a-C:H)
containing an oxygen admixture,
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Figure 17. Vizualization of the individual steps of our research.

e the presence of sp® and sp? bonding declare the presence of double bonding system
between the C atoms in case of CVD technique,

e surface morphology and carbon layer thickness is an important parameter influencing
adhesion and short-term proliferation of cells,

e the chemical composition and surface wettability seems to be important parameter
especially for long-term proliferation of the 3T3 fibroblasts,

e fullerenes Ceo deposited as continuous films or layers micropatterned with grooves and
bulges, Ti and Ceo/Ti films used in this study gave good support to the adhesion,
spreading, growth and viability of human osteoblast-like MG 63 cells,

o the large difference in cell adhesion and proliferation between pristine PTFE and carbon
coated PTFE allows to confine the cells to certain areas at the surface, which opens a
wide field of possible biomedical applications,

e carbon nanoparticle-containing materials supported adhesion and growth of bone-
derived cells. The carbon nanoparticle layers, especially hard diamond coatings, could
be used for surface modification of bone implants
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