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1. Introduction

Understanding the interaction between the biological environment (tissues, cells, prote ins,
electrolytes, etc.) and a solid surface is crucial for biomedical applications such as
bio-sensors, bio-electronics, tissue engineering and the optimization of i mplant materials.
Cells, the cornerstones of living tissue, perceive their surroundings and subsequently
modify it by producing extracellular matrix (ECM), which serves as a basis to simplify
their adhesion, spreading and differentiation (Shakenraad & Busscher, 1989). This
process is considerably complex, ”exible and strongly depends on the cell cultivation
conditions including the type of the substrate. Surface roughness of the substrate
plays an important role (Babchenko et al., 2009; Kalbacova et al., 2009; Kromka et al.,
2009; Zhao et al., 2006), other in”uential factors include both the porosity (Tanaka et al.,
2007) and the wettability of the substrate, the latter in”uencing protein conformation
(Browne et al., 2004; Rezek, Ukraintsev, Michalíková, Kromka, Zemek & Kalbacova,
2009) as well as the adsorption and viability of cells (Grausova et al., 2009;
Kalbacova, Kalbac, Dunsch, Kromka, Vanecek, Rezek, Hempel & Kmoch, 2007).
Materials which are commonly employed as substrates for in vitro testing are polyst yrene
and glass. In this context, diamond as a technological material can provide a relatively
unique combination of excellent semiconductin g, mechanical, chemical as well as biological
properties (Nebel et al., 2007). Diamond also meets the basic requirements for large-scale
industrial application, most notably, it can be prepared synthetically. Diamond can be
synthesized either as a bulk material under high-pressure and high-temperature condit ions,
or in the form of thin “lms by chemical vapor deposition of methane and hydrogen on various
substrates including glass and metal (Kromka et al., 2008; Potocky et al., 2007). Moreover,
the application of selective nucleation makes it possible to directly grow conductive
diamond microstructures, which operate e.g. as transistors or pH sensors (Kozak et al. , 2010).
Nowadays, it is possible to deposit diamond even on large areas (600 cm2 or more) using
linear antennas (Kromka et al., 2011; Tsugawa et al., 2010). The excellent compatibility of
diamond with biological materials and environment (Bajaj et al., 2007; Grausova et a l., 2009;
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Kalbacova, Kalbac, Dunsch, Kromka, Vanecek, Rezek, Hempel & Kmoch, 2007; Tang et al.,
1995) is of immense importance for its application in medicine. This bio-compatibility stems
from the fact that diamond is a crystalline form of carbon that is mechanically, chemically
and physically very stable. Despite the general chemical stability, diamond surface can
be terminated by different atomic species (Rezek et al., 2003) and organic molecules
(Rezek, Shin, Uetsuka & Nebel, 2007), which can alter diamond•s natural properties and thus
open the door for countless new applications.
For example, electrical conductance and electron af“nity are both signi“cantly in”uenced
by surface termination of diamond by hydrogen or oxygen atoms (Chakrapani et al. ,
2007; Kawarada, 1996; Maier et al., 2001; Rezek et al., 2003; Ri et al., 1995). The main
difference arises from the opposite dipoles of C…H and C…O bonds. Oxygen-terminated
diamond is insulating, whereas the hydrogen-terminated surface causes the emergence
of two-dimensional hole surface conductance on otherwise insulating diamond. Th ese
properties can be exploited for the fabrication of a planar “eld-effect transistor (FET),
whose gate is formed solely by hydrogen surface atoms without the employment of any
other insulating layers and which is sensitive to the pH of a solution (Dankerl et al .,
2007; Nebel et al., 2006; Rezek, Shin, Watanabe & Nebel, 2007). The hydrogen-terminated
diamond surface is also an ideal starting point for covalent bonding of other molecules
such as DNA or proteins (Härtl et al., 2004; Rezek, Shin, Uetsuka & Nebel, 2007;
Yang et al., 2002). On the other hand, the hydrogen-terminated diamond surface
is generally less favorable for the adhesion, spreading and viability of cells than the
oxidized surface (Kalbacova, Kalbac, Dunsch, Kromka, Vanecek, Rezek, Hempel & Kmoch,
2007). This difference is due to the hydrophillicity of oxygen-terminated diamond
(O-diamond) in contrast to the hydrophobicity of the hydrogen-terminated di amond
(H-diamond). As a result, the combination of both hydrogen- and oxygen-terminate d
diamond surface is very interesting for bio-electronics (Dankerl et al., 2009;
Rezek, Krátká, Kromka & Kalbacova, 2010) as well as for tissue engineering (Kalbacova et al.,
2008; Rezek, Michalíková, Ukraintsev, Kromka & Kalbacova, 2009).
In this chapter we present the in”uence of micro-structuring morphology and atomic
termination of diamond surfaces on cell growth and assembly. We investigate the in”uence
of key parameters such as the seeding concentration of cells, the type of the applied cells,
the duration of cultivation, the concentration of fetal bovine serum (FBS) in the cultivation
medium, the dimensions and shape of microstructures, and surface roughness. We show that
the adsorption of proteins from the FBS serum is the key factor. Atomic force microsc opy
(AFM) both in solution and in air is applied in order to characterize the morpholo gy of the
FBS layers adsorbed on differently terminated diamond substrates. The in”uence of proteins
and cells on the electronic properties of diamond is demonstrated by employing a “eld-effect
transistor on hydrogen-terminated diamond, whose gate is exposed to a soluti on (SG-FET).
These results are discussed from the point of view of fundamental physics and biology as
well as the prospects in medicine.

2. Preparation of nanocrystalline diamond layers

The growth of thin-“lm nanocrystalline-diamond layers (NCD) was realized on silicon or
glass substrates using microwave plasma enhanced chemical vapor deposition (MW-CVD)
(Kromka et al., 2008; Potocky et al., 2007). The substrates were 10× 10 mm2 large and had
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Fig. 1. Schematic depiction of the preparation procedure of thin-“lm diamond on glass or
silicon substrates: (a) nucleation of the substrates carried out in an ultrasonic bath with
ultra-dispersed diamond (UDD), (b) the resulting nucleation layer and (c) the nanocrystalline
diamond layer after the microwave-plasma deposition. The deposition machi nes for (d)
large-area growth of diamond (linear plasma) and (e) high-speed growth (f ocused plasma).

surface roughness< 1 nm. Before the deposition, the substrates were ultrasonically cleaned
in isopropanol and deionized water and were subsequently immersed for 40 min into an
ultrasonic bath with a colloidal suspension of a diamond powder (UDD … ultra-dispersed
diamond; NanoAmando, New Metals and Chemicals Corp. Ltd., Kyobashi) with nominal
particle size of 5 nm. This process leads to the formation of a 5- to 25-nm-thin layer
of nanodiamond powder. This nucleation procedure was followed by a microwave
plasma-enhanced chemical vapor deposition (MW-CVD) of diamond “lms. The dep osition
conditions were: temperature of substrates 600…800°C, 1% CH4 in H 2, microwave power
1.4…2.5 kW, gas pressure 30…50 mbar, duration approximately 4 hours, the thickness of
layers reaches 100…500 nm. The same conditions, only with methane gas switched off and
process time 10 min, were used for H-termination of the diamond surface. In some cases,
the nucleation and growth were repeated on the other side of the substrate, which leads
to the hermetical encapsulation of the substrate by the NCD layer (Kalbacova et al., 2008;
Rezek, Michalíková, Ukraintsev, Kromka & Kalbacova, 2009). The preparation procedure is
schematically shown in Figure 1. This “gure also depicts the photos of the set-ups for the
large-area diamond growth (linear plasma) with high deposition rate (focuse d plasma).
NCD layer were chemically cleaned in acids (97.5% H2SO4 + 99% KNO3 powder in the ratio
of 4:1) at 200°C for 30 minutes. This process ensures high quality of the hydrogen-terminated
surface (surface conductance in the order of 10Š7 S/sq) (Kozak et al., 2009). The surface
morphology and chemical quality of NCD layers were characterized by AFM, scanning
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Fig. 2. Basic characteristics of a typical NCD layer on Si: (a) morphology by SEM and (b) a
typical Raman-scattering spectrum.

electron microscopy (SEM) and Raman spectroscopy. Roughness evaluated in the tapping
AFM regime is 15 Š 30 nm rms (1× 1 µm2 area), grain size as measured by SEM is 50Š 150 nm
(see Figure 2(a)). The grains exhibit clear facets that evidences their crystalline diamond form.
Raman spectroscopy (excitation wavelength 325 nm) con“rmed the diamond character of the
layers (see Figure 2(b)). With a small alteration of the deposition conditio ns, grain sizes of
even several hundreds of nanometers can be reached.

3. Cell growth on diamond with surface nanostructures

To produce nanostructured diamond surfaces the NCD “lms were “rst masked with: i) 5 nm
diamond nanoparticles using the ultrasonic treatment in UDD colloidal suspension, i i) 30 nm
nickel particles prepared by deposition of 3 nm nickel layer on diamond and its treatment
in hydrogen plasma for 5 min (Babchenko et al., 2009). Subsequent etching of diamond
nanostructures was performed by reactive ion etching (RIE) system (Phantom LT RIE System,
Trion Technology) at about 100°C for 300 s using 2 sccm of CF4 and 50 sscm of O2. Remaining
nickel masks were then removed by a wet etching process. Finally, the diamond surfaces were
treated in r.f. oxygen plasma to obtain hydrophilic character of the surface that is suitable for
cellular adhesion (Kalbacova, Kalbac, Dunsch, Kromka, Vanecek, Rezek, Hempel & Kmoch,
2007).
Scanning electron microscopy (SEM) images of the NCD “lms with nanoparticle masks and
after the RIE process are shown in Figure 3a-b and 3e-f. Diamond nanoparticle mask resulted
in a formation of isolated cone-like structures (height 5…100 nm, diameter up to 80 nm)
randomly spread on the remaining NCD “lm. Mask made of the nickel nanoparti cles resulted
in a formation of upright, densely packed diamond nanorods with the height of 120…200
nm and diameter 20…40 nm. Diamond nanoparticles are obviously (and expectably) not
enough resistant to the plasma etching process. Therefore, the surface exhibit lower density
of cone-like structures. Nickel nanoparticles were able to withstand the whole etching p eriod,
hence the nanorods were formed.
These nanostructured diamond surfaces were used as arti“cial substrates for growth of
human osteoblast-like cells. Human osteoblast-like cells (SAOS-2; DSMZ, Germany) were
plated on the samples in 25,000 cells/cm2 concentration and grown in the McCoy•s 5A
medium without phenol red (BioConcept) supplemented with 15% heat-inactivated fetal
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Fig. 3. Scanning electron microscopy (SEM) image of the NCD layer (a) with diamond
nanoparticle mask and (b) resulting nanostructured surface (nano-cones) after plasma
etching. (c) Fluorescence microscopy image of stained focal adhesions (vinculin) of
osteoblast-like cells on the surface with nano-cones. (d) Schematic drawing of cellular
adhesion on the nano-cones (focal adhesions … red, nucleus … blue, cytoskeleton … green).
Same measurements for the case on nickel nanoparticle mask and diamond nanorods are
shown in (e-h).

bovine serum (PAA), 20 U penicillin and 20 µg/ml streptomycin in a humidi“ed 5%
CO2 atmosphere at 37°C. Resulting morphology of focal adhesions of SAOS-2 cells was
characterized by immuno”uorescent staining of vinculin (1:150, Sigma, anti-mouse Alexa 568)
and imaging in the epi-”uorescence microscope (Nikon E-400).
The ”uorescence images are shown in Figure 3c and 3g, next to the SEM images. Based on
the ”uorescence images, osteoblasts exhibit generally well spread “broblast-like morph ology
on both substrates. During the 48h incubation the cells went through one cell cycle. This
also indicates general substrate suitability. However, the size and shape of highlighte d focal
adhesions differ on each type of the nanostructures. Osteoblasts cultivated on relatively sh ort
and broad nano-cones form well pronounced large focal adhesions with intensive vincul in
staining indicating bigger surface available for adhesion and thus stronger adhesion contacts
between cell and diamond. On the other hand, cells cultivated on relatively high and
thin nanorods form very thin and “ne focal adhesions indicating weaker adhesion. This is
schematically shown in Figure 3d and 3h. Another crucial role in cell-diamond interaction
play atoms terminating the diamond surface.

4. Cell growth on diamond with atomic micro-patterns

To characterize in”uence of diamond surface atoms on the arrangement of cells, NCD
layers with hydrogen and oxygen surface atoms forming microscopic patterns of widths
from 30 to 200 µm were fabricated as follows. Positive photoresist ma-P1215 (micro resist
technology GmbH, Germany) was spin-coated on the NCD surface an micro-patterned by
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Fig. 4. SEM image of a nanocrystalline-diamond layer with 200-µm-wide stripes with
alternating hydrogen and oxygen termination. Light stripes correspond to the hydrogen
surface due to its low electron af“nity. The cross in the upper part of the image is mad e up of
a thin layer of gold and serves as a mark for the differentiation of particular strip es. Typical
measurements of wetting angle on the two types of diamond surfaces (uniformly
terminated) are shown along the left side of the SEM image.

optical lithography. Afterwards, the NCD layers were exposed with a photolithographic mask
in high-frequency oxygen plasma (power 300 W, duration 3 minutes), which gives rise to the
oxidation of the surface, and, consequently, to the formation of hydrophilic patterns. The
wetting angle of water on oxygen-terminated diamond was < 20� , in contrast to about 80�

on the hydrogen-terminated diamond. The morphology of the surface remains unchange d
during this procedure. Figure 4 shows how the microscopic stripe patterns look look like
in an electron microscope (hydrogen and oxygen stripes have different SEM contrast due to
different electron af“nity).
Before cell plating, the NCD layers were sterilized using either UV irradiation or 70%
ethanol treatment for 10 minutes. In most experiments, the cell line of human bone cells
(osteoblasts … SAOS-2 cells; DSMZ GmbH) were used. The cells were plated on diamond in
the concentrations ranging from 2,500 (sub-con”uent coverage) to 10,000 cells/cm2 (con”uent
coverage, when the cells are in direct contact with each other) and immersed in the McCoy•s
5A (BioConcept) medium, which contains penicillin (20 U/ml) and streptomycin (20 µg/ml)
and different concentrations of FBS (0…15%). Then, the cells were cultivated in an incubator at
37°C in 5% CO2 for 48h. We used osteoblasts because SAOS-2 is a standard cell line, whose
properties are stable even for long timespans. This is why we are able to compare the resul ts
of different experiments, as well as our results with the literature. Other cell types were also
applied for comparison: human periodontal ligament “broblasts (HPdLF; Lonza) and human
cervical carcinoma cells (HeLaG; DSMZ GmbH).
Adhesion and morphology of cells were characterized by ”uorescent staining of actin
stress “bers (in green) and cell nuclei (in blue) using the protocol described in
(Kalbacova, Roessler, Hempel, Tsaryk, Peters, Scharnweber, Kirkpatrick & Dieter, 2007). The
staining was visualized using the E-400 epi”uorescence microscope (Nikon); digital images
were acquired with a DS-5M-U1 Color Digital Camera (Nikon).
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Fig. 5. Microscopic ”uorescence image illustrates how osteoblastic cells (SAOS-2)
preferentially self-assemble on oxygen-terminated diamond after a 48h cultivation in
McCoy•s 5A medium with 15% FBS on H-/O-diamond stripes of 60 µm width. Starting cell
concentration was 2,500 cells/cm2. Fluorescence microscopy shows actin “laments in green
and cell nuclei in blue. The scheme under the image further clari“es the situation.

When the osteoblastic cells were plated and grown on the H-/O-terminated microstructures ,
they self-assembled preferably on the oxygen-terminated diamond surf ace. A scheme and
”uorescence image shown in Figure 5 give an example of such behavior for the case
of 60-µm-wide stripes. The cells• preference is independent of the width of the str ipes
between 30 and 200 µm (Rezek, Michalíková, Ukraintsev, Kromka & Kalbacova, 2009) and
of the surface roughness between 20 and 500 nm rms (Michalíková et al., 2009). However,
the shape of cells was found to be in”uenced by surface roughness (Kalbacova et al.,
2009; Kromka et al., 2009) and the width of microstructures (Kalbacova et al., 2008;
Rezek, Michalíková, Ukraintsev, Kromka & Kalbacova, 2009). Cells grown on narrow
O-stripes (30 µm i.e. comparable with the size of the cell) are elongated and form chain- like
structures. On the other hand, cells growing on wider stripes (60, 100 a 200 µm … larger than
the typical cell size) spread over the whole width of the stripe. The H-/O-diamond boundary
forms a sharp interface for cell adhesion.
Figure 6 con“rms that other types of cells are also able of controlled self-assembly on
H-/O-diamond stripes. Human “broblasts (HPdLF) and cervical carcinoma cells (HeLaG)
were plated on NCD samples with 30-µm-wide stripes and were cultivated for 48h. Cells
exhibit a different morphology, however, their preference for O-di amond remains unchanged.
Selective growth of cells on H-/O-diamond is also in”uenced by the seeding concentration,
which is illustrated in Figure 7. At low concentrations (2,500 cells/cm 2), the cells grow
predominantly on the oxygen-terminated surface, where the cells have enough room to
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