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1. Introduction

Understanding and control of interactions between biological environment (tissues, cells,
proteins, molecules, electrolytes, etc.) and solid-state surfaces is fundamental for biomedical
applications such as bio-sensors, bio-electronics, tissue engineering and implant materials as
well as for environmental monitoring, security and other fields. 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 [1].
This process is considerably complex, flexible and it strongly depends on the cell cultivation
conditions including properties of the substrate. Surface roughness of the substrate plays an
important role [2-5], other factors include in particular porosity [6] and wettability of the
substrate. Water wetting properties of the substrate can influence protein conformation [7, 8] as
well as the adsorption and viability of cells [9, 10].

Commonly employed substrate materials for in-vitro testing are polystyrene and glass.
However, diamond as a relatively novel semiconductor material can provide unique combination
of excellent semiconducting, mechanical, chemical and biocompatible properties for this
purpose [11]. Diamond also meets basic requirements for large-scale industrial applications.
Most notably, it can be prepared synthetically either as a bulk material under high-pressure
and high-temperature conditions or in the form of thin films by chemical vapor deposition
(CVD) from methane and hydrogen on various substrates [12, 13]. In fundamental studies,
monocrystalline diamond (MCD) is employed more often than nanocrystalline diamond films
because MCD exhibits higher conductivity and better defined structure in comparison to
nanocrystalline (or polycrystalline) diamond. On the other hand, NCD films are more likely
to be widely applicable as they are inexpensive in comparison to MCD and they can be easily
fabricated on almost arbitrary substrates. Nowadays, diamond can be deposited even on large
areas (600 cm? or more) using linear antennas for spreading microwave plasma during the
CVD process [14, 15]. Procedure for selective diamond nucleation enable direct growth of
conductive diamond microstructures, which can be operated as transistors or pH sensors [16].
Thus the nanocrystalline diamond can be understood as a class of materials with morphological,
chemical, and electronic properties that are adjustable on demand for specific application.
However, from electronic and chemical point of view the NCD is a complicated system due
to the presence of sp2 carbon phase and grain boundaries. Role of these features still needs to
be fully elucidated [17, 18].

Nevertheless, excellent compatibility of diamond with biological materials and
environment [9, 10, 19, 20] is of fundamental importance for its application in medicine. The
diamond bio-compatibility stems from the fact that diamond is a crystalline form of carbon
that is mechanically, chemically and physically very stable. In spite of the general chemical
stability, diamond surface can be terminated (functionalized) by various atomic species [21-23]
and organic molecules [24-28] which can significantly alter diamond natural properties and
thereby lead to new phenomena and applications.

In the most simple case, the molecules can adhere to diamond via physisorption. For
instance, fullerene thin films were able to generate stable surface conductive layer (SCL)
when deposited on intrinsic diamond [26]. Phenol-formaldehyde and acrylic resins spin-coated
on diamond surfaces were also able to stabilize SCL [29]. Pentacene was evaporated on
diamond to create novel organic transistors [30]. And as shown in this work, proteins can
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be adsorbed for guiding cellular assembly [31-33]. Covalent grafting of molecules to diamond
surfaces, i.e. chemisorption, is a favorable option for stable bio-functionalization. Here the
hydrogen-terminated diamond surface is an ideal starting point for covalent attachment of
organic molecules such as DNA or proteins [24, 25, 27, 34]. Diverse techniques for grafting
of various linker molecules or molecules with primary amines were developed and employed
during the last decade [34]. But it is not all about biology. Fullerene or polypyrrole grafted to
diamond provide interesting energy conversion system for photovoltaic applications [28, 35].
We proposed that the function of such interfaces is enabled exactly by the covalent bond.

Already simple atomic groups terminating the diamond surface can give rise to interesting
properties and functions. For example, electrical conductance and electron affinity are both
significantly influenced by termination of diamond surface by hydrogen or oxygen atoms
[21-23, 36, 37]. 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.
These properties can be exploited for the fabrication of a planar field-effect transistor (FET),
gate of which is formed solely by hydrogen surface atoms without any other insulating layer and
which is sensitive to pH value in solution [38—40]. On the other hand, the hydrogen-terminated
diamond surface is generally less favorable for the adhesion, spreading and viability of cells
compared to the oxidized surface [9]. This difference is due to the hydrophilic properties
of oxygen-terminated diamond (O-diamond) in contrast to the hydrophobic properties of the
hydrogen-terminated diamond (H-diamond). Due to the above features the combination of both
hydrogen- and oxygen-terminated diamond surface is promising for bio-electronics [41, 42] as
well as for tissue engineering [31, 33].

In this habilitation thesis we present the influence of micro-structured morphology and
atomic termination of diamond surfaces on the cell growth and assembly. We investigate the
influence of key parameters such as seeding concentration of cells, type of applied cells, and
concentration of fetal bovine serum (FBS) in the cultivation medium. We show and explain why
adsorption of proteins from the FBS serum is the fundamental factor. Atomic force microscopy
(AFM) both in solution and in air is applied to characterize properties of the FBS layers
adsorbed on differently terminated diamond substrates. Combination of advanced AFM and
Kelvin force microscopy (KFM) or scanning electron microscopy (SEM) is used to recognize
physisorption or chemisorption of organic molecules to diamond. The influence of proteins
and cells on the electronic properties of diamond is characterized by employing a field-effect
transistor based on hydrogen-terminated diamond, gate of which is exposed to an electrolyte
solution (SG-FET). Role of grain boundaries in nanocrystalline diamond is resolved and shown
not to be detrimental for its function. These results are discussed from the point of view of
fundamental physics, biology as well as of the prospects in applications.

2. Fabrication of diamond layers

The growth of thin-film nanocrystalline diamond layers (NCD) was realized on silicon
or glass substrates using microwave plasma enhanced chemical vapor deposition (MW-CVD)
[12, 13]. The substrates were 10 x 10 mm? large and had 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 nanodiamond 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 the nanodiamond powder.

This nucleation procedure was followed by a microwave plasma-enhanced chemical vapor
deposition (MW-CVD) of diamond films. The deposition conditions were: temperature of
substrates 600-800°C, 1% CHy in Hp, microwave power 1.4-2.5 kW, gas pressure 30-50 mbar.
Within 1-4 hours the thickness of NCD layers reaches 100-500 nm. In some cases, the
nucleation and growth were repeated on the other side of the substrate in order to obtain
hermetic encapsulation of the substrate by the NCD layer [31, 33]. The fabrication procedure
is schematically shown in Figure 1. This figure also shows photographs of the two set-ups for
large-area diamond growth (linear plasma) and for high deposition rate (focused plasma).

Same conditions as for the diamond growth were used for H-termination of the diamond
surface where only methane gas was switched off and the process time was reduced to 10 min.
Before the H-termination, the NCD layers were chemically cleaned in acids (97.5% H;SO4 +
99% KNOj3 powder in the ratio of 4:1) at 200°C for 30 minutes. This process ensures high
quality of the H-terminated surface with surface conductance in the order of 10~ S/sq [43].

Surface morphology and chemical quality of the NCD layers were characterized by AFM,
SEM and Raman spectroscopy. Surface roughness as evaluated in the tapping AFM regime
was typically 15 — 30 nm rms (1 x 1 um? area), grain size as measured by SEM was typically
50 — 150 nm (see Figure 2(a)), in some cases up to 500 nm. The grains exhibit clear facets that
evidence their crystalline diamond form. Raman spectroscopy (excitation wavelength 325 nm)
confirmed the diamond character of the layers (see Figure 2(b)). With a small alteration of the
deposition conditions, grain sizes of even several hundreds of nanometers can be reached.

Polished monocrystalline diamonds (Ila (100), Element Six) were used as reference
substrates. Surface modifications were prepared in the same way as on the NCD films.

(a) (b)
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Fig. 1. Schematic depiction of the thin-film diamond fabrication procedure on glass or
silicon substrates: (a) nucleation of the substrates carried out in an ultrasonic bath with
ultra-dispersed diamond nanoparticles (UDD), (b) the resulting nucleation layer and (c)
the nanocrystalline diamond layer after the microwave plasma deposition. The deposition
machines for (d) large-area growth of diamond (linear plasma) and (e) high-speed growth
(focused plasma).
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Fig. 2. Basic characteristics of typical NCD layer on Si: (a) SEM morphology and (b)
Raman scattering spectrum.

hydrophilic

Fig. 3. SEM image of a nanocrystalline diamond layer with 200 um wide stripes of
alternating hydrogen and oxygen termination. Light stripes correspond to the hydrogen
surface due to its low electron affinity. The cross in the upper part of the image is made
up of a thin layer of gold and serves as a mark for distinguishing the termination of
stripes. Typical measurements of water wetting angle on the two types of diamond surfaces
(uniformly terminated) are shown along the left side of the SEM image.

3. Assembly of cellular micro-arrays on diamond

3.1 Atomic micro-patterning of diamond surfaces

To characterize influence of diamond surface atoms on the arrangement of cells, we
fabricated NCD layers with hydrogen and oxygen surface atoms forming microscopic patterns
of 30 to 200 um width as follows: Positive tone photoresist ma-P1215 (micro resist technology
GmbH, Germany) was spin-coated on the NCD surface and micro-patterned by optical
lithography. Afterwards, the NCD layers were exposed with a photolithographic mask in
high-frequency oxygen plasma (power 300 W, duration 3 minutes). This gives rise to oxidation
of the diamond surface and consequently to the formation of hydrophilic patterns. The wetting
angle of water on O-diamond was < 20°, in contrast to about 80° on H-diamond. Morphology
of the surface remains unchanged during this procedure. Figure 3 shows how the microscopic
chemical patterns look in SEM. Hydrogen- and oxygen-terminated stripes exhibit different SEM
contrast in secondary electrons due to their different electron affinity.

3.2 Preferential cell growth on atomic micro-patterns

Before cell plating, the NCD layers were sterilized using either UV irradiation or 70%
ethanol treatment for 10 minutes. This had no effect on diamond surface quality. In most
experiments, the cell line of human bone cells (osteoblasts — SAOS-2 cells; DSMZ GmbH)
was used. The cells were plated on diamond in the concentrations ranging from 2,500



fibroblasts

Fig. 4. Microscopic fluorescence image illustrates how (a) osteoblastic cells (SAOS-2), (b)
human fibroblastic cells (HPdLF), and (c) cervical carcinoma cells (HeLaG) preferentially
self-assemble on oxygen-terminated diamond patterns after a 48h cultivation in medium
with FBS supplement.Fluorescence microscopy shows actin filaments in green and cell
nuclei in blue. The scheme on the left side illustrates the situation.

(sub-confluent coverage) to 10,000 cells/cm? (confluent 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 pg/ml) and different concentrations of FBS
(0-15%). Afterwards, the cells were cultivated in an incubator at 37°C, 5% CO, for 48h. We
used osteoblastic cells because SAOS-2 is a standard cell line, properties of which are stable
even during long time spans. In this way we can compare the results of experiments performed
at different time as well as in different laboratories and in the literature. Other cell types were
also tested for comparison: human periodontal ligament fibroblasts (HPdLF; Lonza) and human
cervical carcinoma cells (HeLaG; DSMZ GmbH).

Adhesion and morphology of the cells were characterized by fluorescent staining of actin
stress fibers (in green) and cell nuclei (in blue) using the protocol described in [44]. The
staining was visualized using the E-400 epifluorescence microscope (Nikon); digital images
were acquired with a DS-5M-UT1 Color Digital Camera (Nikon).

When the osteoblastic cells were plated and grown on the H-/O-terminated
microstructures, they self-assembled preferably on the oxygen-terminated diamond surface. A
scheme and fluorescence image shown in Figure 4 give an example of such behavior for the case
of 60 umwide stripes. The cells’ preference is independent of the width of the stripes between
30 and 200 um [33] and of the surface roughness between 20 and 500 nm rms [32]. However,
the shape of cells was found to be influenced by the surface roughness [3, 4] and the width of
microstructures [31, 33]. Cells grown on narrow O-stripes (30 um 1i.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 um — 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.

Other types of cells are also capable of controlled self-assembly on H-/O-diamond stripes.
Human fibroblasts and cervical carcinoma cells cultivated on the NCD samples with 30 um wide
stripes exhibit different morphologies compared to osteoblasts. Nevertheless, they also exhibit
preference to O-diamond and they form strip-like arrays (see Figure 4b and 4c). Thus the effect
of diamond surface atoms on the cell arrangement can be considered a general phenomenon.

Selective growth of cells on H-/O-diamond is influenced by the seeding concentration.
At low concentrations (2500 cells/cm?), the cells grow predominantly on the hydrophilic
oxygen-terminated surface where the cells have enough room to spread. On the other hand,
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Fig. 5. Fluorescence images of osteoblasts, which were cultivated for 48h on 100-um-wide
H-/O-diamond stripes with different starting concentrations of fetal bovine serum: (a) 0%,
(a) 15%. Fluorescence microscopy shows actin filaments in green and cell nuclei in blue.
In the 0% case, the cells were plated without the serum, however, the serum was added
after 2 hours to allow cells to grow for next 48 h.

cells plated at high seeding concentrations (more than 10000 cells/cm?) colonize also the
hydrophobic hydrogen-terminated surface.

We did not observe significant influence of surface roughness (10-500 nm RMS) or
diamond boron doping (100 - 6000 ppm). This shows that the preferential cell arrangement
is not due to different conductivity on H- and O-terminated surfaces of intrinsic diamonds and
it is solely determined by the action of surface atoms.

The FBS serum is another fundamental factor which has an impact on the preferential
growth of cells. Figure 5 evidences the influence of FBS in the cultivation medium on the
arrangement of cells on the H-/O-diamond terminated stripes. The range of concentrations
between 5% and 15% does not significantly influence the cell adhesion (image for 15% FBS
concentration is shown). Nevertheless, the cells plated in the medium without FBS assemble on
the surface independently of the surface termination. The cells’ preference for a particular type
of surface is thus presumably determined by the FBS proteins and not by a direct interaction
between diamond surface dipoles and the cells. Therefore, we investigated properties of the
FBS layers adsorbed on different types of diamond surfaces.

4. Investigating influence of proteins

4.1 Morphology of protein layers on H/O-diamond

Adsorption, adhesion and conformation of FBS layers on diamond were studied by using
AFM. The AFM measurements were carried out in air and in solution both in contact and
tapping regimes. Doped silicon cantilevers (Multi75Al, BudgetSensors) with typical spring
constant of 3 N/m, resonant frequency 75 kHz in air (30 kHz in solution) and nominal tip radius
< 10 nm were used. Polished monocrystalline diamond was used as a substrate to minimize the
influence of diamond surface morphology on the layers. Surface terminations were prepared in
the same way as in the case of NCD films. The thickness of the protein layer was determined
using AFM nanoshaving method, in which a part of the protein layer is removed by means
of the AFM tip in contact mode and subsequently the profile of the resulting step in height is
measured in oscillating (tapping) mode [8, 27, 45]. This method is described in more detail in
Chapter 5.

Being flat and hard, polished monocrystalline diamond represents an ideal substrate for the
nanoshaving method. Proteins were adsorbed on the diamond surface from 15% FBS solution
(Biowest) in McCoy’s SA medium (BioConcept). Two adsorption procedures were applied:
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1) either a drop of the solution was deposited on the substrate by a pipette, the substrate was
then kept in a humid chamber for 10 minutes and it was subsequently rinsed with water, or
ii) the adsorption was carried out directly in a fluid cell of the AFM microscope for in-situ
measurement. Both adsorption procedures yielded comparable results. The protein monolayer
formed on the diamond surface within several seconds after the application [8].

The AFM nanoshaving experiments showed that thickness of the protein layer adsorbed
from the solution is 4 &= 2 nm on O-diamond and 1.5 & 2 nm on H-diamond [8]. Thus, FBS
layers formed on both types of diamond surfaces. Figure 6 presents detailed topography and
phase images of the protein layers measured in AFM. Standard deviation values (i.e. RMS —
root-mean-square) of the height and phase signals together with the characteristic lateral size
of the features (L) determined by autocorrelation function are shown below the images. In
the case of topography, RMS value corresponds to surface roughness. Roughness of the FBS
layer on H-diamond (0.6 nm) is approximately 3 x smaller when compared to the O-diamond
layer (1.7 nm). Besides, the features on the surface are of different shapes and sizes (12 and
18 nm, respectively). The phase signal exhibits even more pronounced difference. Whereas in
the H-diamond case the phase image of the FBS layer consists of dark dots correlating with
protrusion in the topography, the O-diamond phase image is characterized by larger bright
features, which correlate with round structures in the topography. In AFM experiments in
air, such differences in topography and phase channel were not observed [8]. This discrepancy
results from the fact that FBS layers are not in their natural environment (solution).

Atomic force spectroscopy detected a characteristic sawtooth profile in the adhesion part
(negative force) of the force—distance curve [33]. Typical force curves on H- and O-diamond
with adsorbed FBS are shown in Figure 6(e). Amplitude of the sawtooth features is within
500 £ 100 pN. Similar features and force values were detected in force curves on glass-adsorbed
proteins where they were attributed to the stretching of the proteins by the AFM tip [46]. The
character of the force curves is thus an evidence that the FBS proteins are adsorbed on both
types of diamond surfaces.

Based on these AFM measurements, we proposed a model of the proteins conformation
when they are adsorbed on diamond surfaces [8]. This model is schematically depicted in
Figure 6(f). On hydrophobic surfaces, the denaturation of proteins (i.e. negative conformational
change) occurs because their hydrophobic core sticks to the hydrogen-terminated surface. On
hydrophilic surfaces, on the other hand, the proteins remain in their natural globular shape. This
is why AFM detects a different shape, height and energy dissipation (phase) on the protrusions
on the surface. Similar behavior of proteins was observed also on other materials [7], albeit in
different range of wetting angles.

4.2 Adhesion and composition of protein layers on diamond

We also considered other factors that may influence the assembly of osteoblastic and
other cells on diamonds having H- and O-terminated array patterns. We characterized 1)
adhesion of proteins and cells to diamond by shaking experiments (1000 rpm), fluorescence,
and atomic force microscopy, ii) distribution of FBS proteins by micro-Raman spectroscopy,
and 1i1) influence of pre-adsorbed specific FBS proteins (albumin, fibronectin, vitronectin) on
the cell assembly.
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We find that presence of FBS on hydrophobic H-diamond reduces adhesion between the
osteoblastic cells and this surface. There is 40% lower adhesion of cells on H-terminated
diamond with adsorbed FBS compared to this surface without FBS as well as to O-terminated

4. scale:n Z scale=3nm

200 nm
RMS=0.6nm, Lx=12nm RMS=1.7nm, Lx=18nm
R A T RS S

(o) S e

200 nm
RMS=1.0°, Lx=22nm

€

— 0.51 FBS/H-diamond
% —— FBS/O-diamond
g 0.04
(@]
Y

-0.51

0 100 200
distance from surface [nm]

Qz&mﬁt) o )

" protein
protein o o

H-diamond
hydrophobic hydrophilic

Fig. 6. Atomic force microscopy (AFM) on hydrogen- and oxygen-terminated diamond
surfaces with adsorbed FBS layer in FBS/McCoy’s medium: topography and phase (a-b)
of FBS/H-diamond, (c-d) FBS/O-diamond. Values of standard deviation (RMS) of the
height and phase channel and characteristic lateral size of the features (Ly) below the
images were determined using the autocorrelation function. (e) Typical atomic force
spectroscopy curves for an FBS layer on hydrogen- and oxygen-terminated diamond
surface. (f) Model of the conformation of proteins on hydrogen- and oxygen-terminated
diamond surface. Hydrophobic core in green, the black spheres represent polar groups
surrounding the core in aqueous environment. The red line denotes the height of the
protein as detected by AFM in solution.
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surfaces. On the other hand, the presence of FBS on hydrophilic O-diamond does not change
cell-diamond adhesion strength.

The FBS layer itself also exhibits slightly different adhesion properties as determined
by AFM nanoshaving experiments in contact and tapping mode. The adhesion of FBS
layers is weaker on H-terminated diamond compared to oxidized diamond surface. This is
somewhat surprising as the molecules should "stick" better to H-terminated diamond surface
via hydrophobic-hydrophobic interaction. Nevertheless, the adhesion of cells is controlled
rather by different protein conformation as the shaking procedure does not remove the FBS
layer itself.

By pre-adsorption of specific proteins contained in FBS onto diamond prior to cell plating
we find that the cell preference to O-terminated diamond is controlled by fibronectin. Spatially
resolved Raman spectroscopy showed, however, only uniform coverage of H/O-diamond by
BSA which is the dominant protein in FBS. This was obtained on more than 50 nm thick layers
though because few nm thin protein layers, which are typically formed during the cell plating,
were not detectable by Raman. Hence Fn may still be present in the adsorbed FBS layers
and further experiments by AFM and FTIR are in progress to elucidate its presence, spatial
distribution, and biological activity (conformation) on H- and O-terminated diamond. Another
question is the protein binding to the surface

5. Recognizing molecular physisorption and chemisorption

As described in the introduction, proteins and other organic molecules can bind to diamond
surfaces by two general mechanisms: physisorption and chemisorption. Specific type of binding
can profoundly influence electronic exchange at the interface, the interface stability as well as
its activity in applications. However, recognition and discrimination between physisorption
and chemisorption is not easy in such all-carbon system. Covalent binding of functional
organic molecules (DNA, polypyrrole, proteins, enzymes, etc.) to diamond often occurs via
just one more carbon-carbon bond in a linker molecule or the functional molecule itself. XPS
thus cannot provide unambiguous information about the bond formation. Therefore, we have
developed and employed novel methodologies based on scanning probe methods [27, 47-50]. In
the following we demonstrate the use of this methodology on several examples: DNA—diamond
interface, protein—diamond interface, and PPy—diamond heterojunction.

5.1 AFM nanoshaving and KFM on DNA—-diamond interface

The recognition of physisorption and chemisorption proceeds in several steps. At first,
mechanical properties of molecular layers are characterized by variation of loading force on
the AFM tip in contact-mode AFM mode (CM-AFM). The experiment is schematically shown
in Figure 7. When the force is high enough the tip starts to scrape off the molecular layer
from the surface. This regime is denoted as AFM nanoshaving. Typical forces are in the range
of 1-500 nN, size of probed area is 1-10 um, and scan rate 1-10 um/s. The area scanned in
CM-AFM is then characterized by non-contact or semi-contact AFM mode (often so-called
tapping, TM-AFM). In the TM-AFM the forces are very low, in the order of 0.1 nN or less, so
that integrity of the molecular layer is preserved. Yet note that sometimes even tapping mode
(TM) nanoshaving can lead to removal of weakly bound molecules such as proteins [47]. We
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can consider this regime as an ultra-low force nanoshaving. The TM nanoshaving thus enables
us to visualize even slight differences in molecular adhesion.

The mechanism of a molecule removal provides the first hint on the molecular layer
arrangement. If the the layer is removed completely straight away, it is most likely composed
of individual molecular chains attached to the surface. If only certain thickness of the layer is
removed, it indicates a multi-layer structure [51]. In some instances though, it may indicate
also compression of the layer [27]. If the layer is not removed but rather disturbed like a
layer of snow by a stick, it indicates non-covalent adhesion to the surface [27, 47]. This
different behavior is illustrated in Figure 8 on the case of DNA—diamond interface, which was
prepared by photochemical grafting [24, 45]. The force of > 45 nN is required to remove DNA
molecules from initially H-terminated diamond. On initially oxidized samples the DNA layers
are mechanically very unstable, the threshold removal force is only 6 nN. The DNA removal on
both types of substrates was confirmed by fluorescence microscopy of labelled DNA strands.
The area where the DNA was removed by CM-AFM exhibits no fluorescence intensity (see
Figure 8(c)).

Further information is provided by the threshold force necessary for the removal of
molecules. The threshold force is found by gradually increasing the force on the tip during

(a) force (b) non-contact AFM

contact
AFM ¢ 2.

diamond

Fig. 7. (a) Scheme of AFM nanoshaving experiment: loading force is applied on the
AFM tip so that it penetrates the layer of molecules on diamond and scrapes it off during
lateral scanning. (b) Procedure for evaluation of the AFM nanoshaving experiment by
non-contact or semi-contact (tapping) mode AFM.
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Fig. 8. Non-contact mode AFM images demonstrating removal of DNA using contact mode
AFM on photochemically processed diamonds which were initially (a) H-terminated and
(b) oxidized. (c) Fluorescence microscopy image of the area where DNA was removed by
contact mode AFM.
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CM-AFM scanning. The characteristic value for covalent bond is 40—80 nN [51]. Non-covalent
bond leads to typical forces < 10 nN [27].

However, there are several problems with determining and using force thresholds for
discrimination between physisorption and chemisorption of molecules to diamond and other
surfaces. First of all, the AFM tips must be sharp enough. Blunt tips will obviously lead to
significantly (orders of magnitude) larger forces needed for scraping off the molecules. This
is because for such tip it is more difficult to penetrate the molecular layer. Similar situation
occurs when the molecular layer is cross-linked, e.g. a polymer network is formed instead of
individual chains. One can actually use the large force threshold (> 100 nN) as an indication
of such cross-linked condition if the tip is sharp (i.e. in out of the box condition with typically
10-20 nm radius).

Due to these problems the AFM nanoshaving may not be fully conclusive for recognition
of molecular grafting. Here KFM and diamond as a substrate become helpful. KFM
proved to be sensitive tool for chemical and electrical characterization of numerous materials,
nanostructures, and junctions [52]. This method combines AFM with the a Kelvin probe
technique. The technique is based on vibrating parallel plate capacitor which in this case is
formed by a sample and AFM cantilever. Due to the difference in the work function of the
two materials a contact potential difference (CPD) arises. When a.c. voltage is applied to the
AFM cantilever, the CPD leads to alternating electrostatic force exerted on the cantilever and
consequently to electrostatically driven cantilever vibrations. The CPD is then compensated by
external d.c. voltage applied to one of the plates (tip or sample) so that these vibrations are
cancelled. Thereby, an absolute value of CPD is obtained at the measured spot. The KFM
thus enables quantitative mapping of electrical potential with high spatial resolution down
to nanometer and atomic scale [53]. Different materials, surface chemical groups, localized
charges, depletions regions, photo-voltages and much more can be resolved microscopically by
using the KFM measurements [22, 35, 52].

Because of well defined electronic and chemical properties of diamond surface, the change
of surface potential measured by KFM in nanoshaved regions is a clear indication of a change
of diamond surface atoms [22, 27]. This methodology is illustrated in Figure 9 on the case
of DNA—diamond interface, more specifically on DNA linker molecules. While the initial
H-terminated diamond surface exhibits same KFM potential as the gold layer (within 50 mV)
[22], the shift of 400 mV is observed after grafting and removal of the molecules.

5.2 Protein—diamond interface

We applied the above methodology also for the protein—diamond interface. Figure 10
shows AFM surface morphologies of the nanoshaved FBS protein layers on oxidized diamond
and H-terminated diamond. The forces of 5 nN and 10 nN as well as mechanism of the removal
("stick in snow") indicated non-covalent binding of the FBS proteins to the diamond surface
[48]. Although no specific procedure was applied to graft the proteins to diamond, it could
occur also non-intentionally via interaction of amine groups in the proteins with H-terminated
diamond surface as reported recently [54].

The difference between 5 nN and 10 nN on H-terminated and oxidized diamond is
reproducible and significant. It is not due to a change in the AFM tip sharpness because the
larger force was determined before the smaller force. This subtle yet distinct difference was
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Fig. 9. (a) Non-contact AFM surface morphology in air across gold contact, DNA linker
molecular layer, and diamond surface region where the linker layer was removed by
contact mode AFM (threshold force 45 nN). (b) KFM image and (c) KFM profile of surface
potential across the same regions.
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Fig. 10. Non-contact AFM surface morphologies in air across the region where FBS
protein layer was removed by contact mode AFM: (a) oxidized diamond (threshold force
10 nN), (b) H-terminated diamond (threshold force 5 nN). The arrow shows slow-scan axis
direction of the AFM nanoshawing. (c) Non-contact AFM surface morphology showing
results of tapping mode nanoshaving of FBS protein layer at the boundary of H-terminated
and oxidized diamond.

confirmed also by TM nanoshaving across the boundary of H-terminated and oxidized diamond
as shown in Figure 10(c). The protein layer was removed by TM on H-terminated part of surface
while it persisted on oxidized part [47].
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5.3 PPy-diamond heterojunction

For creating another type of organic—inorganic junction with potential bio-sensor as
well as opto-electronic functions, we electrochemically synthesized polypyrrole (PPy) on
diamond from pyrrole (0.24 M) and NaCl (0.1 M) aqueous solution by the application of a
constant current (current density typically —0.3 mA/cm?). In the first instance we employed
a hydrogen-terminated intrinsic monocrystalline diamond (synthetic Ila (100) CVD diamond)
with conductive surface as a working electrode [55]. PPy was electrochemically synthesized on
the channel as shown in Figure 11(a).

Then we applied contact-mode AFM with increasing contact force. At certain threshold
contact force, the sharp tip starts to penetrate and remove the organic film. This transition is
evidenced in Figure 11(b). The threshold force deduced in this manner was about 40 nN. This
value is comparable to the values observed on a system consisting of diamond with covalently
grafted DNA molecules [45, 51]. This indicates that in this case the PPy molecules form linear
chains with covalent bonds to H-terminated diamond.

Surface potential measured by KFM on the place where the PPy film was deposited and
removed (Figure 11(c)) is significantly lower (by about 0.1 V) than the potential on pristine
H-terminated diamond surface. This change is similar to reports on DNA—diamond interfaces
[27] and supports the assertion of PPy molecules being linked to diamond surface covalently
while removing the H termination. We also observed that the surface conductivity disappeared
after the synthesis and the removal of the PPy molecules from diamond surface, which is another
evidence of the missing H termination.
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Fig. 11. (a)Schematic cross-sectional drawing of experimental setup for electrochemical
synthesis of PPy on the diamond device structure. (b) Scratching of the PPy film by AFM
tip with increasing contact force shows that forces reaching 40 nN are strong enough to
remove PPy molecules from the diamond substrate. (c) Average surface potential obtained
by KFM on PPy-diamond, H-diamond, and diamond after PPy removal. The potential
values are referenced to the grounded Au contact pad.
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Covalent bonding between PPy and diamond was confirmed also theoretically. Calculated
interaction energy of about 6 eV per bond pointed to a covalent character of the bonds formed
as single- or multi-bond contacts between PPy and diamond [56].

Based on the above experimental and theoretical results, we proposed a model for the
electrochemical synthesis of PPy on diamond where the hydrogen atoms are removed and PPy
molecules establish covalent bonds with carbon atoms of diamond [49].

5.4 AFM nanoshaving and SEM

To study possible specificity of hydrogen-pyrrole reaction and to compare properties of
PPy on hydrogen- and oxygen-terminated diamond, in particular formation of covalent bond,
we used boron-doped diamonds (BDD). As undoped oxygen-terminated diamond is highly
electrically resistive, low doping of diamond by boron (amount of charge carriers at room
temperature 10'* cm™3) was used to achieve reasonable conductivity of oxidized diamond
(resistance 2.4 M()) yet to minimize influence of boron in the study. We confirmed that the
low boron doping makes BDD conductive enough for electrochemical growth of PPy on both
hydrogen- and oxygen-terminated surfaces [50].

The use of KFM for molecular recognition can be sometimes challenging, time
consuming, it needs experience to exclude measurement artifacts, and it may not always be
available in the laboratory. Therefore, we extended our methodology for the use of SEM, as
the change of diamond surface atoms can lead also to a change in the intensity of secondary
electrons [22, 33, 50]. AFM contact mode nanoshaving was applied to remove PPy layer
as well as a contamination layer from diamond substrate prior to SEM measurements. This
was necessary because even pristine diamond surface is typically contaminated by adsorbed
hydrocarbon species. The adsorbate layer has thickness below 1 nm, however, it clearly
influences both SEM and KFM results [57, 58].
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Fig. 12. (a) SEM image obtained at the border between electrochemically deposited
thin (5 nm) PPy layer and pristine BDD surface in the case of (a) oxidized BDD
or (b) H-terminated BDD. The squares correspond to the nanoshaved regions. (c-d)
Corresponding SEM intensity profiles across the nanoshaved squares. The blue lines
denote diamond/PPy border in the images and the profiles.
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Figure 12 shows that SEM detected change of secondary electron emission on H-BDD
surface after PPy growth and removal, from which covalent grafting of PPy to H-BDD via
electrochemical synthesis was deduced based on the model of energetic bands and electron
affinity. It is well correlated with the change of work function as observed by KFM. It is
also in a good agreement with previously observed covalent grafting of PPy to H-terminated
intrinsic diamond. On the other hand, no changes in SEM contrast were observed on O-BDD.
Therefore, we concluded that no chemical bond between PPy and diamond was formed in this
case. We obtained similar SEM data also on highly boron-doped diamond substrates. Thus the
electrochemical growth of PPy can be achieved on both H- and O-BDD but the diamond surface
atoms (H, O) determine the type of PPy-diamond bonding. Similarly AFM/SEM combination
can be applied to other molecules and various adsorption and grafting processes on diamond.

6. Electronic effects at diamond-protein-cell interface

6.1 Solution-gated diamond field-effect transistors

For characterizing influence of the adsorbed molecules and cells on the electronic
properties of diamond we created solution-gated field-effect transistor (SGFET) structures to
serve both as a practical tool and potential sensor device [41, 59, 60]. Hydrogen-terminated
stripes surrounded by oxygen-terminated areas were utilized as conductive channels of the
p-type diamond SG-FETs [39]. The top-view and cross-sectional diagrams of the SG-FET
transistor are shown in Figures 13(a) and 13(b), respectively. Electrical contacts were prepared
by thermal evaporation of thin metal layers (10 nm Ti and 50 nm Au) over a photolitographic
mask and the subsequent application of the lift-off technique. The transistor was insulated from
the electrolyte using a layer of photoresist (1.5 um thick ma-P1315 or 5 pm thick SU8-3050).
Openings of 60 x 60 um? were introduced in this insulating layer to define the active gate area
of the transistor. These openings exposed the surface of the 20 um wide conductive channel
and partly also the surrounding oxidized surface (about 20 um from each side). The transistor
gate was generated by immersion of the active gate area into the solution (electrolyte) which
is in contact with an Ag/AgCl reference electrode. The SG-FET gate is insulated merely by
hydrogen surface atoms without any other insulating layers. Thus proteins and cells interact
directly with the surface of diamond.

Output and transfer SG-FET transistor characteristics were measured using two Keithley
K327 source-measure units connected according to Figure 13(a). The characteristics were
acquired in the following solutions: (a) McCoy’s SA medium, (b) McCoy’s SA medium with
15% FBS and (c) McCoy’s SA medium with Britton-Robinson buffer at pH = 7. In order
to ensure that the acquired characteristics represent stable data, all the measurements were
repeated three times.

Output characteristics in Figure 13(c) confirm that nanocrystalline-based transistors are
fully functional in solution and their behavior under gate voltage is in accordance with expected
p-type channel function (positive gate voltage closes the channel). This functionality was
reached even in NCD layers as thin as 100 nm with the average grain size of (80 4 50) nm
[18]. The influence of the protein adsorption and subsequent growth of cells on the electronic
properties of diamond can be easily recognized in Figure 13(c) which displays transfer
characteristics of a pristine diamond transistor (blue), the same transistor after the adsorption
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of FBS (red) and after SAOS-2 cell cultivation (green). All characteristics were acquired in
the McCoy’s SA medium, source-drain voltage was kept constant during all the measurements
(—0.6 V; this setting corresponds to the amplification regime of the transistor). A slight
hysteresis effect was observed in all transfer characteristics due to diamond—electrolyte interface
[16]. Current flowing through the SG-FET transistor decreased after the application of FBS and
the transfer characteristics shifted approximately by —45 mV for I;; = —0.6 nA. Another
shift by —78 mV was observed after the cultivation of cells, giving rise to the overall shift of
about —123 mV. Apart from the shift, the steepness of the slope (transconductance) defined as
gm = 0135/ 0Ug decreased from 9.5 to 8.3 nS at I;; = —0.6 nA.

UV sterilization, an important step prior to cell culture process, did not cause another shift
after FBS adsorption. Similar characteristics after the sterilization indicate that the protein layer
and SG-FET properties do not change during sterilization [61]. Also rinsing the sample with
the McCoy’s medium had only little impact on the characteristics. Transistor gate (leakage)
currents were in the order of 10 pA. Typically, FBS adsorption on the surface reduced the gate
currents as FBS forms additional layer on the diamond surface. Yet in some cases the currents
slightly increased (to about 40 pA) as a result of the protein adsorption [41].

6.2 Role of grain boundaries in diamond SG-FET

From electronic point of view NCD is a complicated system due to the presence of sp2
carbon phase and grain boundaries and role of these features for biosensors and bioelectronics is
not yet understood. Therefore, we employed NCD films of different grain sizes to characterize
and discuss influence of grain boundaries and sp2 phase on the SGFET function [18]. We
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Fig. 13. (a) Diagram of a solution-gate field-effect transistor (SG-FET) based on the
surface conductivity of hydrogen-terminated diamond. The insulation of the SG-FET
gate is ensured merely by the hydrogen termination of the diamond channel surface.
(b) Top-view: hydrogen-terminated conductive microscopic channel is surrounded by
insulating oxygen-terminated areas and the active area is determined by the hole in
the insulating layer. A chip contains several such areas, as is demonstrated in the
optical image of the whole chip (10 x 10 mm? with 5 transistors) on the right. (c)
Output characteristics of SG-FET transistor from nanocrystalline diamond in McCoy’s
5A solution with gate potential between —0.2 and 0.2 V. (d) Transfer characteristics of
a transistor in McCoy’s 5A solution at the beginning of the experiment (blue), after the
adsorption of proteins from FBS (red) and after 48h cell cultivation (green)
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showed that intrinsic nanocrystalline diamond films with average grain sizes down to 80 nm,
thickness down to 100 nm, and p-type surface conductivity generated by H-terminated surface
are fully operational as SGFETSs on glass substrates. We demonstrated that inherent hysteresis
of SGFET transfer characteristics, their reaction time to changes of gate potential, their negative
shift after protein adsorption and cell culturing process, low gate leakage currents and no
influence of UV sterilization or rinsing are all independent of the NCD grain size. By Hall
effect experiments we confirmed that the grain boundaries in H-terminated NCD reduce the
charge carrier mobility by three orders of magnitude, yet the charge carrier concentration in
the surface conductive layer is comparable to monocrystalline diamond. Thus we proposed
a microscopic model where the function of NCD SGFET is determined by the H-terminated
surface of diamond nanocrystals and its interaction with proteins, not by grain boundaries or
sp2 phase between grains.

7. Discussion of diamond-protein-cell interactions

Interaction of cells with as-grown and nanostructured diamond surfaces indicates that
the diamond surface morphology can be tailored in a controlled way with respect to
bio-technological and bio-medical requirements. It also demonstrates that quite wide range
of diamond surface morphologies is acceptable for the cell growth. This is in agreement with
other experiments on diamond films where hierarchically modified substrate roughness was
employed [4].

In the case of nanostructured diamond surfaces [S], amount of vinculin detected by
fluorescence microscopy can be used an indication of the cell motility on the substrate because
vinculin generally serves as a stabilizing protein in the focal adhesion [62]. Increased expression
of vinculin on diamond nano-cones promotes the cell adhesion and reduces the cell motility.
On diamond nano-rods, solitary cells have more chance to move and search the entire space,
whereas cells in confluent layer could be easily peeled off.

In the case of hydrogen- and oxygen-terminated microstructures, the cells preferably
self-assemble on the oxygen-terminated regions. The growth of cells over the
hydrogen-terminated areas, mostly at high cell concentrations, is presumably enabled by their
link to the O-diamond layers because individual cells exhibit poor adhesion to H-diamond and
reduced metabolic activity [9, 31]. Such cells most likely communicate, exchange growth
factors and various stimuli and gradually form the extracellular matrix (ECM). In this way, they
modify the surface with proteins and proteoglycans to overcome the unfavorable properties
of the substrate. This process enabled us to grow the cell also over the less favorable, but
electrically active H-diamond SG-FET channels.

Figure 5 clearly demonstrates that the FBS proteins are the factor whose influence
determines the cell adhesion on the diamond layer. As the protein adsorption proceeds much
more rapidly than the transport of cells to the surface, the interaction of the cell with the
diamond substrate results from the nature of this adsorbed layer. AFM measurements show
that proteins adsorb on both types of surfaces, which agrees well with experiments carried out
on other materials, where albumin adsorbs both on hydrophilic and on hydrophobic surfaces
[7]. The selectivity of the cell growth is thus not determined by FBS adsorbing solely on one
type of surface. Other factors, such as denaturation of proteins on hydrophobic surfaces, need
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to be taken into account in order to successfully explain the selective adsorption. Detailed
study of surface morphology using the AFM method clearly confirms that differences in
surface roughness, morphology as well as phase contrast between the protein layers on H-
and O-diamond exist. On H-diamond the FBS proteins probably adopt the conformation where
their epitopes (e.g. adhesion mediated RGD sequences of peptides) are hidden and thus do not
provide optimal conditions for cell adhesion. A similar difference in protein morphology was
observed on polystyrene substrates [7]. This is why the wetting properties of a surface seem
to be the most influential factor for the growth of cells, whereas other specific properties of
diamond layers do not play such an important role. As we have shown, this phenomenon is
general and valid also for other types of cells.

The above described preference of the cells for oxygen-terminated surface on
H/O-patterned diamond is detectable as early as during the first two hours of adsorption in
the 15% FBS supplemented medium [33]. However, the pattern is not yet as sharp as after 48h
because the cells did not have enough time to spread on the surface. On the other hand, in a
control experiment without FBS the patterned self-assembly was not observed. This implies
that even the initial stage of the assembly is strongly influenced by the FBS proteins. In this
stage, cells move and actively explore their surrounding environment.

Other factors that can influence the selective cell growth include a different adhesion
of cells and proteins to hydrogen- and oxygen-terminated surface. Also a differences in
composition of the protein layer on each type of surface can play role. Adhesion of cells to
the hydrogen-terminated diamond lowered by as much as 40% was observed in the presence of
FBS in comparison to oxygen-terminated diamond [48]. Furthermore, fibronectin, one of the
FBS components, was found to have the crucial influence on the selective growth of cells [48].
Detailed composition of the FBS layer on diamond, however, has not yet been successfully
identified.

In the medium without FBS, the cells cannot detect any protein layer and thus they are in
direct contact with the NCD substrate. After a short time (2 hours), the cells are not yet fully
spread, but their contacts (focal complexes) with the substrate are already detectable [33]. In
general, the adhesion mechanism is not yet understood. After further cultivation time (48 hours)
in the medium where FBS was added, the cells assume normal shapes and growth takes place
properly at the spots where the cells initially attached (see Figure 5(a)), most likely because they
had enough time to produce their own extracellular matrix and adapt the surface underneath
them. The hydrogen- or oxygen-termination of diamond (without the initial activity of the FBS
proteins) is, therefore, not the sole factor determining the cells selectivity by itself.

From the point of view of electronic properties of the diamond-protein-cell system,
SG-FET diamond transistor exhibits a shift in transfer characteristics towards negative gate
voltages after the FBS proteins adsorbed on the channel surface and subsequently the cells
were cultivated on top of them. This is a clear sign of reduced transistor conductivity. This
effect cannot be fully explained solely by the electrostatic field effect. The major FBS proteins
(albumin, fibronectin, vitronectin) as well as cell membranes are negatively charged under
physiological pH. Thus, their presence near the gate of a p-type transistor should increase the
source—drain current through the transistor. This is not the case though.

We proposed another model to explain the electronic effects at the interface between the
channel of the diamond SG-FET and the cell medium containing proteins and cells [41]. Figure
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Fig. 14. Schematic sketch of the interface between the surface-conductive SG-FET channel
and cell medium containing proteins and cells. The electric field and its reach from the
interface is depicted on the right.

14 depicts a schematic concept of this model. The model considers that osteoblastic cells attach
to the surface only in a limited number of spots (the so-called focal adhesion), which cannot
cover the whole gate area, and the remaining cells are not in direct contact with the substrate
surface [4]. Moreover, cells on H-diamond do not tend to spread and adhere but they rather
form bridges to O-diamond if it is in a close proximity [31]. The adhesion of osteoblasts is then
mediated by proteins, i.e. another FBS protein layer exists between the cell and the diamond
surface. This is why the most part of a cell membrane is presumably further than the Debye
length in the medium, which amounts to < 10 nm due to the presence of salts and other ionic
compounds in the cultivation medium.

As already mentioned, proteins become denatured on a hydrophobic surface and their
hydrophobic core sticks to the surface. Consequently, they can modify the initial equilibrium
of the conductive layer, which is a result of the equilibrium of chemical potentials of the
diamond and the solution [23, 63]. A negative shift occurs as a result of the change of the
material properties of diamond (i.e. its conductivity), which is in accordance with the lowered
steepness of the slope of the transfer curve (transconductance). Sometimes observed increase
in the SG-FET gate currents indicates that proteins can lower the electronic barrier of the
diamond-electrolyte system resulting from the surface C—H dipoles [41] and can therefore
facilitate the charge transfer across the interface. The primary FBS monolayer persists on the
surface [8, 47, 48] and cannot be easily removed by common rinsing methods, even when
detergents and enzymes are employed. This explains the stability of the shift in the SG-FET
transfer characteristics.

A negative shift of transfer characteristics was observed also after the cultivation of
cells on the device. This shift cannot be ascribed to the cells themselves, because it persists
even after the cells are removed [61]. Possible reason of this potential shift could be a
change in the adsorbed layer of proteins, which remains on the diamond surface even after
rinsing [8, 47]. Cells can actively participate at such changes because osteoblasts continually
modify their surrounding environment and subsequently produce their own ECM. However,
AFM measurements indicated that the morphology of protein layers did not change after 48h
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cultivation. Thus the shift after the long-term cultivation is most likely related with the diamond
itself. This effect needs further study. Further research should also answer the question
concerning the composition of the layers adsorbed on diamond and the possibility of direct
electrical detection of the function of cells using the interface with diamond, as has already
been suggested for neurons [42].

8. Conclusions

In conclusion, we have characterized some of the fundamental properties and
discussed prospective application of diamond for molecular and biological interfaces. We
demonstrated that the combination of oxygen- and hydrogen-terminated surface patterns
enables controlled self-assembly of human cells into microstructures. Cells preferably adhere to
oxygen-terminated areas. This effect is general and occurs for various types of cells. The best
selectivity is achieved for low cell seeding concentrations (2500 cells cm?) regardless of the
geometry of the surface and usual range of FBS concentrations (5 to 15%). Higher seeding
concentrations enable the cells to colonize even less suitable hydrogen-terminated surface,
which is electrically conductive and thus it can be utilized in electronic components. Cells
seeded in the medium without FBS colonize the surface independently of the micro-patterns.
Thus the cell preference stems from the properties of the proteins on H- and O-diamond and it
is not a direct consequence of the cell interaction with diamond surface dipoles.

Atomic force microscopy revealed existence of a thin film (2—4 nm) of proteins on both
types of surfaces. However, the proteins adopt different conformations on different surface
terminations. We developed and employed a unique methodology based on AFM, KFM
and SEM measurements for recognizing physisorption or chemisorption of proteins and other
organic molecules on diamond. Thereby we for instance confirmed non-covalent binding of
the FBS proteins to the diamond with both hydrogen-terminated and oxidized surface. We also
discussed limitations of this methodology. Based on these measurements, we proposed a model
where proteins arrange on diamond according to wettability of its surface. This mechanism is
similar to other materials, albeit in different range of wetting angles. We also identified other
factors, such as composition and different adhesion of the FBS layers on H- and O-diamond,
that can contribute to the cell array formation.

Electronic effects on the diamond-protein-cell interface were characterized by the SG-FET
transistors based on the surface conductivity of nanocrystalline diamond where the gate was
insulated solely by hydrogen surface atoms. We show that these transistors are fully operational
and can serve as transducers (and partly also as amplifiers) of biological and/or environmental
characteristics to electrical signals. Adsorption of proteins from the FBS-enriched cultivation
medium and subsequent cultivation of cells on it led to a shift in transfer characteristics of
the transistor in the range of 40-130 mV. This shift is the result of the adsorption of a thin
film of proteins onto the diamond surface as confirmed by AFM. These shifts cannot be due
to electrostatic field effect because it acts in the opposite direction. We proposed a model in
which the proteins replace the ions in the very vicinity of the diamond surface. The negative
shift in the transfer characteristics then arises from the lower conductivity of diamond itself, in
agreement with the lowered transconductance. Related changes in the SG-FET gate currents
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suggest that the FBS layer can block and under certain conditions also promote the transfer of
charge across the interface between diamond and the solution.

The above findings and conclusions are significant for prospective application of the
unique properties of diamond in bio-sensors, bio-electronics as well as other fields. At the
same time we showed that the diamond represents an ideal substrate for studies of molecules in
general as it can provide atomically flat and hard surface with well defined and widely adjustable
wetting, chemical, and electronic properties.
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10. Abstract

In this habilitation thesis we present the influence of micro-structured morphology and
atomic termination of diamond surfaces on cell growth and assembly. We investigate the
influence of key parameters such as seeding concentration of cells, type of the applied cells
and concentration of fetal bovine serum (FBS) in the cultivation medium. We show that the
adsorption of proteins from the FBS serum is the fundamental factor. Atomic force microscopy
(AFM) both in solution and in air is applied to characterize properties of the FBS layers
adsorbed on differently terminated diamond substrates. In order to recognize physisorption
or chemisorption of organic molecules to diamond we develop and employ novel methodology
that is based on the combination of advanced AFM and Kelvin force microscopy (KFM) or
scanning electron microscopy (SEM). We demonstrate its use on the protein-diamond interface
as well as on DNA-diamond interface and PPy-diamond heterojunction. The influence of
proteins and cells on the electronic properties of diamond is characterized by employing a
field-effect transistor based on hydrogen-terminated diamond, gate of which is exposed to a
solution (SG-FET). Role of grain boundaries in nanocrystalline diamond is resolved and shown
not to be detrimental for its function. At the same time we show that the diamond represents an
ideal substrate for studies of molecules in general.
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