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Wereldveroverend sonnet
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En ja, dit continent was jou gegund,
toch heb ik toen je troepen uitgedund,
want ik moest spelen om de wereldmacht.
Mijn legers beukten steeds weer aan je poort:
mijn dobbelstenen hebben liefdeloos
je hele plastic krijgsmacht uitgemoord.
Van jou moest alles snel weer in de doos.
Ook daarop stond van goedmaken geen woord
vermeld. M’n lieve schat, ben jij nog boos?

v

Table of contents
Acknowledgments – Dankwoord ................................................ i
Table of contents ...................................................................... v
Beknopte samenvatting in het Nederlands ............................. xiii
Jury members ......................................................................... xv

1.

INTRODUCTION: DIAMOND AND BIOLOGY ....................... 1

1.1. Carbon
2
1.1.1. Electronic orbitals and hybridisation ................................... 2
1.2. Diamond
4
1.2.1. Diamond crystal .............................................................. 6
1.2.2. Diamond bulk qualities ..................................................... 7
1.2.3. CVD diamond.................................................................. 7
1.2.4. CVD parameters and related material properties ................ 11
Substrate choice and homo-, hetero- or non-epitaxial growth ...... 11
Crystallinity .......................................................................... 12
Electrical properties and doping ............................................... 13
Optical properties .................................................................. 14
1.3. The surface of diamond
17
1.3.1. Crystallinity and number of dangling bonds ....................... 17
1.3.2. Roughness ................................................................... 19
1.3.3. Surface terminations...................................................... 19
Clean surfaces: reconstructions ............................................... 19
H-termination: hydrophobic surface ......................................... 20
Oxidation: hydrophilic surface ................................................. 20
Further surface-terminations ................................................... 21
1.3.4. Electronic properties of the diamond surface ..................... 23

vi

H-terminated surface in air ..................................................... 24
H-terminated surface in electrolytes: ISFETs and pH sensitivity .... 27
H-terminated surface in alkenes under sub-band gap light........... 28
Oxidised diamond surfaces...................................................... 29
Metallised diamond surfaces.................................................... 30
1.4. DNA sensors
30
1.4.1. Carbon and biopolymers ................................................. 30
DNA structure and basic properties .......................................... 31
Optical properties of DNA........................................................ 33
Electrical properties of DNA ..................................................... 33
DNA flexibility and polymer physics .......................................... 34
Coiling behaviour of long DNA polymers ................................. 34
Flexibility of DNA and worm-like chain (WLC) theory ................ 35
1.4.2. DNA sensors ................................................................. 36
DNA brushes......................................................................... 38
1.5. Bio-functionalisation of diamond surfaces
41
1.5.1. Biocompatibility of diamond ............................................ 41
1.5.2. Bio-functionalisation of diamond, in particular with DNA ...... 42
1.5.3. Diamond-based DNA sensors .......................................... 43
1.6.

Aim of this thesis

44

1.7.

Outline

44

2.

SURFACE SENSITIVE TECHNIQUES................................. 47

2.1. Optical techniques: probing with photons
47
2.1.1. Electromagnetic radiation ............................................... 50
2.1.2. Geometric optics applied to the diamond-air interface......... 51
2.1.3. Fluorescence measurements ........................................... 53
Fluorescent dyes ................................................................... 54
Defocused single-molecule fluorescence imaging ........................ 56
2.1.4. Fourier transform infrared (FTIR) spectroscopy .................. 56
2.1.5. Spectroscopic ellipsometry (SE)....................................... 58
Ultra-violet and visible spectroscopic ellipsometry (UV-VIS SE) .... 61

vii

2.1.6. X-ray photoelectron spectroscopy (XPS) ........................... 61
2.1.7. X-ray diffraction (XRD)................................................... 63
2.2. Probing the surface with electrons
64
2.2.1. Scanning electron microscopy (SEM) ................................ 64
2.3. Probing the surface with other probes
65
2.3.1. Atomic force microscopy (AFM)........................................ 65
Contact mode AFM................................................................. 66
Non-contact mode AFM........................................................... 66
Tapping mode or intermittent-contact mode AFM ....................... 67
AFM measurements on DNA .................................................... 67
2.3.2. Contact angle (CA) or wetting measurements .................... 68
2.3.3. Biological methods......................................................... 70
Enzyme-linked immunosorbent assay (ELISA)............................ 70
Polymerase chain reaction (PCR) and gel electrophoresis............. 71
2.4. Probing the surface with electric fields
72
2.4.1. Electrochemical impedance spectroscopy (EIS) .................. 72

3.

COVALENT ATTACHMENT OF DNA TO DIAMOND .......... 75

3.1. Thymidine and ligase route
75
3.1.1. Immobilisation strategy.................................................. 75
Preparation of diamond substrates ........................................... 76
Surface-chemical treatments ................................................... 76
DNA immobilisation................................................................ 78
3.1.2. Results for the thymidine and ligase route......................... 80
Oxidised µCD and NCD characterised by contact angle ................ 80
Oxidised SCD and µCD characterised by XPS ............................. 81
Thymidine-functionalised µCD imaged by contact mode AFM ........ 82
DNA-functionalised µCD imaged by CFM.................................... 83
DNA-functionalised µCD and NCD investigated by ELISA.............. 84
3.2. Fatty acid and carbodiimide route
84
3.2.1. Immobilisation strategy.................................................. 85
Preparation of diamond substrates ........................................... 85

viii

Surface-chemical treatments ................................................... 86
DNA immobilisation................................................................ 87
DNA denaturation and re-hybridisation ..................................... 89
3.2.2. Results for the fatty acid and carbodiimide route................ 90
Supernatant fluorescence measurements .................................. 91
PCR and gel electrophoresis .................................................... 91
3.3. Further optimisation of fatty acid - carbodiimide route 93
3.3.1. Preparation of diamond substrates ................................... 94
3.3.2. Surface-chemical treatments........................................... 94
Fatty acid attachment ............................................................ 94
DNA probe layer attachment ................................................... 95
DNA hybridisation .................................................................. 96
Attachment of dsDNA ............................................................. 96
3.3.3. Results for the optimisation of fatty acid-carbodiimide route98
DNA immobilisation................................................................ 99
Effect of washing buffers...................................................... 99
Effect of probe ssDNA length .............................................. 101
Effect of probe ssDNA concentration .................................... 103
Effect of 10-undecenoic acid (UA) .......................................... 104
Patterning........................................................................ 105
DNA functionality................................................................. 107
Hybridisation experiments probe ssDNA attached to pure UA... 107
Attachment of probe ssDNA layers to mixed -COOH/-OH
terminated linker layers, and hybridisation thereof ................ 108
3.4.

Impedimetric sensing of DNA hybridisation and
denaturation events
112
3.4.1. Sample preparation and DNA functionalisation ................. 112
3.4.2. Results ...................................................................... 113

3.5.

DNA orientation of DNA layers obtained by the fatty acid
and carbodiimide route
115
3.5.1. Defocused single-molecule fluorescence measurements .... 115
3.5.2. VUV ellipsometry ......................................................... 118
Preparation of diamond substrates ......................................... 119
Surface pre-treatment and DNA-functionalisation of diamond..... 120
Surface pre-treatment and DNA-functionalisation of Si .............. 122

ix

Results............................................................................... 123
Morphology of NCD and UNCD surfaces ................................ 123
Surface wetting of NCD and UNCD surfaces .......................... 124
Structure fluorescently-labelled DNA layers (in wet condition) . 125
DNA film morphology and roughness (in dry condition) .......... 127
Average layer thickness of DNA on NCD (in dry condition) ...... 127
Average tilt angle of DNA molecules on NCD and UNCD .......... 131
3.6. Supplementary data
135
3.6.1. Additional data on unfunctionalised diamond films............ 135
Diamond grain sizes............................................................. 135
Confocal microscopy of µCD ............................................... 135
Non-contact mode AFM of NCD and µCD .............................. 135
Crystalline orientation measured by XRD................................. 136
Infrared transmission spectra ................................................ 137
3.6.2. Additional data on the thymidine and ligase route ............ 138
XPS data of thymidine attachment ......................................... 138
3.6.3. Additional data on the fatty acid photo-attachment .......... 139
Monitoring the UV output ...................................................... 139
UV illumination time during UA attachment ............................. 140
Influence of grain size on UA attachment ................................ 142
Influence of as-grown or regenerated H-termination on UA
attachment ......................................................................... 142
XPS data on UA attachment using fluorine as a marker ............. 143
Influence of SDS rinse on the wetting of UA layers ................... 145
FTIR spectra of pure UA and 9-DO ......................................... 145
Fluorescence spectroscopy of immobilised DNA ........................ 146
Photo-patterning with washing steps of section 3.2................... 148
Influence of mixed UA and 9-DO layers on DNA attachment....... 149
3.6.4. Residual reflection from flat surfaces .............................. 150

4.

DISCUSSION AND CONCLUSIONS.................................. 153

4.1.

Thymidine and ligase route

153

4.2. Fatty acid and carbodiimide route
154
4.2.1. Principle of the photo-reaction with fatty acids................. 154

x

4.2.2. Discussion of the results obtained with carbodiimide-mediated
DNA functionalisation .............................................................. 156
4.3. Further optimisation of fatty acid-carbodiimide route 157
4.3.1. Optimisation of washing steps, concentration and length... 157
4.3.2. Evaluation of other functionalised surfaces ...................... 158
4.3.3. Photo-patterning experiment......................................... 158
4.3.4. Optimisation of the fluorescence measurements............... 159
4.3.5. Conclusion.................................................................. 159
4.4. Impedimetric sensing of DNA layers
159
4.4.1. Equivalent circuit......................................................... 160
4.4.2. Hybridisation data fitted to the equivalent circuit.............. 160
4.4.3. Data during heating of set-up fitted to equivalent circuit ... 160
4.4.4. Physical interpretation of the equivalent circuit model ....... 162
4.4.5. Denaturation: temporal behaviour of DNA melting............ 162
4.5. Molecular orientation of DNA layers
163
4.5.1. Defocused single molecule fluorescence of DNA on NCD .... 163
4.5.2. Ellipsometric study of DNA conformation on UNCD ........... 164
Quality control of functionalised UNCD samples........................ 164
Morphology and roughness of functionalised UNCD ................... 164
Spectroscopic ellipsometry of DNA functionalised UNCD ............ 165
Interpretation of the obtained tilt angles ................................. 165
Comparison of the obtained tilt angles to literature data............ 166
DNA conformation ............................................................... 167
Relevance of DNA conformation to DNA sensor development...... 170

5.

SUMMARY AND OUTLOOK .............................................. 171

5.1. Summary
171
5.1.1. Surface sensitive techniques for the study of organic linker
layers and DNA brushes on CVD diamond .................................. 172
5.1.2. Characterisation of organic linker layers and DNA brushes. 173
Method to couple DNA covalently to CVD diamond.....................173
Optimisation of the preparation of DNA layers...........................174
Real-time, label-free impedimetric detection with SNP sensitivity 175

xi

Label-free orientation study of DNA layers on diamond ............. 176
5.2. Outlook
178
5.2.1. Further research on DNA layers on CVD diamond ............. 178
Further UV ellipsometry measurements................................... 179
Additional surface sensitive techniques ................................... 179
Employing DNA to detect other molecules: aptamers ................ 180
5.2.2. Other biomolecules on CVD diamond .............................. 181
Membranes: model system for applications involving cells ......... 181
5.2.3. Biomolecules on non-diamond substrates: graphene......... 183
Bibliography .......................................................................... 185
Appendix 1: Technical specifications of surface sensitive
techniques ............................................................................ 205
Appendix 2: List of symbols and abbreviations ...................... 215
Appendix 3: List of related publications and presentations .... 223

xii

xiii

Beknopte samenvatting in het Nederlands
Dit proefschrift kadert in een multidisciplinair project dat de ontwikkeling van
diamant-gebaseerde DNA-sensoren beoogt voor diagnostische doeleinden. Het
algemene doel is de ontwikkeling van een prototype biosensor, gebaseerd op
DNA dat covalent gehecht is aan diamant. Daarbij wordt dezelfde gevoeligheid
nagestreefd als bij bestaande methoden, zoals ‘blotting’ technieken, microarrays en polymerase ketting reactie (PCR) gecombineerd met ELISA (enzymelinked immunosorbent assay). Men beoogt de detectie echter te verbeteren op
vlak van snelheid en kostprijs: bij voorkeur in real-time, herbruikbaar en
eenvoudig te bedienen, zonder labels.
Een biosensor is een toestel voor detectie gebaseerd op en/of gericht tegen een
biologische component. Specifiek voor een DNA-sensor, bestaat het receptorgedeelte uit een laag van enkelstrengige DNA-probes. Om de receptoren te
verankeren en de uitlezing van mogelijke herkenningsreacties (hybridisatie) niet
te hypothekeren, worden de receptormoleculen met één uiteinde gehecht aan
een fysische drager, de transducer. Deze hechting kan berusten op fysisorptie of
covalente bindingen, waarbij meestal eerst een laag van koppelmoleculen aan
het oppervlak wordt aangebracht. Als transducer-materiaal is in dit werk
gekozen voor diamant verkregen uit chemische damp-depositie (CVD). Zo kan
er een zeer sterke, covalente koolstof-koolstof binding gecreëerd worden: dit is
nuttig voor de ontwikkeling van een stabiel platform voor herbruikbare
biosensoren, eventueel zelfs met continue uitlezing. Bovendien beschikt diamant
over gunstige eigenschappen voor zowel detectie berustend op optische als op
elektrische signalen. Diamant is namelijk transparant in een breed spectraal
gebied en het is een halfgeleider die stabiel is in waterige milieus met een breed
elektrochemisch venster.
Het eerste doel van deze thesis is de initiële functionalisatie van CVD
diamantoppervlakken te realiseren die een covalente en functionele koppeling
van biomoleculen aan de transducer toelaat. Dit doel is bereikt door de
ontwikkeling van een eenvoudige, reproduceerbare reactie in twee stappen.
Vertrekkende van waterstof-getermineerd diamant (door behandeling in een
waterstof-plasma) worden er onder 254 nm UV licht onverzadigde vetzuren
aangehecht. Aan deze carbonzuren wordt in de tweede stap aminogemodificeerd DNA gehecht, met behulp van een carbodiimide cross-linker
(namelijk EDC). De wasstappen, de aangeboden DNA-concentratie en de lengte
van de DNA-moleculen zijn nauwkeurig geoptimaliseerd in functie van een zo
hoog mogelijke gevoeligheid van de sensor. Deze methode laat toe patronen
aan te brengen in de DNA-laag door het gebruik van schaduwmaskers tijdens de
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fotoreactie met vetzuren. Dergelijke patronen kunnen toegepast worden in een
diamant-gebaseerde micro-array met fluorescente uitlezing, of in een elektrische
sensor waarbij de probe-laag slechts op welbepaalde plaatsen aangekoppeld
mag worden, bijvoorbeeld tussen interdigiterende elektroden.
Het
tweede
doel
is
de
doeltreffendheid
van
de
opeenvolgende
oppervlaktebehandelingen na te gaan en de moleculaire organisatie te
onderzoeken van de lagen organische koppelmoleculen en DNA. Hiertoe worden
de diamantoppervlakken uitgebreid onderzocht met fysische en (bio-)chemische
methoden. Gevoeligheid tot op het niveau van puntmutaties is bereikt met
enerzijds eindpunt confocale fluorescentiemetingen en anderzijds met een
prototype van een real-time, label-vrije elektrische sensor, gebaseerd op
impedantie-veranderingen. De conformatie en oriëntatie van de verankerde
DNA-moleculen is onderzocht met spectroscopische ellipsometrie in het vacuüm
UV, waarbij hoeken van 45° tot 52° zijn gevonden voor de oriëntatie van korte
DNA-moleculen (8 tot 36 basen, enkel- zowel als dubbelstrengig) gehecht op
ultra-nanokristallijn
diamant
(UNCD).
Deze
thesis
toont
aan
dat
spectroscopische ellipsometrie in het vacuüm UV gebruikt kan worden om de
oriëntatie van DNA-moleculen op CVD diamantoppervlakken te bepalen. Hierbij
wordt gesteund op de ruimtelijke richting van de transitie-dipoolmomenten die
ontstaan wanneer de DNA-basen geëxciteerd worden door UV-fotonen met een
energie van 4.74 eV.
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1.

Introduction: Diamond and biology
“If it wasn’t for carbon, life as we know it would be impossible.
Probably any sort of life would be impossible.”
Paul Davies [Davies 1998]

Natural diamond is a mineral, formed inside the Earth [Webster 2000]. Its name
stems from the Greek word ‘adamas’, meaning indestructible. It is indeed the
hardest natural material, transparent with a high refractive index, and it is very
rare. As such, it has become an expensive gem stone, but it would not have
been considered a technologically important material. However, diamond is but
an allotrope of the element carbon and nowadays diamond can be deposited as
thin films, making the material available for technological and scientific
applications. The manifold opportunities also inspired science fiction authors,
exemplified by Neal Stephenson’s book “The diamond age or, A young lady's
illustrated primer” [Stephenson 1995] (Figure 1.1). In this thesis however we
will stick to reality. More specifically, the high biocompatibility of diamond,
combined with its outstanding optical and electronic properties, make it an
interesting platform for biosensors. A biosensor is a device for the detection with
and/or of biological molecules. It is carbon, again, that gives biomolecules –
from fatty acids to DNA – their versatile properties. Coupling biomolecules to
diamond by utilising the strong carbon-carbon bond, gives us the opportunity of
obtaining a highly stabile biosensor platform.
Natural diamond has long been promoted as ‘a girl’s best friend’. Man-made
diamond was called ‘a geek’s best friend’ in popular press [Davis 2003] or ‘the
ultimate engineering material’ and ‘a 21st-century material’ by scientists [May
2000]. Will it now become ‘a doctor’s favourite gismo’? In any case, this thesis is
devoted to the biological activation and characterisation of diamond surfaces,
with a view to realise a prototype of such a device.

Figure 1.1: The cover of “The diamond age”, an example of how the possibilities
of future diamond-based technology have inspired popular fiction.
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Chapter 1

In this introduction, some relevant properties of the element carbon will be
addressed, as they are important both for the diamond platform and the
biological top-layer. Then an overview will be given of the bulk and surface
properties of deposited diamond films, and the properties of DNA molecules and
their use in DNA sensors. Finally the state-of-the-art for the bio-functionalisation
of diamond surfaces is reviewed.

1.1. Carbon
Carbon is element number 6, from group IV in the periodic system, the same
group as silicon and germanium [Young 2008]. In its ground state, a C atom has
two electrons in the 2s orbital and two electrons in the 2p orbitals (Figure 1.2,
left), or four valence electrons in total, that can be used in the formation of
chemical bonds. Its complete ground state electronic configuration is 1s²2s²2p²
[Young 2008]. The stability and hardness of diamond originates in its C atoms
being sp3-hybridised, while those in the much softer graphite for instance are
only sp2-hybridised. Because this is an important characteristic of diamond,
orbitals and hybridisation will now be discussed briefly.
1.1.1. Electronic orbitals and hybridisation
An atomic orbital is an electron density wave function, the solution to the
Schrödinger equation for the atom, interpreted as the spatial region around the
atom with a high probability of finding an electron there. Atomic orbitals are the
possible quantum states of an individual electron in the electron cloud around a
single atom, such as an s, p, d, … orbital. Hybridisation is the process of the
mixing of orbitals, forming new, hybrid orbitals. For carbon, the possible
hybridisations are sp, sp² and sp³ (Figure 1.2).
A molecular orbital (MO) is the electron density wave function for a molecule,
usually described as a linear combination of atomic orbitals: the number of MOs
equals the number of orbitals of the constituting atoms, and they originate from
the interfering atomic orbitals. In case of constructive interference, a bonding
state is formed (σ− or π−MO) that has a lower total energy than the sum of the
separate atomic orbitals. In contrast, for destructive interference, an
energetically higher, anti-bonding state is generated (σ*− or π*−MO).
We will now look at carbon again. In case of sp³-hybridised C, there are four
MOs, with the same shape and energy, each occupied by one electron, and
arranged in a tetrahedral structure, making angles of 109.5° (Figure 1.2, top
right). The four MOs can form four single, localised σ−bonds, e.g. to four other
sp³-hybridised carbon atoms. This is the basis of the diamond lattice, which will
be discussed in the next paragraph. In case of sp2-hybridisation, there are three
identical, co-planar hybridised orbitals under angles of 120° (Figure 1.2, middle
right). They can form σ−bonds, e.g. to three other sp²-hybridised C atoms, as in
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graphite. The fourth, unhybridised orbital, pZ, stands perpendicular to the plane
formed by the hybrid orbitals. The pZ−orbitals of the C atoms will overlap
sidewise, which leads to the formation of so-called π−bonds [Schwoerer 2007];
these bonds are delocalised. Thus, graphite organises itself into planar sheets
(Figure 1.4 b): inside one sheet the C atoms are strongly bonded in a honeycomb matrix, while between the sheets weaker van der Waals forces act. The
separate sheets, graphene, have recently come to the attention, also for
biosensor-applications: this is discussed in the outlook given in Chapter 5. We
will not discuss sp hybridisation here.

Figure 1.2: Atomic orbitals of a carbon atom and possible hybridisation states,
leading to σ- and π-bonds. (Reproduced from [Kotz 1999].)
The electrons of a molecule successively fill states (or orbitals) of increasing
energy. One can thus identify the highest occupied MO (HOMO) level and the
lowest unoccupied MO (LUMO) level. Single bonds are referred to as σ-bonds,
while double bonds contain a σ−bond and a π−bond. When we look for instance
at two C atoms, having each two out of four electrons available (e.g. in
ethylene, C2H4, or graphite) a double bond can form between them (Figure 1.3).
The energetically lowest σ− and π−MOs will be filled, while the anti-bonding σ*−
and π*− MOs will not. This bond is stable, because the total energy is lowered as
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compared to the separate atomic orbitals. Due to illumination by visible or ultraviolet (UV) photons, electrons in bonding MOs may be excited to non-bonding
MOs (see Chapter 2, Figure 2.9).
The terms HOMO and LUMO are typical for organic chemistry, but they are
closely related to the valence and conduction band concepts in solid state
physics. In a piece of diamond or graphite material, a large number of C atoms
is connected, as in one enormous molecule. The discrete MOs of many carbon
atoms blend into a continuous band of MOs. The collection of empty σ*−MOs in
diamond is called the conduction band (CB), while the collection of filled σ−MO is
called the valence band (VB). The valence band maximum (VBM) correspond to
the HOMO-level, while the conduction band minimum (CBM) corresponds to the
LUMO-level. The energy difference between HOMO and LUMO, or VBM and CBM
is called the band gap, EBG. A closely related concept is the Fermi level, EFermi:
the energy at which the probability of a state being occupied is equal to ½
[Young 2008]. For metals, this amounts to the highest occupied MO at 0 K,
while for insulators (diamond) EFermi is situated in the middle of the band gap.

Figure 1.3: Molecular orbital energy level diagram for the double bound between
carbon atoms in ethylene (C2H4) or graphite.

1.2. Diamond
Diamond is an allotrope form of carbon, just like graphite and amorphous
carbon, as is known since the end of the eighteenth century [Tennant 1797].
Nowadays, even more allotrope forms of carbon are available: graphene and
fullerenes such as buckyballs (C60) and carbon nanotubes (Figure 1.4). It is a
question of thermodynamics how carbon organises itself under the prevailing
circumstances (Figure 1.5 a) [Bundy 1955; Bundy 1980]. Under the extreme
temperature and pressure conditions in the Earth, at depths lower than its crust
[Webster 2000], diamond is the most stable carbon phase: in the course of
millions of years diamond crystals form there. Due to a very high activation
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barrier [Bundy 1980], once a certain allotrope has been formed conversion into
another is prevented, even if the existing phase is not the most energetically
favourable for the changed conditions. Diamond is not in thermodynamic
equilibrium under room temperature (RT) and pressure, but it is kinetically
stable, a situation referred to as ‘metastability’. In other words: we will not see
any diamond spontaneously convert into graphite, because this process is
imperceptibly slow.

a)

b)

c)
d)
Figure 1.4: Ball and stick models for the allotropic forms of carbon. a) Diamond,
b) graphite, and two examples of fullerenes: c) carbon nanotube, and d)
buckyball (C60).

Figure 1.5: Carbon phase diagram. (Reproduced from [Bundy 1980].)
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1.2.1. Diamond crystal
In section 1.1.1, it was indicated that the sp³-hybridised C bonds in diamond are
organised tetrahedrally. This leads to a face-centred cubic (fcc) Bravais lattice,
with a two-atom basis positioned at (0,0,0) and (a0/4, a0/4, a0/4) (Figure 1.6)
[Young 2008]. Here, a0 denotes the edge length of the unit cell: 0.356 nm (at
RT). The C-C bond length equals a0√3/4, or 0.154 nm. From the crystalline
organisation, the density of diamond can be calculated: per unit cell there are 8
atoms on the corners (each counting for 1/8th), 6 atoms at the faces (each
counting for 1/2nd) and 4 at the interior. So there are effectively 8 C atoms per
volume of a0³ or 1.77 × 1023 atoms/cm³. This corresponds to a density of 3.52
g/cm³ [Park 1979]. This rigid, covalently bonded structure is also responsible for
the renowned hardness of diamond, its low chemical activity, as well as its very
efficient transfer of atomic vibrations (phonons), leading to an extremely high
thermal conductivity (Table 1.1). The different crystallographic orientations are
important in surface reactions and will be discussed in section 1.3.1.

a) Simple fcc lattice b) Two atom basis

c) Double fcc lattice

d) Atomic bonds
Legend:

and

e) Diamond structure:
four tetrahedral bonds per C atom
= C atoms

Figure 1.6: Construction of the ball-and-stick model for the conventional unit cell
of a diamond crystal: 2 × face-centred cubic (fcc) lattice. Half of the atoms are
at lattice points and the other half are offset by (a0/4, a0/4, a0/4), with a0 the
edge length of the unit cell: 0.356 nm (at room temperature). In diamond each
carbon atom makes four bonds of 0.154 nm in length to the nearest
neighbouring atoms in tetrahedral directions.
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For the sake of completeness, it is also mentioned that a different sp³-bonded C
crystal exists: lonsdaleite, or hexagonal diamond [Frondel 1967], but this is very
rare and it will not be discussed further.
1.2.2. Diamond bulk qualities
Diamond exhibits extreme material qualities in different areas at once:
mechanically, optically, electronically and even biologically, as can be seen from
Table 1.1. Its hardness makes it interesting as a coating for polishing disks and
drill chucks, and combined with its biocompatibility, also for surgical scalpingknifes or implants. Its wide band gap, combined with the possibility of doping
during the deposition process, makes it interesting for electronics, especially in
high-frequency and high-power applications. The optical properties allow its
application as a window for CO2-lasers or as a UV-detector. In this thesis
however, we will focus on the chemical activation of the diamond surface, its
biocompatibility, and the optical and electronic properties of the material, as
they are the most relevant for diamond-based biosensors. But first, the process
of depositing diamond film is discussed.
1.2.3. CVD diamond
The discovery of diamond being pure carbon [Tennant 1797] made it
conceivable that the material could be produced in the lab. This was achieved in
1953 (published in 1960), by Liander from ‘Allmänna Svenska Elektriska
Aktiebolaget’ and first commercialised by General Electric [Field 1992]. Their
method involved putting graphite under high-pressure high-temperature (HPHT)
conditions, thus re-creating the process naturally occurring inside the Earth.
Although this method is still in use because it yields high quality diamond, a
cheaper and faster method was being searched for, leading to the development
of modern chemical vapour deposition (CVD). Eversole from Union Carbide
patented diamond growth on heated diamond from thermally decomposed COgas under low pressure in 1958 (US Patent numbers 3030187 and 3030188). In
1965-’70, this method was also investigated by Russian scientists [Deryagin
1968] and improved by Angus in the US [Angus 1968]. Deryagin and Spitsyn
realised diamond growth on substrates other than diamond [Deryagin 1976;
Spitsyn 1981]. In the eighties further improvements were obtained in Japan,
with the introduction of hot filament reactors (HF CVD) [Matsumoto 1982] and
microwave plasma reactors (MW CVD) [Kamo 1983]. Since the nineties the
modern CVD process with high growth rates for diamond has been developed.
The ongoing research progress on CVD diamond is being communicated year by
year, e.g. on the Hasselt diamond workshop (Surface and Bulk Defects in CVD
Diamond Films) and the European diamond congress (European Conference on
Diamond, Diamond-Like Materials, Carbon Nanotubes, and Nitrides).
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Table 1.1: Diamond
alternatives.

material

properties

Material property

and

comparison

with

relevant

Value for

Competing

Value for

diamond

material

competitor

Lattice constant

0.356 nm

Young’s modulus

1050 GPa

Hardness: - Mohs’ scale

10

- Compressive strength (Knoop)

100 Gpa

- Tensile strength

1.2 GPa

Si

0.543 nm

c-BN

800 GPa

WC

668 GPa

c-BN

50 Gpa

LiNbO3

3.5 km/s

Al203

~1015 Ω.cm

Sound velocity

10 km/s

Dynamic coefficient of friction

0.03

Electrical resistivity (undoped)

~1016 Ω.cm

Band gap, EBG

5.47 eV (indirect)

Si

1.12 eV (indirect)

Electrical breakdown field

107 V/cm

Si

3 × 105 V/cm

SiC

4 × 106 V/cm

Si

1500 cm²/(V.s)

Charge carrier mobility (RT):
- for electrons

4500 cm²/(V.s)

- for holes

3800 cm²/(V.s)

475 cm²/(V.s)

Saturation drift velocity:
- for electrons

2.7 × 107 cm/s

- for holes

1.4 × 107 cm/s

Thermal conductivity (RT)

>2000 W/(m.K)

Thermal expansion coefficient

1 × 10-6/K

Si

1 × 107 cm/s

Cu

400 W/(m.K)

BeO

600 W/(m.K)

Si

2.6 × 10-6/K

150 nm – 5µm

(RT)
Thermal shock parameter

3 × 108 W/m

Heat capacity

6.2 J/(mol.K)

Optical transparency

227 nm – 2.5 µm

Sapphire

and >6.7 µm

(Al2O3)

Refractive index (at 589 nm)

2.417

Zirconia

2.159

(ZrO2)
Radiation hardness

Yes

Potential window

Extremely wide

Chemical inertness in air

> 5000°C

(The data in this table are optimal values, and have been gathered from various
articles, the tutorial [Schreck 2007], and the textbook [Pan 1995]. For each
value, at least two sources were consulted.)
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Now the three main ingredients of the CVD method will be explained [May
2000]: the substrate and its pre-treatment, the carbon-containing precursors,
and the activation of the precursors.
Firstly, the surface onto which one wants to deposit diamond has to be held at
elevated temperature (> 700°C), and contain diamond seeds or structures that
promote nucleation. In 1995, nucleation techniques have been systematically
studied in Japan [Liu 1995]. It was found that scratching the surfaces is helpful,
but ‘seeding’ is more crucial [Iijima 1990]: introducing diamond crystals on the
surface will promote diamond growth. This evolution in pre-treatment can also
be seen from the samples used to obtain the results in this thesis. When this
work started in 2002, the pre-treatment of the Si substrates was done by
mechanical scratching with diamond powder on a vibrating cloth [Daenen 2006].
The pre-treatment method currently employed at the Institute for Materials
Research (IMO) of Hasselt University, is seeding by ultra-dispersed detonation
(UDD) diamond powder [Williams 2007]; this does not involve scratching, but
simply adsorption of the small diamond particles on a substrate by van der
Waals interactions, yielding a very dense layer (estimated as 1011 seeds/ cm²).
An alternative growth promoter is bias enhanced nucleation (BEN) [Yugo 1991],
which is not employed at IMO.
Secondly, CVD requires a carbon-containing process gas (usually methane,
CH4). In general, the CVD process is carried out under low pressures (typically
~30 mbar – 200 mbar) and low temperatures (~400°C – 1200°C). Under these
conditions, graphite formation is to be expected from the carbon phase diagram
(Figure 1.5). CVD is called a metastable growth method, because growing
diamond under the mentioned conditions requires continuous and selective
etching of the graphite deposit (the energetically favourable phase with an
energy difference of ~30 meV per carbon atom [Angus 1991]). To this aim, a
relatively high amount of hydrogen gas (H2) is introduced in the plasma (Figure
1.8 c) [Angus 1968]. The formation of good quality diamond requires that the
collision rate of hydrogen with the surface is more than 104 times higher than
the carbon incorporation ratio into the lattice [Goodwin 1998]. Also the presence
of oxygen in stoichiometric concentrations can be an important factor in the
growth process: it promotes low temperature growth, necessary to grow on
substrates that would otherwise melt [Piazza 2006]. In 1991, Bachmann
introduced a C-H-O diagram (Figure 1.7) [Bachmann 1991], helpful to identify
suitable stoichiometry of these three elements, promoting diamond growth.
Thirdly, the gas phase has to be activated, either thermally (hot filament or
combustion (oxyacetylene torch) techniques), or electrically (by using a DCdischarge, a DC plasma jet or a microwave plasma) [Bachmann 1998]. HF CVD
reactors can coat larger surfaces, while DC plasma jets yields higher growth
rates. Microwave plasma-enhanced CVD (MW PE CVD) strikes the golden mean
and gives a very pure result. The ASTeX® reactors (Seki Technotron Corp.,
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Tokyo, Japan) are of this type (Figure 1.8 a and b). Aixtron and Iplas are
alternative suppliers of MW PE CVD systems. The MW frequency is usually 2.45
GHz (i.e. the same as in a common MW oven), although 915 MHz is also used
(lower frequencies imply longer wavelengths, useful for scaling-up). In a CVD
plasma, the MW electrical field couples directly to the free electrons, which in
turn react with the heavier particles – this in contrast to the process in a MW
oven, where there are no free electrons and the MWs interact directly with the
molecules (especially water). To ignite a MW discharge, the local field strength
has to exceed a certain threshold value. Since this threshold increases with
pressure, the process is started at low pressures and low power [Bachmann
1998]. To maintain the MW plasma, a lower field is required.
At IMO, three ASTeX MW PE CVD reactors for diamond deposition are available.
UNCD or HPHT diamond has to be purchased from commercial sources (e.g.
Element Six, ρ-BeST and Advanced Diamond Technologies).
In plasma, the specific precursors used to introduce the elements C, O and H in
the Bachmann diagram lose their relevance. CH3 is regarded to be the most
important ‘growth species’ in CVD, promoting diamond growth [Wang 1993;
Evans 1996] (Figure 1.8 d). It is formed by reaction of atomic hydrogen with
methane:
CH4 + H* ↔ CH3* + H2

equation 1-1

The reaction in equation 1-1 mainly runs from left to right (energetically most
favourable). Of course there are many competing processes going on in the
plasma, some of them transforming the CH3-radicals into other combinations,
but they will not be discussed here. Atomic hydrogen also strips H-groups from
the deposited CH3-groups: the carbon atom can now be considered as being part
of the diamond lattice, and additional CH3-groups can be deposited on top of it
(Figure 1.8 d).

Figure 1.7: Simplified Bachmann diagram [May 2000].
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b)

c)
d)
Figure 1.8: CVD process for formation of diamond films. a) ASTeX-type CVD
reactor; b) picture of ASTeX-type CVD reactor at IMO; c) schematic
representation of the growth process; d) illustration of the role of CH3 as growth
species. (a, c and d are reproduced from [May 2000].)
1.2.4. CVD parameters and related material properties
We will now focus on the different parameters that influence the bulk properties
of the obtained CVD diamond films: homo- and heteroepitaxy, crystallinity, the
possibilities of tuning the electrical properties by doping, and the optical
properties. The properties that are more related to the surface will be discussed
in a separate section, 1.3.
Substrate choice and homo-, hetero- or non-epitaxial growth
Epitaxial growth means using a substrate with a well-defined crystalline
orientation. ‘Non-epitaxial’ growth refers to growing diamond on substrate
surfaces that are not described by a main crystalline direction (off-axis), and
thus exhibit many step-edges. We will not discuss this here.
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The obvious substrate choice is diamond, a natural or HPHT sample, in case of
which one speaks of ‘homoepitaxial growth’. In this case, the substrate will
guide the deposited C atoms into a continuation of the lattice. This makes it
possible to grow single crystalline diamond (SCD). For ‘heteroepitaxial’ growth,
using a different substrate material yielding polycrystalline diamond (PCD), the
most important constraints are that it should have a closely matching lattice
constant and/or thermal expansion coefficient. (See [Liu 1995] for a list of these
parameters for relevant substrate materials.) Secondary requirements are that
the material should not melt at temperatures required for CVD (> 700°C), does
not deteriorate the diamond either directly by diffusion of substrate atoms into
the growing diamond film, or indirectly by contamination of the reactor walls,
and can withstand the stress due to interaction between the grains, possible
defects, and contact with a material with different thermal expansion coefficient
and lattice constant. During the CVD process there is always tensile stress,
which can – during or long after growth – result in cracking of the film,
delamination, or bending of film and substrate together [Schreck 1998]. Silicon
is organised according to the same crystal as diamond and has a similar thermal
expansion coefficient, so silicon (carbide) is usually the first substrate material
of choice for heteroepitaxy [Jiang 1992; Stoner 1992]. After hetero-epitaxial
growth on Si, one can etch away the Si wafer to obtain a freestanding diamond
sample [Plano 1995]. If optical transparency is required, while removing the
substrate material is not desired (e.g. for very thin films), quartz (SiO2) [Yang
2002b] as well as borosilicate glasses (e.g. Pyrex®) [Piazza 2006] can be used,
or sapphire (Al2O3) [Yoshimoto 1999]. Other possible substrates are cubic boron
nitride (c-BN) [Koizumi 1990], nickel [Belton 1992] and nickel alloys such as
Ni3Si [Efros 1995] and Ni3Ge [Serre 1999], beryllium oxide (BeO) [Argoitia
1993], chromium and cobalt [Haubner 1993], titanium (carbide) [Drory 1994],
platinum [Shintani 1996], iridium [Ohtsuka 1996], molybdenum [Corat 1997],
and tungsten (carbide) [Amirhaghi 2001]. No diamond growth is achieved on
iron or steel, and rhodium, since these substrates catalyse graphite-formation,
while on copper and gold nucleation and adhesion are problematic.
Crystallinity
CVD diamond can be mono- or polycrystalline. SCD samples typically have an
area of (2 mm)², which is rather small to be used for surface-functionalisation
and subsequent characterisation techniques. However, SCD has an atomically
flat surface with a well-defined crystalline orientation, which can be beneficial for
fundamental research. PCD films can be further divided into films showing
columnar growth, and ultra-nanocrystalline diamond (UNCD). (To complicate
matters, in diamond literature ‘polycrystalline diamond’ usually refers specifically
to microcrystalline diamond, showing columnar growth.)
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Polycrystalline diamond is obtained under the conventional growth conditions
described above. It is dominated by columnar growth: a form of evolutionary
competition between the crystallites of different orientations [van der Drift
1967]. Microscope images illustrating columnar growth in diamond may be
found in Chapter 3, Figure 3.46. The relative growth rates of the (100) and
(111) faces has received much attention, and is described by the α parameter
[Wild 1993]. After a certain time, this mosaic of differently oriented crystallites
(called diamond grains) completely covers the substrate, forming a monolithic
film; the PCD film is then said to be coalesced [Plano 1995]. The moment at
which the growth is terminated determines the film thickness, the size of the
diamond grains at the top surface, the grain boundary content of the film, and
the roughness. Scanning electron microscopy (SEM) or atomic force microscopy
(AFM) images show pyramid-like features on the surface (see Chapter 3, Figure
3.9 and 3.34), while the film thickness decreases radially from the centre of the
wafer. For grain sizes below 500 nm the material is called nanocrystalline
diamond (NCD). After a certain thickness, the grain size exceeds 500 nm and
the PCD becomes microcrystalline diamond (µCD) (see Chapter 3, Figure 3.47).
To allow very thin NCD films to be fully coalesced, it is grown with a higher
nucleation density than µCD [Sekaric 2002; Philip 2003].
UNCD films do not show columnar growth. This material is grown from a Hpoor/CH4-rich plasma, to achieve an extremely high rate of re-nucleation [Kohn
1999; Guillen 2005]. In this case, the grain size and roughness are not
dependent on the film thickness. SEM or AFM images reveal a cauliflower-like
surface, with grains sized ~5 nm [Gruen 1999; Williams 2006] (see Chapter 3,
Figure 3.35 and 3.36). The grain boundary content in UNCD is much higher than
in µCD or NCD: ~10% of the material [Zapol 2002].
The crystalline orientation of a diamond film can be determined experimentally
by X-ray diffraction (XRD) measurements (see Chapter 2, section 2.1.7).
Electrical properties and doping
All four valence electrons of carbon are involved in creating bonds in diamond,
whereas only three are required in graphite (section 1.1.1). This causes pure
diamond to be an electrical insulator, whereas graphite is conductive (in the
plane of the sp²-bonded sheets).
Pure diamond has a band gap, EBG, of 5.47 eV (Table 1.1) (Figure 1.9 a). This is
higher than for other group IV elements, like Si and Ge. We introduced the band
gap in section 1.1, in relation to the MOs of sp³-hybridised carbon. In fact, it is
due to the small size of C atoms, that the spatial overlap between MOs of
adjacent C atoms is relatively large. This causes a large energy separation
between the HOMO and LUMO levels, and the large band gap between the VBM
and CBM of bulk diamond. In fact, diamond is the only pure-element wide band
gap material (WBGM), materials with EBG > 2 eV; the other WBGMs include
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silicon carbide (SiC), aluminium nitride (AlN), gallium nitride (GaN) and boron
nitride (BN).
Naturally occurring diamond containing traces of boron, was found to be p-type
semi-conductive [Brophy 1955] (Figure 1.9 c). This suggested the possibility of
in situ doping of diamond during CVD growth, which proved to be more difficult
than for Si and Ge, because the carbon atoms are smaller and the diamond
structure is more rigid. Still, both n- and p-type doping have been mastered, by
introducing low concentrations of either P (group V element with 5 VB electrons,
acting as an electron donor, producing a level around 0.6 eV below the CBM in
bulk diamond) (Figure 1.9 b) [Koizumi 1997; Koizumi 2000; Nesládek 2005] or
B (group III element with 3 VB electrons, acting as a substitutional acceptor,
producing a level around 0.37 eV above the VBM in bulk diamond) (Figure 1.9 c)
[Geis 1992; Yamanaka 2000; Teraji 2005], respectively.

a)
b)
c)
Figure 1.9: Schematic band energy diagrams for bulk diamond that is either a)
undoped, b) n-type doped (at T > 0 K), or c) p-type doped (at T > 0 K).
For PCD, the grain boundaries will strongly influence the electrical properties. In
case of UNCD, using additional nitrogen in the gas phase during growth is known
to generate n-type conductivity with very low activation energy and high
conductivity [Williams 2004], due to mid-band states originating from the grain
boundary region [Williams 2005]. The surface conductivity of H-terminated
diamond surfaces will be discussed in section 1.3.4.
Optical properties
Elements of geometrical optics will be explained in Chapter 2, section 2.1.2.
Here, it is only mentioned that diamond has a refractive index of 2.417 at 589
nm [Edwards 1981]. This high value is accompanied by a strong dispersion,
which is responsible for the ‘fire’ in diamond gem stones, which can be imitated
by cubic zirconia (ZrO2) that also has a refractive index > 2. The rest of this
paragraph is devoted to optical absorption processes that can occur in diamond.
Natural diamond was classified based on its optical absorption properties in 1956
[Clark 1956]. Roughly speaking, type I diamond contains a considerable amount
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of nitrogen, giving the material a yellow colour (Figure 1.11 c), while type II
does not.
Sub-type IIa is very pure, transparent diamond. Of course, all diamond, even
type IIa, absorbs in the UV at energies above EBG (i.e. > 5.47 eV, or < 227 nm),
the principle behind diamond-based UV detectors. The band gap of diamond is
indirect, so apart from absorption of a UV photon, a phonon is required (Figure
1.10 a). Therefore, in UV-spectra the direct band gap at 7.3 eV is more
pronounced [Logothetidis, 1992] (Figure 1.10 b). All diamond also absorbs in
the infrared (IR) due to phonon processes [Davies 2002]. One allowed (twophonon) process is the destruction of one phonon of 335 cm-1 and the creation
of a second of 1275 cm-1. Another allowed (three-phonon) process is the
destruction of one and the creation of two phonons. They give rise to the
absorption of diamond in the IR range between 4000 to 1500 cm-1 (= 2.5 to 6.7
µm). The temperature dependence of this absorption has been studied in detail
[Picirillo 1992]. For thin diamond windows and for low temperatures, the
absorption is still reasonably low at the 10.6 µm (934 cm-1) CO2-laser line
[Davies 2002]. IR photon absorption with the creation of only one phonon is
forbidden by the inversion symmetry of the perfect diamond structure. Sub-type
IIb is blue diamond containing boron, and this can exhibit additional absorption
in the IR due to a one-phonon process [Zhu 1995].

a)
b)
Figure 1.10: a) Calculated band energy diagram for the diamond bulk with
indication of the direct and indirect band gap. (Adapted from [Sque 2007].) b)
Experimental dielectric function of type IIb diamond showing the direct band
gap. (Reproduced from [Logothetidis, 1992].)
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Thus, the optical properties of CVD diamond depend on doping and other
parameters. Apart from blue due to B-doping and yellow due to N incorporation,
more than hundred impurity-related defect centres in the diamond crystal lattice
have been identified as F(arbe) (colour) centres [Zhu 1995]. Most vacancy (V)
defects are caused by another defect, like incorporation of an N atom: the N-V
defect is a very well-known colour centre, which fluoresces in the red with very
good photo-stability. In case of vacancy defects, the colour can be influenced by
putting the diamond in a HPHT environment, thus reducing the lattice defects. In
contrast, irradiation with energetic particles (fast neutrons, deuterons, γ-rays or
1-2 MeV electrons) can be used to add defects, vacancies and interstitial atoms.
Due to annealing at high temperature, the vacancies will be trapped at other
defects, creating additional F centres [Collins 1993]. Ion implantation has a
similar effect [Zhu 1995].

a)
b)
c)
Figure 1.11: a) IMO-grown NCD on Si wafer divided in separate 1 cm × 1 cm
samples, showing interference colours due to the radially varying diamond film
thickness. b) Dark 1 cm × 1 cm sample of UNCD on Si, due to high sp² content,
bought from ρ-BeST. c) Yellow 2 mm × 2 mm HPHT SCD sample, due to high
nitrogen content.
Although undoped, defect-free diamond is transparent in the visual range, all
thin NCD films exhibit bright colours due to interference (very similar in fact to
the colours observed in oil films on water) (Figure 1.11 a); they will disappear
when the film grows thicker. As a last origin of colour, there is the possibility of
a high sp2 (graphite-like) content, making the material brown, as is the case for
UNCD (Figure 1.11 b). The sp³/sp² ratio can be examined by Raman
spectroscopy, a technique complimentary to IR spectroscopy, as well as with
photo-thermal deflection spectroscopy and temperature dependent spectrally
resolved photoconductivity measurements [Achatz 2002].
For applications of diamond in optical biosensors, we sum up that the material is
highly transparent in the range of 227 nm – 2.5 µm, and > 6.7 µm, allowing
optical probing from the backside with visual light, as well as selected ranges in
the IR and UV range.
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1.3. The surface of diamond
The surface of a crystalline material can be defined as its outermost atomic
layer(s); the surface terminates the periodical potential of the crystal lattice.
Broken, unsaturated bonds dangle in free space: ‘dangling bonds’ can
reconstruct themselves, or undergo chemical interactions with the environment,
which can be put to use for bio-functionalisation. At the surface of a
semiconductor, there are often strongly localised states with an energy in the
forbidden gap between VBM and CBM, caused by physi- or chemisorption. The
wave function for a surface state decreases exponentially outside the crystal (in
the vacuum).
While in the previous section the diamond bulk properties were reviewed, also
the surface properties of diamond deserve particular attention. For
functionalisation and bio-applications, the surface plays a more prominent role
than the bulk of the material. Of course both are related: the crystallinity of the
bulk phase will determine the available dangling bonds, and the type of diamond
determines the surface roughness. If we imagine a diamond surface simply as a
truncation of the bulk phase, there will be many unsaturated bonds. These
dangling bonds cause this imaginary surface to have a very high surface energy,
so in reality they will promptly react with each other, or with other species, as
will be discussed further on. First the number of dangling bonds is calculated.
1.3.1. Crystallinity and number of dangling bonds
The number of dangling bonds is determined by the crystalline orientation of the
underlying bulk material. Since this is an important aspect in the
functionalisation of a surface, we will briefly look into this. As mentioned before,
SCD exhibits a well-defined crystalline orientation, that can be referred to by its
Miller indices [Woolfson 1970]: three integers between round brackets (Figure
1.12). In µCD, NCD and UNCD a mixture of orientations occurs, although there
may be a preferential orientation.
There are two dangling bonds per C atom for a (100) oriented surface, while
there is only one for a (110) or (111) oriented surface (Figure 1.12). Based on
this information, we can estimate the total number of dangling bonds on a
surface with an area of 1 cm², the typical size of a sample. This sets an upper
limit to the number of functional groups and biomolecules that can be introduced
to the surface. We will explicitly make the calculation for a (100)-surface. There
are four C atoms at the corners of the cell, which belong for ¼th to the lattice
cell-surface, and there is one atom fully part of the surface. Thus there are four
dangling bonds (from two atoms with each two dangling bonds) per area of a0²
= (0.356 nm)² = 1.26736 × 10-19 m². So there are ~3 × 1015 per area of 1 cm²
on an ideal (100) crystal. This number gives us an estimation for the upper-limit
of binding sites for functional groups or biomolecules; since these molecules are
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a) Each carbon atom of the (100)-surface has 2 dangling bonds.

b) Each carbon atom of the (110)-surface has 1 dangling bond.

c) Each carbon atom of the (111)-surface has 1 dangling bond.
and
= C atoms
Legend:
Figure 1.12: Dangling bonds for the truncated three low-index diamond surfaces
a) (100), b) (110), and c) (111). The dangling bonds belonging to the surface
are indicated in orange, to distinguish them from the unconnected bonds arising
because only a small part of the diamond lattice is shown here.
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larger than the lattice constant, full saturation of all dangling bonds by
biomolecules will never be attained due to steric hindrance. On a diamond
sample with roughness, the effective surface and amount of dangling bonds will
be higher (see next paragraph); also diamond samples with many grain
boundaries and a high sp²/sp³ ratio, especially UNCD, may exhibit a larger
number of available binding sites.
1.3.2. Roughness
Surface roughness can increase the effective area, it can influence the
interaction with biological systems (cells) and both high and low surface
roughness may interfere with certain characterisation techniques (e.g. with
ellipsometry and fluorescence microscopy, respectively). In this thesis the
roughness was measured by AFM (Chapter 3).
Only SCD can have an atomically flat surface. Due to the columnar growth
process, NCD has a considerable roughness, and for µCD the roughness
becomes so high that the surface usually has to be polished. Belgium, and more
precisely Antwerp, having a history as a diamond processing and trading centre,
offers specialised institutes for cutting and polishing diamond: cutting is done by
lasers while heavy polishing is performed traditionally using diamond grit and
olive oil [Wilks 1991]. UNCD exhibits a lower roughness than NCD or µCD, and
does not require polishing.
1.3.3. Surface terminations
Linking biomolecules to diamond is indispensable for the fabrication of diamondbased biosensors. We will now take a look at the available surface terminations
of diamond, since they are the starting point for further functionalisation.
Clean surfaces: reconstructions
On fresh CVD diamond the surface is H-terminated, as will be discussed in the
next paragraph. If the H-layer is removed however (by heating in vacuum,
called annealing), a completely clean surface is obtained, on which the
unsaturated dangling bonds tend to make bonds between the top-layer C atoms
[Fong 1995]. Thus, different surface reconstructions are possible: new primitive
cells occur, different from that of the bulk, and very similar to the surface
reconstructions known on Si and Ge. Terrace-like structures are possible, and
the attachment energy is lower on the step faces, exhibiting an increased
chemical activity.
As an example, the surface reconstructions for an (100) diamond surface are
given in Figure 1.13. The occurrence of C(100) 1×1:2H (Figure 1.13 a) surfaces
is prevented by steric hindrance; rather mixed 1×1:2H and 2×1:H surfaces are to
be expected [Yang 1993]. The double-bonded dimers introduce occupied π– and

20

Chapter 1

a) C(100) 1×1:2H

b) C(100) 2×1:H

c) C(100) 2×1

Legend:
and
= C atoms;
= H atom
Figure 1.13: Surface reconstructions on the (100) diamond surface.
unoccupied π*–states in the band gap; the dimers are spatially separated from
each other, and the surface is non-metallic. For the (111) surface, we mention
the Pandey (2×1) reconstruction [Pandey 1982]: the C atoms at uppermost
positions form zigzag chains, π–bonded as in graphite, and the surface becomes
semi-metallic.
Since surface reconstructions reduce the amount of dangling bonds available for
functionalisation, they will not be discussed further.
H-termination: hydrophobic surface
At the end of a CVD process, the freshly grown film is in contact with a pure Hplasma. Thus, there is no surface-reconstruction; the dangling bonds are
saturated with monovalent H instead. In contrast to Si for instance, the Htermination of a diamond surface is very stable. A diamond sample that has
been used for experiments can be cleaned by putting it in a strongly oxidising
environment (see next paragraph) and back in an H-plasma afterwards. Hterminated diamond is very hydrophobic, as can be seen from wetting
experiments in Chapter 3. Also the electronic properties are quite extraordinary,
as will be described further on.
Oxidation: hydrophilic surface
Oxidised diamond surfaces can be obtained from oxygen plasma, ozone (O3)
treatment or wet chemical treatments. Alternatively, H-terminated diamond can
be oxidised locally by atomic force microscopy (AFM) using negatively biased Au
[Tachiki 2000] and Si cantilevers [Rezek 2003].
For the (100)-(1×1):O surface, e.g. obtained from plasma treatment, the two
most-plausible arrangements are the “ketone” or “carbonyl”, and “ether” or
“bridge” configuration [Fong 1995]. In the ketone conformation, the O atom is
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a) C(100) 1×1:O ketone

b) C(100) 1×1:O ether
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c) C(100) 1×1:OH

Legend:
and
= C atoms;
= O atom;
= H atom
Figure 1.14: The two most plausible (100)-(1×1):O surfaces are shown in a)
and b). An OH-terminated diamond (100) surface is given in c).
double-bonded to a single surface C atom (C=O), with the axis of this carbonyl
group normal to the surface (Figure 1.14 a). In the “ether” or “bridge”
arrangement, the O atom bridges two surface C atoms and makes a single bond
to each (C-O-C) (Figure 1.14 b). The HOMO level in the bridge configuration is
significantly lower than that in the ketone system, making the bridge system the
more stable one (although the former may be metastable) [Sque 2005].
For chemically oxidised diamond surfaces, additional oxygen containing species
are expected, such as hydroxyl (–OH) and carboxyl (–COOH) [Goeting 2001].
These groups are responsible for the hydrophilic character of oxidised diamond
surfaces. We have studied this in some detail, as is reported in Chapter 3,
section 3.1.
Further surface-terminations
In general, diamond is regarded as very inert. Yet, several methods have been
developed to introduce various groups on the surface. In particular, the
termination of diamond by halogens – fluorine and the larger chlorine – has
received some attention in literature. Because H-terminated diamond surfaces
are not very reactive, chlorinated surfaces are interesting intermediates for
further functionalisation.
Mono-fluoride termination of H-free diamond (100) and (111) surfaces has been
achieved by exposure to beams of atomic F in vacuum [Freedman 1994]: atomic
F breaks surface dimer bonds in a similar way as H-atoms. A similar treatment
with beams of chlorine results in a weak chemisorption of Cl on diamond (100)
surfaces [Freedman 1994]. The chemisorption of F, Cl, HF, and HCl on (100)
diamond has subsequently been described by an ab initio study [Hukka 1995].
Hadenfeldt and Benndorf have experimentally observed that F and Cl uptake on
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a (100) surface can be increased substantially by starting with an H-terminated
surface [Hadenfeldt 1998].
A second approach to obtain Cl-termination has been proposed by Miller and
Brown [Miller 1995; Miller 1996]: UV illumination by an Hg-arc lamp of Hterminated PCD and diamond powders in Cl2. In a subsequent step, the
chlorinated surface is UV illuminated under ammonia (NH3) to obtain aminemodified diamond (-NH2 termination). Later, Miller also achieved thiolmodification (-SH termination) by using H2S instead of NH3 [Miller 1999]. Also
various alkenes can be introduced onto the diamond surface via UV irradiation of
H-terminated diamond [Strother 2002], by covering the surface with liquid films
of the appropriate alkenes; this technique was used to prepare diamond surfaces
terminated with carboxyl- and amino-groups. This reaction is similar to the
introduction of alkenes on H-terminated silicon surfaces, where the reaction can
be induced thermally, or by visible (VIS) or UV light [Linford 1993; Linford
1995; Sieval 1998], which allows photo-patterning [Effenberger 1998]. Along
the same lines, Yang et al. published a method for covalent DNA attachment on
NCD and UNCD surfaces [Yang 2002a]. In their approach vinyl groups of organic
molecules (10-aminodec-1-ene protected by trifluoroacetamide, TFAAD) were
UV-linked to the H-terminated diamond surface, by 254 nm light of 0.35
mW/cm² intensity. Thiol-modified DNA could subsequently be tethered to
(U)NCD surfaces, applying a crosslinker, sulfosuccinimidyl 4-N-maleimidomethyl
cyclohexane-1-carboxylate (SSMCC) (Figure 1.15). The principle behind the UV
activation of H-terminated diamond surfaces is discussed in section 1.3.1.4.3.
Ando et al. reported the fluorination of diamond surfaces using CF4 plasma
[Ando 1993] and F2 molecules [Ando 1995]. They obtained chlorinated diamond
in yet another way [Ando 1996]: by thermal reaction of H-terminated diamond
with molecular chlorine (Cl2). They used this as an intermediate to obtain
hydroxyl groups (-OH termination) by treatment with water vapour at RT, amino
groups by treatment with NH3 at 425°C, and -CF groups by treatment with CHF3
at 600°C. The thermal reaction of H-terminated diamond with atomic chlorine Cl
was studied by in [Chaney 1999]: a strong preference of Cl to chemisorb on
(100) diamond is reported. The influence of temperature during the thermal
amination process has been further evaluated by [Sotowa 2004].
A fourth method to chlorinate diamond, by treatment with sulfuryl chloride in
chloroform at 50°C, was used in [Ikeda 1998]. A small fraction of butyl groups
was introduced on the surface, by subsequent reaction of butyllithium dissolved
in tetrahydrofuran at 30°C.
In [Kuo 1999] aromatic groups were introduced onto the surface of B-doped
diamond by the electrochemical reduction of phenyl diazonium salts on the
surface. Diamond powders exposed to NO2 near RT were found to have stably
adsorbed RNOx and ROx species on the surface [Azambre 2005].
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The methods mentioned so far, start from clean or H-terminated diamond. In
contrast, the reaction of silane coupling reagents with oxidised diamond was
reported [Tsubota 2002], and oxidised diamond powders were treated with
thionyl chloride (SOCl2), and subsequently with thymidine and pyridine to
introduce thymidine on the surface, to which DNA could be ligated [Ushizawa
2002].

Figure 1.15: Schematic representation of a diamond functionalisation method,
redrawn from [Yang 2002a]. (Not drawn to scale.)
In short, the above surface terminations give sufficient options for the activation
of diamond surfaces and the subsequent introduction of biomolecules: once
amino-, hydroxyl- or carboxyl-groups are present on the surface, standard
chemical methods involving cross-linkers can be applied to couple almost any
biomolecule one can think of to the surface.
1.3.4. Electronic properties of the diamond surface
The electrical properties of the surface of a solid are different from those of the
bulk. At the surface, local dipoles and associated electric fields arise: charge
accumulation at the outside of the surface is being compensated by opposite
charges inside the semiconductor (space charge). The more charge, the more
the energy bands bend under influence of the electrical field. Moreover, at the
surface additional energy levels inside the band gap may be present.
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Thus, the flat band situation depicted in Figure 1.16 a, where the VBM and CBM
are at equal energies at the surface and in the bulk, does not really occur. In
reality the electronic properties of the surface depend on an interplay between
the electronic properties of the bulk, the termination and the ambient phase.
Before looking into the influence that various terminations and ambient phases
have on the electronic structure, some important definitions are introduced.
The work function, Φ, is defined as the energy difference between an electron at
Fermi level and an electron at vacuum level (energy of an electron at rest, at a
distance of at least ~10 nm of the surface). This is the threshold energy for
photo-electronic emission at 0 K; at temperatures above 0 K, thermionic
emission occurs.
The electron affinity (EA) is the energy required to remove an electron from the
CBM and take it to a vacuum state, of energy Evacuum [Fong 1995]. Or in a
formula, EA = Evacuum - ECBM [Sque 2005]. The ionisation potential (IP) is defined
as the energy required to remove an electron from a material. Thus, IP = Evacuum
– EVBM [Sque 2005]. Substracting the EA from IP gives: IP - EA = (Evacuum –
EVBM) – (Evacuum - ECBM) = ECBM - EVBM = EBG.
In the normal situation ECBM is lower than Evacuum, so the surface is said to exhibit
positive electron affinity (PEA). If ECBM is above Evacuum, the special case of
negative electron affinity (NEA) occurs [Bell 1973]. The surface layer then acts
as an ’electron well’, where thermal electrons with an energy as low as ECBM can
escape from, with an excess energy of |EA|. A direct way to measure whether
NEA occurs on a certain sample, is thus to photo-excite VB electrons to the CBM,
using hν ≥ EBG, and monitor the electron emission [Fong 1995]. The NEA
phenomenon offers surface conductivity provided that the surface is in contact
with a material of high EA, as will be discussed first, and special possibilities for
chemical functionalisation of the surface, as will be made clear further on. Thus,
H-terminated diamond and the associated NEA is very interesting for the
preparation as well as the electrical read-out of biosensors.
H-terminated surface in air
The H-terminated diamond surface, be it in vacuum or air, exhibits NEA (Figure
1.16 c). This comes about due to the higher electron affinity of carbon as
compared to hydrogen, giving rise to Cδ-—Hδ+ dipoles at the surface of Hterminated diamond [Cui 1998]. This causes upward band bending in a thin,
near-surface layer inside the diamond. Moreover, in 1989, a substantial
conduction on the surface of H-terminated diamond was reported [Landstrass
1989] (both on SCD and PCD). In 2000 it was settled that apart from Htermination, exposure to air is also essential for the surface conductivity [Maier
2000; Szameitat 2000], and it is now agreed upon that the adsorption of a thin
layer of atmospheric water is essential for the effect. However, the topic of this
type of surface conductivity on diamond is still under debate in the diamond
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conductivity, making the sessions on H-termination among the most interesting
ones. Here, an attempt is made to summarise what has been cleared up so-far.
Following the ‘transfer doping model’ of [Maier 2000], holes are injected by
acceptors located at the surface (instead of inside another host lattice, which is
the common transfer doping process). It is the initial difference between the
(lower) chemical potential of the adsorbed water layer, µ, and the (higher) Fermi
level inside diamond, that will cause electrons to be extracted from the diamond
surface into the adsorbate layer (Figure 1.16 d). According to [Gi 1995; Maier
2000], the red-ox reaction associated with this process is the hydronium/
hydrogen couple:
2H3O+ + 2e- ↔ H2 + 2H2O

equation 1-2

Later, a different red-ox couple has been suggested by others [Foord 2002;
Angus 2004] , the oxygen/hydroxyl couple:
O2 + 2H20 + 4e- ↔ 4OH-

equation 1-3

Both red-ox reactions imply that the more acidic the adsorbate is, the more
holes are created and the higher the surface conductivity will be. Of course, it is
possible that both reactions occur and an equilibrium is established [Ristein
2008]. In any case, electrons that are released in the adsorbate layer will leave
behind hole states inside the diamond near the surface, causing upward band
bending (Figure 1.16 e). Thus, the carriers for the observed conductivity are
holes residing in an accumulation layer near the surface: the transfer doping
model predicts a quasi-two dimensional (2D) hole gas at the diamond surface.
Before the development of this transfer doping model, the p-type nature of the
surface conductivity had indeed been verified experimentally by Hall-effect
measurements [Hayashi 1996; Looi 1998]: Looi et al. reported a high Hall
mobility of the carriers: > 70 cm²/(V.s), comparable to the value for B-doped
SCD. The surface density of p-type carriers responsible for this conductivity is
about 1013/cm². The 2D conductivity can occur on undoped or p-type diamond,
while H-terminated type Ib diamond surfaces do not show surface conductivity,
due to the presence of substitutional N which acts as a compensating donor for
the surface acceptors, suppressing hole accumulation [Maier 2001].
Thus, H-terminated diamond surfaces in a suitable environment can be used as
electrodes, and diamond-based transistors can be fabricated based on this ptype surface conductivity by combining conductive H-terminated and nonconductive oxidised regions [Banno 2002; Garrido 2003]. This will be discussed
in the next paragraph.
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a)

b)

c)

e)
d)
Figure 1.16: Band energy diagrams for diamond surfaces (undoped bulk). a)
Imaginary truncated bulk diamond, before any surface reconstruction could take
place: flat band situation (highly unstable). b) Oxidised diamond surface,
exhibiting downward band bending inside the diamond near the surface, due to
the higher EA of O as compared to C. The CBM is below Evacuum: PEA (stable). c)
H-terminated diamond surface in vacuum. Due to the lower EA of H as compared
to C, there is upward band bending inside the diamond near the surface. The
CBM is above Evacuum: NEA (stable in vacuum). d) A non-equilibrated Hterminated diamond surface in contact with an adsorbate layer formed in
ambient air. The Fermi level of diamond is higher than the chemical potential of
the adsorbate layer: this situation is not stable. Electrons are emitted to the
adsorbate layer, as described by the ‘transfer doping’ model. e) Equilibrated Hterminated diamond surface in contact with an adsorbate layer. The emission in
d) stops once µ equals EFermi. The emitted electrons have left behind holes in the
surface layer; the accumulated holes cause p-type surface conductivity.
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H-terminated surface in electrolytes: ISFETs and pH sensitivity
Groups have been trying to develop pH-sensitive field effect transistors (FETs)
on diamond since 2001 [Kawarada 2001; Garrido 2005; Nebel 2006]. However,
there was not much agreement among their findings. Only recently, this
situation has been resolved by [Dankerl 2008], as will be discussed now.
When an electrolyte is in contact with a diamond surface, band bending occurs
upon equilibration, similarly as explained before for an adsorbate layer.
However, when the diamond sample in contact with an electrolyte is used as a
working electrode (contacted by a back-electrode) and reference and counter
electrodes are applied in the solution, the Fermi level of the diamond can be
adjusted by applying voltages: in this case there is no thermodynamic
equilibrium between the charges in the diamond and in the electrolyte!
Measurements with ion sensitive FETs (ISFETs) indicate that an increase of the
protons in the electrolyte causes a lower hole concentration (which is precisely
the opposite as what would be expected from the transfer doping model, see
previous paragraph). It is important to note that such ISFET measurements
cannot prove or disprove the transfer doping model, because it is not applicable
under non-equilibrium conditions [Ristein 2008]. Moreover, Dankerl et al.
clarified that the Pt electrode potential is also pH dependent, overcompensating
the pH sensitivity of the H-terminated diamond surface [Dankerl 2008].
Thus, earlier publications of diamond pH sensitivity using Pt reference electrodes
show the erroneous sign for the effect (i.e. surface conductive drops with pH)
[Kawarada 2001; Nebel 2006]. An Ag/AgCl reference electrode (or any electrode
with a non-pH-dependent voltage) should be used instead. In this case, surface
conductivity rises with pH, e.g. +15 mV/pH [Dankerl 2008]. Thus, provided the
electrodes are chosen with care, H-terminated diamond can be used as a pH
sensor (Figure 1.17). This is the principle behind diamond-based FETs. The
ISFET has been introduced in 1970 [Bergfeld 1970]: originally, it was a siliconbased device, much like a metal-oxide-semiconductor FET (MOSFET), yet with
an electrolyte and reference electrode acting as the gate (replacing the metal
layer). ISFETs can be applied to measure pH or ions in electrolyte solutions, or
can be adapted for biosensing: these modifications go by different names, like
enzyme-FET (ENFET) and immuno-FET [Janata 1976]. Meanwhile, also diamond
ISFETs have been realised [Kawarada 2001; Song 2003; Kanazawa 2003; Sakai
2003; Garrido 2005; Härtl 2007], and again biomedical applications are aimed
at. An alternative approach to transistor structures are capacitive electrolyte–
diamond–insulator–semiconductor (EDIS) structures with an Ag/AgCl reference
electrode [Christiaens 2007]. Silicon-based EDIS structures were employed for
constant–capacitance (ConCap or IsoCap) measurements [Poghossian 2004],
and the pH sensitivity of H-terminated as well as oxidised NCD surfaces was
established (although the presence of pinholes in the NCD film was not
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b)
a)
Figure 1.17: Band energy diagrams for H-terminated diamond surfaces in an
ISFET set-up. Depending on the pH and Fermi level EFermi, the hole accumulation
at the diamond surface is influenced. Situation a) for low pH, and b) for high pH.
excluded) [Christiaens 2007]. The field effect can be employed in real-time
hybridisation and denaturation measurements with electronic read-out, as will
be described in Chapter 3 (section 3.4).
H-terminated surface in contact with alkenes under sub-band gap light
Apart from showing surface conductivity, the H-terminated diamond surface
exhibits another special property: it allows photo-chemical reaction of alkene
molecules under sub-band gap UV illumination (254 nm or 4.88 eV). Various
alkenes have been introduced onto the diamond surface via this method
[Strother 2002; Yang 2002a], as was already mentioned higher. We will discuss
here how sub-band gap light can activate the diamond surface. For simplicity,
undoped diamond will be considered. The photo-attachment is indeed effective
on undoped diamond [Shin 2006], and from this electron transport through the
bulk can already be excluded.
Despite the upward band bending, the energy difference between the VBM and
CBM at the surface is still equal to EBG 5.47 eV. Clearly the UV photons have not
enough energy to excite VB electrons into the CB, where they could be emitted
(above the vacuum energy level, due to NEA) and cause a chemical reaction.
A second option to check is whether the UV light can cleave the C-H bonds. The
bond energy of C-H is 4.1 eV [Kotz 1999], which does not match with the
energy of 254 nm photons: indeed, no direct cleavage of the C-H bonds under
254 nm illumination has been observed in [Nichols 2005]. In this paper, two
different pathways were envisaged for electronic ejection into the alkene
containing liquid phase: either excitation from surface states, slightly above the
VB, to the CB, followed by diffusion and emission, or direct photo-emission from
the VB to the vacuum level, without passing through the conduction band. In
this article, they also presented the energy levels of the alkene molecule TFAAD
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used in [Yang 2002a]: the unoccupied π*–states of this molecule are found to
have an energy almost equal to that of the vacuum level. Ab initio densityfunctional calculations have sown that H-termination introduces “several
unoccupied surface states below the bulk conduction band” [Sque 2005]. In
other words: on H-terminated diamond less energy than EBG 5.47 eV is required
to excite electrons from the VBM into those surface states. Based on this finding,
Shin et al. conclude that the optical excitation of VB electrons, located maximum
~2 nm from the outermost surface, electrons into empty, H-induced surface
states (with energies slightly above vacuum level) triggers the covalent bonding
of alkenes [Shin 2006]. These states have sub-second life-time; from them,
electrons can tunnel into unoccupied π*–states of liquid phase alkene molecules.
Nichols et al. derive that only 1 out of 1000 photo-excited electrons results in
surface bonding [Nichols 2005]; Shin et al. report a quantum efficiency of 1 in
1600 [Shin 2006]. Figure 1.18 gives a schematic representation of the involved
energetic transitions, based on [Nichols 2005; Sque 2005; Shin 2006].

Figure 1.18: Photo-excitation of valence band electrons using 254 nm, sub-band
gap illumination into H-induced states and subsequently into empty π*-states of
alkene molecules.
The higher the sp2–content of the diamond, the more additional surface states
are present that allow for excitation into the liquid phase energy levels.
Therefore, more alkene molecules can be attached to UNCD, than on NCD, than
on µCD, than on SCD. However, the higher mentioned articles indicate that the
process is possible on very pure, H-terminated SCD.
Oxidised diamond surfaces
Since oxygen has a higher electron affinity than carbon, the surface dipoles on
oxidised diamond are oriented opposite as compared to H-termination: Cδ+—Oδ-.
This is true for both the ketone and ether conformation, while –OH groups
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introduce a small opposite dipole moment [Sque 2005]. For the etherterminated surface, the bands are bended downwards, by about the same
amount as the upward band bending on H-terminated diamond [Sque 2005]
(Figure 1.16 b). The CBM is below the vacuum level, corresponding to PEA.
Consequently, oxidised diamond is not surface conductive, even if the same
adsorbed species are present as on H-terminated diamond [Szameitat 2000].
Also the surface functionalisation by alkenes under sub-band gap UV light will
not be possible. Yet, some transfer doping is theoretically possible on an OHterminated diamond surface when it is brought in contact with an ambient phase
of very high EA [Sque 2005].
Metallised diamond surfaces
The field emission properties of H-terminated diamond due to NEA can be
enhanced due to metallisation, with Na, K or Cs [May 1998]. Also some resins,
such as phenol-formaldehyde, are found to have this effect, enhancing the field
effect due to polarisation [Rezek 2008]; moreover, these resins stabilise the EA
value that can otherwise change considerably for surfaces in contact with
ambient air [Gi 1995].
In a Schottky contact, the semiconducting diamond surface is in contact with a
metal. This situation is analogous to Figure 1.16 b, where the role of µ is now
played by the Fermi level of the metal. The Schottky barrier height (SBH) is
defined as the difference between the Fermi level in the metal and the VBM at
the (semi-conductive) diamond surface. It has been reported that Au forms a
Schottky barrier when deposited on semiconducting diamond [Tachibana 1992].
The same counts for Al [Garrido 2002]. However, this behaviour is rarely
observed and Ohmic contacts are more usually reported [Looi 2000].

1.4. DNA sensors
This section is about biosensors that use layers of end-tethered
desoxyribonucleic acid (DNA), or so-called DNA brushes, as the sensitive and
selective element. First some properties of the DNA molecule will be reviewed.
1.4.1. Carbon and biopolymers
While carbon in its pure form is fascinating, existing in such different forms as
diamond, graphite and fullerenes, the versatile chemical combinations of the
element, studied in organic chemistry, are fascinating all the more so. The term
‘organic’ reveals the importance of carbon in biological systems. As Bill Bryson
puts it [Bryson 2004]: “Carbon is only the fifteenth most common element,
accounting for a very modest 0.048 per cent of Earth’s crust, but we would be
lost without it. What sets the carbon atom apart is that it is shamelessly
promiscuous. It is the party animal of the atomic world, latching on to many
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other atoms (including itself) and holding tight, forming molecular conga lines of
hearty robustness – the very trick of nature necessary to build proteins and
DNA.” The importance of those ‘conga lines’ is also appreciated by Primo Levi
[Levi 1984]: “Carbon, in fact, is a singular element: it is the only element that
can bind itself in long stable chains without a great expense of energy, and for
life on earth (the only one we know so far) precisely long chains are required.”
Long, singly-bonded C chains occur because the C-C bond is stronger than
bonds to other elements and because two single bonds (2×346 kJ/mol) are
stronger than one double bond (610 kJ/mol) and three single bonds (3×346
kJ/mol) are stronger than a triple one (835 kJ/mol) [Kotz 1999]. The first reason
does not apply to Si, while the second does not hold for O or N. Moreover,
hydrocarbons (C-H bonds) are very stable at RT and energetically favourable as
compared to C-O bonds (with bond energies of 413 and 358 kJ/mol, respectively
[Kotz 1999]). These chains are present in fatty acid molecules for instance,
which were used in this thesis as a linker molecule for coupling DNA to diamond
(Chapter 3). Around single covalent C bonds rotation is still possible, giving the
linear C chain a three-dimensional conformation, usually represented as a zigzag
in a drawing (see e.g. Chapter 3, Figure 3.10).
Biological macromolecules, such as DNA and proteins, consist of four types of
carbon-containing building blocks: nucleotides, amino acids, sugars, and lipids
[Galla 1988]. The sequence of these monomers, covalently kept together in the
biopolymer, determines its primary structure. Non-covalent forces, such as Hbonds and van der Waals forces (collectively called ‘weak interactions’), account
for additional inter- and intra-molecular structures: the secondary, tertiary and
quaternary structure. We will focus here on DNA. The main biological function of
DNA is to code for the sequence of amino acids in proteins.
DNA structure and basic properties
The primary structure of DNA is determined by the linear sequence of its
nucleotides (nt): a combination of a heterocyclic base (adenine A, thymine T,
cytosine C, or guanine G), a sugar (pentose deoxyribose or ribose) and a
phosphate group [Devlin 1992]. The chain of sugar-phosphate groups forms the
backbone of the DNA molecule; one end with a phosphate group is called the 5’side, while the other with an OH-group is called the 3’-side. The bases have two
or three sites for H-bonding, and can be paired as adenine=thymine (A=T), and
the more stable cytosine≡guanine (C≡G) (Figure 1.19 a). Base pairing accounts
for complementarity – each DNA-strand has one perfect complement that it can
couple to by H-bonds if both strands are oriented anti-parallel (with the 5’-side
of one strand corresponding to the 3’-side of the other, and vice versa) –, and
for the ability of DNA to copy itself, and to be inherited biologically from parent
to child: the basis for genetics. The energy contributed by each H-bond in a DNA
molecule surrounded by water has been estimated as 0.8–1.6 kcal/mol [Fersht
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1987], or 35-69 meV per bond. The mass of an A=T base pair is 613.4 a.m.u.,
and that of C≡G is 616.4 a.m.u. [Stewart 1997]. (a.m.u. stands for atomic mass
unit, or 1.66 × 10-27 kg; in biochemistry this unity is also referred to as Dalton.)
Because the bases (b) are hydrophobic, the flat base pairs (bp) stack together
like plates, reducing the interaction with the surrounding water [Devlin 1992].
Moreover, this stacking is stabilised due to the exchange of π–orbital electrons
above and below the plane of the ring structure. The bp stacking causes the
secondary structure, of which the best-known was discovered in 1953: the
Watson-Crick double helix (B-type DNA) [Watson 1953] (Figure 1.19 b). B-type
DNA molecules consist of two complementary DNA-strands that turn around a
common axis dextrorotatory. The space between the backbones of both strands
is not equal throughout the helix: there is a wider, major groove and a smaller,
minor groove. The double helix turns over ~10 bp. The vertical rise per bp is
0.34 nm, the diameter is 2 nm and the twist angle between the bases is around
34.90° [Calladine 1997]. The double helix (or duplex) is additionally stabilised
by van der Waals interactions. In fact, there is more than one duplex
conformation: there are at least six different DNA structures, called A-, B-, C-,
D-, E- and Z-DNA, of which only A-, B- and Z-type are found in nature [Wolfe
1993].
Although tertiary structures (supercoiling) play an important role in the cell
(required to pack such a long polymer in a very confined volume), they are of
little importance for short, end-tethered DNA-probes as described in this work.

a)
b)
Figure 1.19: a) Primary DNA structure: sequence of bases connected to a
phosphate-deoxyribose backbone can form H-bonds to its complementary
sequence. b) The best known secondary DNA structure: the B-form double helix.
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Optical properties of DNA
It is well-known that DNA absorbs UV, a process that can damage DNA and
cause cancer in living organisms [Sprecher 1979; Kielbassa 1997; Sinha 2002].
Thus, first we will summarise the absorptions of DNA in the UV spectral range
that have already been reported in early literature. The lowest electronic
transition is found at 4.47 eV (277 nm) assigned to an n-π* transition
(representing an orbital change from non bonding to anti-bonding) in the DNA
bases, which discriminates between the ss and ds conformation of DNA
molecules [Rich 1960; Fresco 1961]. There is a second absorption band at 4.74
eV (261 nm), which is assigned to the π-π* electronic transitions (representing
an orbital change from bonding to anti-bonding) of the single DNA bases
[Inagaki 1974; Hinrichs 2005]. In the higher energy range the absorption
structures are dominated by mixed π-π* and σ-σ* electronic transitions which
belong to both single bases and sugar phosphate groups [Inagaki 1974]. Above
7 eV there is a steep increase in the absorption, mainly due to σ-σ* transitions
of the phosphate groups [Inagaki 1974]. Because the transition dipole moments
corresponding to the mentioned transitions have a well-defined spatial
orientation, in principal the molecular orientation can be deduced, as was
applied in this thesis for DNA end-tethered to diamond surfaces (Chapter 3,
section 3.5).
DNA also absorbs in the IR spectral region: the ‘amide I’ band is related to
vibrations of amino and carbonyl groups [Moses 2004; Lee 2006]. While films of
individual DNA bases typically have stronger IR absorptions [Hinrichs 2005], a
decrease in intensity as well as frequency shifts upon base pairing are observed
in entire DNA [Liu 2006; Banyay 2003].
Electrical properties of DNA
B-type DNA in physiological conditions (neutral pH and relatively high salt
concentrations) exhibits a pronounced negative charge of 2e-/bp, because the
phosphate groups at the outside of the helix are fully ionised [Lehner 2005].
Due to electrostatic interactions, cations are attracted to the negative charges
on the DNA molecule; they are restricted to a certain region around it (called
counter ion condensation) [Manning 1979]. Thus, the effective charge is lowered
due to screening by counter ions, by about 76% [Lehner 2005]. The remaining
net charge can be put to good use in DNA sensors with electrical read-out: the
initial layer of probe ssDNA has a charge, which is essentially doubled after
hybridisation.
So DNA is charged, but whether the molecule is also conductive is a question
that is still under debate; it has been reported to be a conductor, an insulator, a
semiconductor and even a superconductor [Kasumov 2001]. dsDNA is a medium
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for efficient transport of electrons - the charge transport occurs in the
conjugated system (π-stacks) of the stacked bp. Oxidative DNA damage
mediated by the bp stack can occur over 20 nm away from the position of the
oxidant; the structure and sequence of the DNA-strands have an influence on
the charge transport [Boon 2002]. It has also been reported in the literature
that ssDNA is less conductive than dsDNA [Kelley 1999]. Whether there is a
physiological function for this DNA-mediated charge transport is not cleared-out
yet.
DNA flexibility and polymer physics
In this paragraph, some of the thermodynamic principles governing adsorbed
layers of DNA will be discussed, based on the considerations in [Lyklema 2000;
Pierres 2000] and worm-like chain (WLC) theory.
Coiling behaviour of long DNA polymers
Oversimplifying and disregarding the electric charge of the DNA polymer for one
moment, we can model a set of long, identical DNA molecules in a solvent as an
assembly of identical, flexible chains with negligible thickness and no interaction
between the segments or with the solvent molecules. For this simplistic model
the polymer conformation can be described as a random walk, with a Gaussian
distribution function. DNA molecules have high conformational entropy in
solution, like any polymer, because there are many possible molecular states for
the chain elements. For the simple model, the partition function, Zp, counting all
the possible conformations, i, while accounting for their energies, Ei, can be
calculated analytically:
Z p = ∑ e − Ei

k BT

i

equation 1-4

Here, kB is Boltzmann’s constant and T is the absolute temperature. From the
partition function, the free energy, FE, is easily obtained:
FE = − Z p ⋅ k BT

equation 1-5

For a random-walk polymer, also the root-mean-square (RMS) end-to-end
distance, RRMS, can be calculated from the number, N, of separate segments of
length, a, in each DNA molecule:
RRMS = a ⋅ N

equation 1-6
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Of course, the total DNA contour length, L, equals a×N. A different way of
describing the expansion of the molecular coil in a solvent, is by the radius of
gyration, RG, equal to RRMS/√6. Because this was introduced by [Flory 1953], the
radius of gyration is also referred to as the Flory radius. A slightly more
advanced model is obtained by taking into account structural constraints,
hindering the rotation of intersegment bonds. This may easily be overcome, by
choosing a larger effective segment length, and lower N [de Gennes 1979]. The
issue of what to choose as the segment length for DNA is discussed further on.
Moreover, Flory reasoned that RRMS and RG should not only depend on the length
of the polymer, but also on the quality of the solvent. Therefore, he introduced
an empirical parameter, χ [Flory 1953]. If χ is lower than ½, the polymersolvent interactions are energetically favourable, the polymer will expand (swell)
and RRMS is proportional to N0.6, rather than to N0.5 [Schaefer 1990; Doi 1992].
One speaks of a good solvent. In this case, the non-overlap condition of
segments can be accounted for by excluded volume effects: this is the model of
the self-avoiding walk. A bad solvent is described by a χ-value higher than ½:
the polymer-solvent interactions are energetically unfavourable, RRMS is
proportional to N0.3, thus the polymer collapses and phase separation may occur.
For both cases, the partition function cannot be determined analytically
anymore. Usually self-consistent mean field theories are applied to describe such
polymers, which has the disadvantage of giving numerical results only. (This
approach is very comparable to the Hartree-Fock self-consistent molecular field
molecules in quantum chemistry.) Scaling laws are better suited to get
qualitative insight in polymer behaviour [de Gennes 1979]. For χ precisely equal
to ½, the polymer is said to be in a θ-solvent and the earlier described, simple
Gaussian, random-walk approximation still applies. It should be well-understood
that even for an ideal random-walk polymer, the typical conformation is not
spherically symmetric [Kuhn 1934; Triantafillou 1999; Haber 2000].
For polyelectrolytes including DNA, typically aqueous solutions form a good
solvent, associated with a large Flory radius. Other electrolytes (salt ions) in the
solution will screen the inter-segment repulsion, decreasing the Flory radius.
Experimentally it is confirmed that the conformation of isolated DNA chains in
aqueous solutions under physiological conditions is governed by excludedvolume interactions (due to electrostatic repulsion), and the Flory radius is found
to be RG ~ N0.57 [Lehner 2006].
Flexibility of DNA and worm-like chain (WLC) theory
When we look at very short DNA strands (a few b or bp), we cannot expect the
molecule to form a coil: at some length scale it will more resemble a stiff rod.
The flexibility of DNA and the length scales involved are the subject of many
theoretical and experimental studies. Molecular dynamics simulations of DNA
molecules, based on classical WLC theory and adaptations thereof [Mazur 2007;
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Wiggins 2006a], are in good agreement with recent experimental findings, such
as cyclisation studies [Cloutier 2004; Du 2005], bending force measurements
based on magnetic tweezers and single-molecule fluorescence microscopy
[Shroff 2005], as well as AFM studies of DNA layers lying flat on mica [Wiggins
2006b].
An important parameter in WLC theory is the persistence length, lp: it is the
length over which the average bend due to thermal excitations equals 1 rad. The
persistence length is experimentally found to be ~2 nm for ssDNA [Tinland
1997; Mills 1999] and ~50 nm for dsDNA under physiological conditions
[Hagerman 1988]. Taking into account that the negatively charged phosphate
groups repel each other, one could expect the DNA to be much stiffer (higher
persistence length). However, the charge is screened by counter ions, making
the ds molecule more flexible [Devlin 1992]. It has experimentally been
observed that the stiffness of DNA decreases with increasing salt concentrations
and saturates for salt concentrations > 20 mM [Maret 1983; Baumann 1997].
Thus, the electrostatic inter-segment repulsion does not dominate at
physiological conditions.
Clearly, the flexibility and the coiling behaviour are related: both increase with
increasing salt concentration. The relation between WLC and the coiling
behaviour explained higher will now be quantified. The ratio of the total DNA
length L divided by lp can be regarded as a measure for the flexibility of the
molecule: the smaller the fraction the more it behaves like a stiff rod; if the
fraction is considerably higher than unity, the molecule will more behave like a
flexible polymer and coil-up, as discussed before. An appropriate choice for the
segment length in the formula for the RMS end-to-end distance, RRMS (equation
1-6), or the Flory radius, RG, is the double of the persistence length, as defined
by WLC. Here, “the factor of 2 can be interpreted as an indication that
orientational memory takes place in two directions”, according to [Lehner 2005].
Taking 2⋅lp for a and denoting the total DNA length N⋅lp as L, we obtain:
RRMS = 2l p ⋅ L
RG =

lp ⋅ L
3

equation 1-7
equation 1-8

1.4.2. DNA sensors
A DNA sensor is a specific type of biosensor: a device for the detection based on
and/or directed towards a biological component (Figure 1.20). In general, the
detection is done by selective, biological receptors (probes) such as enzymes,
antibodies, DNA, membranes or cells, or by synthetic receptors as is the case
with molecularly imprinted polymers (MIPs). In the case of a DNA sensor, the
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Figure 1.20: General structure of a biosensor. A biological receptor layer is
immobilised on a physical transducer, usually involving a linker layer. When the
receptors recognise their target, the transducer will translate this event into a
physical output signal; ideally other analyte components trigger no signal at all.
receptor part consists of a layer of end-tethered ssDNA probes. The detection is
aimed at the biological complement (target) of the receptor: the lock-and-key
type interactions provide high sensitivity and specificity to the sensor. DNA
sensors are affinity biosensors that detect the hybridisation – (or sometimes the
destruction thereof, called denaturation or melting) of unknown test ssDNA to
the known probe ssDNA layer on the sensor surface. Short probe or test ssDNA
strands are often referred to as oligonucleotides, or oligos in short. To hold the
receptors fix and to allow the read-out of possible recognition events, the
receptors are immobilised by physisorption or covalent bonds, usually involving
linker molecules, onto a physical transducer. Transparent transducer materials
like glass and quartz, usually coated with poly-L-lysine, are interesting for
biosensors with optical read-out (e.g. colourimetry or fluorescence), while
conducting or semi-conducting substrates like gold and silicon allow electronic
read-out (e.g. voltammetry, impedimetry or FET measurements). As was
already extensively documented in this chapter, CVD diamond has favourable
properties for both types of measurement. Of course, the stability of the
transducer-receptor coupling is a primal concern, especially in the design of a
reusable sensor or for continuous read-out. Again, the coupling to diamond has
a major advantage, since a very stable carbon-carbon bond can be established.
DNA sensors are used for gene discovery, disease diagnosis, pharmacogenomics, and toxicogenomics [Young 2000]. The smallest difference in the
primary structure of two DNA strands is a difference in just one base (1mismatch). If such a point-mutation is prevalent in at least one percent of the
population, it is called a single nucleotide polymorphism (SNP, pronounced as
‘snip’) [Snp web]. Many SNPs in many genes have been identified so far. They
can be silent (without any effect), or cause harmless variations (e.g. affecting
eye or hair colour). However, some are related to serious diseases: sickle-cell
anaemia is caused by a SNP of the β-globin gene and is inherited in the
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autosomal recessive pattern [Devlin 1992], cystic fibrosis (or mucoviscidosis) is
caused by one particular SNP in 70% of all cases, and for ankylosing spondylitis
(or Bechterew’s disease) SNPs have been identified in three genes [Snp web].
Hence, the intended sensitivity of a DNA sensor is to distinguish between fully
complementary target ssDNA and 1-mismatch ssDNA.
Classical methods for the detection of DNA based on the principle of DNA
hybridisation are Southern [Southern 1975] and Northern blotting [Alwine
1977], denaturing gradient gel electrophoresis [Borresen 1988], and micro
array-based gene analysis [Schena 1955]. In these cases, detection of the
hybridisation event usually involves labelling of the target ssDNA molecules with
a radioactive or fluorescent label. This fact, combined with long reaction times
(hours to days) and the need for expensive equipment, results in an overall high
cost of these techniques. More recently, methods such as surface plasmon
resonance (SPR) [Peterson 2001] and quartz crystal microbalance (QCM) [Su
2004] have received increased attention. These eliminate the need for target
labelling and exhibit high sensitivity. However, a major drawback remains with
the requirement of trained staff. This explains a general interest in the
development of fast and inexpensive DNA-based biosensors in literature [Turner
1995; Dong 2002; Malhotra 2003; Moreno-Hagelsieb 2004; Davis 2005]. To
increase the detection speed, DNA sensors usually come in an array format: a
large number of different DNA probes is present on each sensor (then called a
DNA chip, gene or genome chip, or DNA micro-array). The separate areas with
DNA are produced by spotting techniques and/or photo-lithography [Cheung
1999]. Commercially available DNA micro-arrays use quartz substrates and
fluorescent-labelling (Affymetrix, Santa Clara, US) or SPR (Biacore, Uppsala,
Sweden); so-far none use CVD diamond.
For any type of DNA sensor, it is important to produce layers of terminally
attached DNA molecules on a surface, DNA brushes, where probe ssDNA is
immobilised on a solid support and coupled (hybridised) to target ssDNA
molecules from solution. Therefore, the next paragraph is devoted to this topic.
DNA brushes
The preparation, characterisation and understanding of layers of terminally
attached DNA molecules are important factors for improving genetic assays. For
good sensor functioning (hybridisation), in particular the density and the
orientation of the DNA molecules in the sensing layer are important parameters.
When DNA molecules are adsorbed to a surface, there are less possible
molecular states as compared to when they are freely floating in a solvent
(Figure 1.21 a), reducing the conformational entropy. In other words, the
adsorption will not occur spontaneously: it requires attraction of the molecules
by the surface, mostly from electrostatic origin. The segments in adsorbed DNA
molecules may form trains, loops and tails [Lyklema 2000; Pierres 2000]. Trains
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are segments that are directly adsorbed to the surface. Loops are held to the
surface by two trains at the end; since they are completely surrounded by
solvent, their extension is related to the Flory radius. Again, the presence of
salts can have a big influence, since they screen the electrostatic interactions
between the DNA segments and the substrate, hindering the absorption.
In DNA sensors however, it is aimed for to have all molecules end-tethered, in
the tail conformation, with only one end connected to the surface. Once
numerous tails have been immobilised, the tails will stericly hinder further
attachment, requiring even more energy. Since we aim for covalent attachment,
we can produce denser DNA layers: once the number of immobilised molecules
reaches the number that could be adsorbed, the further attachment rate will
decrease but not become zero, since the sporadic trapping of an additional
molecule to the surface cannot be compensated by the release of another.
An important distinction is to be made between ‘dilute’ and ‘dense’ layers of
end-tethered DNA. We will call the layer ‘dilute’ when the spacing, D, between
neighbouring DNA anchoring points is comparable to or larger than two times
the Flory radius, which implies that the strands cannot interact substantially
(Figure 1.21 b). This polymer conformation is said to be mushroom-like [de
Gennes 1979] and the polymer layer thickness, T, is approximately equal to the
Flory radius of the free polymer [de Gennes 1980]. This situation has been
described analytically: first neglecting excluded volume effects [Dolan 1974],
and later including them [Dolan 1975]. Experimentally, the Flory radius of endtethered dsDNA molecules in a dilute layer has been found to be equal to that of
the free molecules [Lehner 2006]. When the DNA is in a dense layer, with D
smaller than 2⋅RG, the molecules do interact, and the conformation and
orientation of the molecules can become strongly affected by these interactions
(Figure 1.21 c). This type of polymer layer is called a polymer brush [de Gennes
1987; de Gennes 1988]. Neglecting excluded volume effects, the scaling law for
the polymer layer thickness, T, in a good solvent is:
T ~ N ⋅ a5/3 / D2/3

equation 1-9

From WLC theory, we clearly see that dsDNA molecules are more rigid in
structure than ssDNA molecules of the same length (characterised by a higher
persistence length of the former.) Flexible ssDNA probes display a greater
tendency towards multiple attachment sites on a surface, implying that for long
probe ssDNA a low hybridisation efficiency is to be expected [Steel 2000]. Thus,
apart from the layer density, also the DNA probe length is an important factor to
be optimised in the development of a DNA sensor. For layers of short DNA (L ~
lp) no coiling is expected. Instead, the molecules are almost straight and the
steric interactions in case of a dense layer may result in a tilt angle, θtilt.
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b)
c)
a)
Figure 1.21: Schematic representation of end-grafting DNA molecules or other
polymers from a solution onto a solid surface. a) Polymers in a solvent adopt a
coiled-up conformation with an average dimension described by the Flory radius.
b) A dilute layer of end-tethered polymers in mushroom conformation. c) A
dense layer of end-tethered polymers, also referred to as a polymer brush.
Although giving some qualitative insights, in the end these theories are
inadequate for describing a DNA brush. After all, they were not designed for
that: most of this work was aimed to describe either generic polymers, or cell
surface polymers, and WLC theory has not (yet) been applied to end-tethered
molecules. Since it is not straightforward to predict the behaviour of diamond
surface-bound DNA molecules starting from the above-mentioned models for the
mechanical and statistical properties of DNA, these issues were dealt with in this
thesis by an experimental approach (Chapter 3, section 3.5). Therefore, the
successful preparation and extensive study of DNA brushes on materials such as
silicon oxide [Moiseev 2006] and gold [Kelley 1998; Zhang 2002; Moses 2004;
Anne 2006; Mearns 2006; Opdahl 2007; Wang 2007] will also summarised. As
explained before, the density of the DNA layer will most probably influence the
orientation of the molecules. The orientation of DNA in low density layers on
gold substrates has been studied theoretically [Sendner 2006], as well as
experimentally [Rant 2007; Erts 2003; Zhou 2002; Ceres 2003]. One approach
is to monitor the interfacial fluorescence quenching, which increases when the
fluorescence dye at the distal end of DNA is brought closer to a gold substrate,
while the gold electrode is biased to alternately positive and negative potentials
[Rant 2007]. Also AFM and scanning tunnelling microscopy (STM) are applied to
dilute [Erts 2003; Zhou 2002; Ceres 2003], as well as dense DNA layers on gold
[Kelley 1998; Zhang 2002]. These studies estimate the average tilt angles from
the plane of the surface for DNA molecules on gold to be in the range of 45° to
60°. In a cyclic voltammetry study, using a ferrocene label at the distal end of
DNA on gold electrodes, it was found that the DNA molecules can bend as well
as rotate under applied electric fields [Anne 2006]. The previously mentioned
range for the average tilt angle of double stranded (ds) DNA molecules could be
narrowed to 55° to 60°. Literature data obtained for dense DNA layers on
diamond will be discussed in section 1.5.2.
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1.5. Bio-functionalisation of diamond surfaces
DNA sensors are to be used in vitro only, thus they only require a biocompatible
top-layer, to which the probe DNA is anchored and where interaction with target
DNA samples takes place. For electrical sensing, the substrate for attachment of
the DNA probes should preferably be a metal or semiconductor. The material
should be stable in solution and receptive for the covalent attachment of probe
DNA. CVD diamond-coated silicon wafers are a good starting material, as they
are easier to produce and cheaper than an all-diamond biosensor. In this thesis,
that is the material that is being opted for. (U)NCD-coated silicon was indeed
found to be a very stable platform for DNA [Yang 2002a].
1.5.1. Biocompatibility of diamond
A material is said to be biocompatible if the material “is able to exist within the
physiological environment without any significant adverse effect to the body, or
significant adverse effect on the material” [Bakowicz 2002].
Regarding the first direction, influence of the material on the living system,
cytotoxicity is an important issue. While most metals release ions that may have
adverse effects on cell metabolism, diamond is not toxic. First of all, diamond is
very stable, and even if C atoms are released, they are just that, carbon: a basic
component of human tissue structure, which will not induce noxious reactions.
Some general advantages of implants covered with diamond coatings are high
biotolerance, biocompatibility, corrosion resistance and protection against
metalosis [Mitura 2000].
The second direction, influence of the physiological environment on the material,
concerns the coverage of the diamond surface by biomolecules, cells, etc.
Although the presence of inflammatory cells (macrophages and neutrophiles) is
never a good sign, for implants it may be a good thing that the surface gets
integrated in the environment. Yet, it poses a major problem for in vivo sensors,
where the proper functioning becomes compromised when the sensitive area
gets buried under physiological deposit. NCD surfaces were found to reduce the
adhesion of blood platelets as compared to stainless steel, by reducing the
plasma protein adhesion; thus, diamond seems to be an appropriate material to
be used in contact with human blood [Okrój 2006].
The biocompatibility of CVD diamond was found to be at least equivalent to
titanium and stainless steel, two materials commonly used for implants [Tang
1995]: minimal inflammatory response was observed for both polished and
unpolished CVD diamond implants. Also Aspenberg et al. found no foreign body
response towards diamond particles (as was the case for cobalt-chromiummolybdenum particles of the same size), and conclude from the observed benign
histological reactions that implantation of diamond-coated SiC is harmless
[Aspenberg 1996]. Both studies addressed only the local influence of diamond-
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coated implants. Bakowicz et al. performed in vitro and in vivo tests with NCD
powders, as a model for possible effects of NCD coatings on distant organs
[Bakowicz 2002]. In the in vitro part, the diamond powders were found to play a
protective role in the human body by slowing down free radical toxic reactions
that damage cells and tissues (e.g. by inhibiting lipid peroxidation in blood
plasma). In the in vivo study with rats, no immune response was observed after
10 days, and a very low reaction was ascertained after 21 days. The powders
did not damage structure tissues or proliferation of connective tissue. From this,
Backowics et al. conclude that NCD coatings are safe for biomedical implants.
Schrand et al. studied diamond particles of 2-10 nm, with and without acidic or
basic surface modification: they were found to be biocompatible with a variety of
cells of different origins, and once inside the cell the nanodiamond particles
remained non-reactive [Schrand 2007].
Biocompatiblity can also be studied on the molecular level, employing modelmembranes on the surface. This will be addressed in the outlook given in
Chapter 5. More specifically for in vitro DNA sensors, experiments by Yang et al.
on photo-chemically modified diamond indicate that the denaturationhybridisation cycle can be repeated up to 30 times [Yang 2002a], implying that
diamond-based DNA chips will have a superior long-term stability.
1.5.2. Bio-functionalisation of diamond, in particular with DNA
As indicated in 1.3.3, the inertness of the diamond surface can be circumvented,
and various ways to introduce functional groups have been studied.
Subsequently, the diamond surface has been functionalized successfully with
various biomolecules: DNA [Yang 2002a; Christiaens 2006; Nebel 2007; Zhong
2007] as well as immunoglobulins G and M (IgG and IgM) [Yang 2007], and
enzymes such as catalase [Härtl 2004], urease and glucose oxidase [Song
2004], as well as horse radish peroxidase [Hernando 2007].
For DNA-functionalisation, different procedures have been used to introduce a
linker layer: photo-chemically [Yang 2002a; Härtl 2004; Hamers 2005],
chemically [Wenmackers 2005a] or electrochemically [Delabouglise 2003]. The
process steps of covering diamond with dense DNA layers have been validated
using a variety of techniques, including X-ray photoelectron spectroscopy (XPS)
[Yang 2002a; Nichols 2005; Wenmackers 2005a], AFM [Rezek 2006; Shin 2006;
Nebel 2007; Rezek 2007], ultraviolet photoelectron spectroscopy (UPS) [Nichols
2005], electrochemical impedance spectroscopy (EIS) [Cai 2004; Vermeeren
2007], enzyme linked immunosorbent assays (ELISA) [Wenmackers 2005a],
amplification by polymerase chain reaction (PCR) followed by gel electrophoresis
[Wenmackers 2005b; Christiaens 2006], and fluorescence microscopy (FM)
[Yang 2002a; Wenmackers 2005a; Nebel 2007].
For coiled polymers, the overall shape is not expected to be spherically
symmetric [Haber 2000; Triantafillou 1999], especially not in dense polymer
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brushes [Alexander 1977; Unsworth 2005] (see also section 1.4.1). Hence, the
tilt angle of these elongated coiled-up DNA conformations is an interesting
property that can be addressed experimentally. Of the list of techniques used to
study DNA on diamond, only the tapping mode (or intermittent-contact mode)
AFM studies [Rezek 2006; Shin 2006; Nebel 2007; Rezek 2007] were specifically
aimed at clarifying the orientation of DNA molecules in dense layers. Based on
the measurement of the DNA layer thickness, Rezek and Nebel et al. report
average tilt angles for 16 bp dsDNA on single crystalline diamond in the range of
30° to 37° with respect to the surface. This estimation applies only to the
analysis of short dsDNA, since it assumes that the molecules in the layer are
straight. In this thesis we also studied the DNA orientation on diamond
experimentally: by spectroscopic ellipsometry (see Chapter 3, section 3.5).
In section 1.3.1, it was calculated that there are ~3 × 1015 dangling bonds per
area of 1 cm² on an ideal (100) diamond crystal. Due to the small lattice
constant of diamond, full coverage is almost impossible to attain. In case of DNA
brushes, it is more relevant to keep the figure of ~2.5 × 1013 in mind. This
number is obtained by a simple back-of-the-envelope calculation: it is the
number of available positions for objects with a cross-section of ~(2 nm)². This
is smaller than the available binding sites by a factor of more than one hundred.
This absolute maximum coverage is not preferable however, since it hinders the
biological functionality of the DNA molecules, hybridisation and denaturation.
Surface roughness on UNCD and NCD surfaces on the other hand, may increase
the effective area. In literature, a surface coverage of ~2 × 1014 linker molecules
per cm² is reported [Nichols 2005; Shin 2006] and a DNA coverage of ~6 × 1012
per cm² is found for the same linker system [Rezek 2007]; elsewhere a
coverage of ~1.8 × 1011 DNA molecules per cm² is reported [Takahashi 2003].
1.5.3. Diamond-based DNA sensors
In literature, field-effect-based biosensors have been reported on diamond
[Yang 2004], as well as on other semiconducting substrates [Souteyrand 1997;
Fritz 2002; Uslu 2004]. The results depend sensitively on the details of the
experimental setup, as reviewed in [Poghossian 2005]. Several specific factors
have been identified that jeopardize a reproducible and sensitive field-effectbased DNA sensor [Schöning 2006; Ingebrandt 2006]: the drift of the measured
signal, the variable distance of the DNA molecules from the surface due to the
attachment via long linker molecules, and the effect of counter-ions screening
the DNA charge-effect. The latter problem can be avoided by measuring in a
low-ionic buffer [Ingebrandt 2006; Ingebrandt 2007]. However, hybridisation
requires cations in the buffer so that only end-point measurements can be
performed using low-ionic buffers. A solution is proposed in [Vermeeren 2007],
as will be summarised in Chapter 3 (section 3.4).
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1.6. Aim of this thesis
The previous overview clearly indicates that the coupling of biomolecules to
diamond surfaces is an interesting option to create a reusable biosensor.
Although the diamond surface is renownedly inert, several options exist to
functionalise it nevertheless. The general goal of the diamond-based DNA-sensor
research – a joint-venture of physicists and biomedical researchers – is to
develop a prototype biosensor, based on DNA covalently attached to CVD
diamond, for diagnostic purposes with the same sensitivity and specificity as the
commonly used methods, such as blotting techniques, micro-arrays and PCR–
ELISA. Preferably, the detection would be faster (real-time) and cheaper (labelfree and foolproof) than conventional methods. Because of the favourable and
tuneable electrical properties of CVD diamond, combined with its good stability
in electrolytes, electrical measurements are a logical choice.
The first goal of this thesis specifically is to establish the initial functionalisation
of CVD diamond surfaces and to achieve the covalent linking of biomolecules, in
casu DNA. The design of the molecular scaffold between the biomolecule and the
physical transducer has important consequences for the signal quality of the
final electronic DNA sensor: a covalent attachment in head-on configuration is
desireable to promote hybridisation and to allow multiple use, while the link
should be as simple and stable as possible. An extensive physical and (bio-)
chemical surface characterisation study is performed to elucidate the
effectiveness of various surface treatments.
The second goal is to reveal the molecular organisation of the obtained linker
layers and DNA brushes on CVD diamond. Also this part of the study is related
to the question whether the obtained DNA layers can be used for real-time
electrical sensing. Although the design of the actual electrical DNA sensor is
beyond the scope of this work, a proof-of-principle study with impedance-based
detection is aimed at.

1.7. Outline
In the second chapter, the surface sensitive characterisation techniques that
have been applied in this thesis will be discussed. The emphasis lies on the
principles involved. (Technical details can be found in Appendix 1.)
In the third chapter, the results obtained for the covalent attachment of DNA
probes to CVD diamond surfaces are presented. The first approach is based on a
procedure known from literature for the coupling of DNA to diamond powder,
based on thymidine and ligase. The second approach is a simple and effective
photo-chemical procedure, which creates a very stable link, based on the
strength of the carbon-carbon bond. The procedure has been optimised
carefully, in order to realise an increase in the DNA probe density and
functionality (availability for hybridisation) and a marked decrease in the non-
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specific adsorption. It will be demonstrated that this immobilisation method
allows photo-patterning and real-time impedance-based detection of DNA
hybridisation, two essential prerequisites for future CVD diamond-based sensors.
Because the DNA orientation and conformation are important parameters
influencing sensor functioning, an extensive study of these properties with
optical techniques will be presented.
In the fourth chapter, the results obtained in the third chapter will be discussed
and interpreted. In particular, the physical meaning of the tilt angles reported in
Chapter 3 will be evaluated carefully.
In the fifth and last chapter the main conclusions from this thesis will be
summarised and future experiments will be suggested.
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2.

Surface sensitive techniques

“ ‘We all know that a surface…’
‘Wait a minute!’ someone interrupted immediately, ‘how do you define a surface?’
Due to the following discussion, he did not get much further with his slides that evening.”
Leo Vroman [Vroman 1994]

A surface can be defined as the border between a condensed phase (diamond)
and a gas or vapour (air), or the outer side of a system [Lyklema 2000];
whereas the term interface usually refers to a boundary between condensed
phases (e.g. diamond and a buffer solution). When this boundary consists of an
organic phase with internal structure (such as a linker layer or DNA brush), the
term interphase may be used [Kleijn 2000].
In this thesis, many surface sensitive techniques have been evaluated for the
study of diamond interfaces, before and after surface functionalisation steps.
Table 2.1 gives a classification of the techniques based on the type of interaction
with the sample material: probing with electric and magnetic fields or acoustic
waves, with photons, electrons, heavier particles and more complex probes. For
each group of techniques, it is indicated which are used in this thesis, which
additional methods could probably be useful for this type of research, and where
the techniques are available. In this chapter, the physical principles will be
described for all applied techniques. The results are presented in Chapter 3,
while the details on the practical implementation of the techniques can be found
in a technical appendix (Appendix 1). A good introduction to surface science in
general can be found in textbooks, such as [Hudson 1992].

2.1. Optical techniques: probing with photons
The interaction of electromagnetic (EM) radiation with matter can be employed
for the characterisation of the material or its interface. Whereas the influence of
the optical magnetic field is rather limited, the oscillating electric field will cause
the material particles to behave as oscillating dipoles [Butcher 1990]. Often
these interactions are more conveniently described by a particle view of light:
photons can donate energy to the material particles and bring them in an
excited state. From low to high photonic energy, upon absorption by a material
EM radiation can cause vibrations and rotations of the chemical bonds (IR and
Raman spectroscopy), or influence the electronic structure of the molecules
(XPS, UV-VIS spectroscopy, fluorescence) and initiate chemical reactions (photobleaching and photo-chemistry). Absorption of EM radiation by a material is
described by the Beer-Lambert law [Lakowicz 1983].
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Photons (EM waves)

Acoustic waves &
Electric and magnetic
fields

Table 2.1: Overview of surface sensitive techniques, classified by probe type.
Acoustic waves
QCM b) c) (quartz-crystal microbalance)
SAW b) (surface acoustic wave) sensor
Electric fields
Cyclic voltammetry c)
EIS (electrochemical impedance spectroscopy) a) c)
ConCap b) c) or IsoCap (constant capacitance spectroscopy)
FET b) (field-effect transistor)
ISFET (ion sensitive field-effect transistor)
IGFET (ion gated field-effect transistor)
Magnetic fields
MCXD (magnetic circular X-ray dichroism)
X-rays
XPS a) (X-ray photoelectron spectroscopy)
XRD a) c) (X-ray diffraction)
Ultra-violet
UV SE a) (ultraviolet spectroscopic ellipsometry)
UPS b) (ultraviolet photoemission spectroscopy)
Visible
Classical microscopy a) c)
CLSFM a) d) (confocal laser-scanning fluorescence microscopy)
Defocused single molecule fluorescence imaging a)
RICS b) d) (raster-scan image correlation spectroscopy)
FLIM b) d) (fluorescence life time imaging)
FRET b) d) (Förster resonance energy transfer)
FRAP b) d) (fluorescence recovery after photobleaching)
TIRF b) (total internal reflectance fluorescence)
Spectrofluorimetry a) d)
VIS SE a) (visible light spectroscopic ellipsometry)
SNOM or NSOM c) (scanning near field optical microscopy)
SPR b) (surface plasmon resonance)
Visible and infrared
SFG b) (sum frequency generation)
Infrared
FTIR spectroscopy a) c) (Fourier transform infrared)
Raman spectroscopy b)
IR SE a) (infrared spectroscopic ellipsometry)
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Other probes

Electrons
SEM a) c) (scanning electron microscopy)
EDX c) (energy dispersive X-ray analysis)
PEEM (photo emission electron microscopy)
SEMPA (SEM with polarisation analysis)
STM (scanning tunnelling microscopy)
TEM c) (transmission electron microscopy)
LEEM (low-energy electron microscopy)
LEED (low-energy electron diffraction)
AES b) (Auger electron spectroscopy)
AEAPS (Auger electron appearance potential
spectroscopy)
APECS (Auger photoelectron coincidence spectroscopy)
PAES (positron annihilation AES)
SAM (scanning Auger microscopy)
EELS b) (electron energy loss spectroscopy)
HREELS (high resolution EELS)
Atoms in a solid
SPM (scanning probe microscopy)
Micro scale:
Stylus profiler c) measurements
Nano scale:
AFM a) c) (atomic force microscopy)
LFM c) (lateral force microscopy)
KFM c) (Kelvin force microscopy)
MFM c) (magnetic force microscopy)
Molecules in a liquid
Wetting studies
CA measurements a) d) (contact angle)
Ions
SIMS b) (secondary ion mass spectrometry)
TOF-SIMS (time-of-flight SIMS)
Biomolecules
ELISA a) d) (enzyme-linked immunosorbent assay)
PCR & gel electrophoresis a) d) (polymerase chain reaction)
a)

Used in this thesis for research on diamond-based biosensors;
Probably useful for further research on diamond-based biosensors;
c)
Available at IMO;
d)
Available elsewhere on the Hasselt University campus.
b)
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2.1.1. Electromagnetic radiation
Electromagnetic radiation is a transversal wave of perpendicularly oriented
r
r
electric field and magnetic flux density vectors (denoted E and B ) that are
oscillating sinusoidally in time and space. The wave can be characterised by its
frequency (ν), its polarisation, and its intensity. Instead of frequency, other
quantities can be stated: as a rule of thumb, wavenumbers (σ) are used in IR
spectroscopy, wavelength (λ) in the visible range and EM quantum (photon)
energy (E) values in UV spectroscopy [Schrader 1995]. The intensity, I, of the
r
wave is equal to the square of the electric field amplitude | E |². In general, the
orientation of the electric field vector (and thus also that of the magnetic flux
density vector) can rotate in space around the direction of propagation, giving
rise to the general case of elliptical polarisation. Some examples of polarisations
are given in Figure 2.1 a. A linearly polarised beam that meets an interface is
said to have p-polarisation when the electric field lies in the plane of incidence,
and s-polarisation if the electric field is perpendicular to the plane of incidence.
The intensity and the polarisation of an EM wave are described by a Stokes
r
vector, S . In the most general case, this vector has four real-valued elements:

⎤
⎡S0 ⎤ ⎡ I 0
⎢ I −I ⎥
⎢
⎥
r
S
⎢ x y ⎥
S = ⎢ 1⎥ = ⎢
⎢S 2 ⎥ I + π − I − π ⎥
4⎥
⎢ ⎥ ⎢ 4
⎣ S3 ⎦ ⎢⎣ I r − I s ⎥⎦

equation 2-1

I0 is the intensity of the incident beam; Ix and Iy are the intensities transmitted
by a linear polariser having a transmission axis in x- or y-direction, respectively,
and S1 is called the horizontal linear dichroism; I±π/4 are the intensities
transmitted by a linear polariser rotated by ±π/4 in the x-y plane, and S2 is the
linear dichroism at π/4; Ir and Il are the intensities transmitted by a polariser
that transmits right-handed or left-handed circularly polarised light, respectively,
and S3 is the right circular dichroism. The elements of Stokes vector can be
represented pictographically as in Figure 2.1 b. In each case, (S0)² is at least
equal to (S1)²+(S2)²+(S3)². The degree of polarisation, P, is defined as:

P=

( S1 ) 2 + ( S 2 ) 2 + ( S3 ) 2
∈ [0,1]
( S0 ) 2

P is 0 for unpolarised light, and 1 for totally polarised light.

equation 2-2
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a)
b)
Figure 2.1: a) Various types of polarisation. b) Pictorial representation of the
Stokes vector. (Reproduced from [Jordanov 1995].)
2.1.2. Geometric optics applied to the diamond-air interface
Consider a flat interface between two isotropic media with refractive index n1
and n2 (for a certain wavelength). The incident beam meets the interface at an
angle θi from the surface normal, and is partially reflected in the same plane and
under the same angle, θo = θi (law of reflection), whereas the angle of
refraction, θr, is given by Snell’s law [Young 2008]. In general, reflectivity is
defined as the ratio of reflected intensity over the total, incident intensity. This
ratio is also sometimes called reflectance, although the latter term can better be
reserved for reflection at thin layers.
If we apply the Fresnel reflectivity formulas [Lheveder 2000] to the case of a
beam of 581 nm light emitted in vacuum or air and meeting a flat diamond
surface, we obtain the graph presented in Figure 2.2. From the graph, we see
that Rp vanishes at a certain value for the angle of incidence θi, called the
Brewster angle, θBrewster = Arctan(n2/n1). Thus, a non-polarised beam that meets
an interface at the Brewster angle away from the surface normal will produce a
purely s-polarised reflected beam. For the case of a beam of 581 nm light
emitted in vacuum or air and meeting a flat diamond surface, n1 = 1 and n2 =
2.417: θBrewster equals 67.5° (Figure 2.2). When the illumination comes from the
diamond side, the vanishing angle is the complement of the just mentioned
Brewster angle. Although in theory Rp becomes exactly zero for the incidence
angle equal to the Brewster angle, in practice Rp will reach a non-zero minimum
[Lheveder 2000]. This is due to the thickness [Drude 1959], roughness and/or
optical anisotropy of real-world interfaces.
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Figure 2.2: Reflectivity of s- and p-polarised light upon reflection on a diamond
surface in vacuum or air.
For practical techniques that measure reflected light (e.g. IR reflectance
spectroscopy), incidence angles higher than the Brewster angle are required, as
to have sufficient reflectivity of the p-polarised component (Figure 2.2). Applying
grazing angles ~80° is however quite difficult to work with in practice. While the
high refractive index of diamond makes it a difficult material for techniques
based on external reflection, the opposite is true for techniques based on
internal reflection. This can be seen from the critical angle, θc = Arcsin(n1/n2),
which gives the condition for total internal reflection [Young 2008]. In case of a
diamond surface in air and 581 nm light, θc has a low value of 24.4°. This is
used in the cut of diamond gem stones, to maximize their brilliance at the top
facet [Young 2008], and can be applied in attenuated total reflection (ATR)
spectroscopy: under θi > θc conditions, a standing EM wave exists at the crystal
sample interface, which is exponentially vanishing and therefore called an
evanescent wave [Dluhy 2000]. Techniques based on evanescent waves are
typically very surface sensitive, implying that diamond is an interesting material
for such optical sensing techniques. Also for defocused single-molecule imaging
the high refractive index is advantageous (see further).
For materials that are not fully transparent, the usual refractive index, n, is the
real part in the complex refractive index N, of which the extinction coefficient, k,
is the imaginary part (N = n + i⋅k). The extinction coefficient is related to the
absorption coefficient, α: k = α⋅λ/4π. The complex, effective dielectric function ε
is equal to N². The real part of ε is thus n² - k², and the imaginary part equals
2nk. (The dielectric function is actually a tensor, which can be diagonalised and
represented by one scalar in the special case of optically isotropic materials.)
Like n, N and ε are wavelength dependent: this is called dispersion. To account
for dispersion, different types of functions can be used for n(λ). One option is
the Cauchy model where n(λ) = C0 + C1/λ2 + C2/λ4 + … and the constants C0,
C1, C2, … are fit parameters [Silaghi 2005a].
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Provided that the dielectric function ε(ω) is analytical and goes to zero for ω
going to infinity, the real part of the complex dielectric function can be
calculated from the imaginary part, or vice versa. This is possible by the
Kramers-Kronig dispersion relations [Butcher 1990]. These relationships are also
incorporated in the oscillator model, which describes the dielectric function of a
film as a linear combination of complex terms [Silaghi 2005a].
In the following sections, some optical characterisation techniques will be
explained in detail.
2.1.3. Fluorescence measurements
Fluorescence is a form of luminescence, in which photons are emitted from
electronically excited singlet states [Lakowicz 1983]. To explain fluorescence, we
can use a Jabłoński diagram [Jabłoński 1935], illustrating the involved
transitions between molecular energy levels (Figure 2.3 a).

a)
b)
Figure 2.3: Fluorescence principle. a) Jabłoński diagram (see text). b) Typical
absorption and fluorescence emission spectra.
In the first step, a photon with sufficient energy is absorbed by a molecule,
bringing it in a different electronic configuration with higher energy (e.g. a
S0→S1 transition, ‘A’ in Figure 2.3 a), in a certain vibrational sub-level
(depending on the precise amount of absorbed energy). The absorption process
takes ~1 fs [Lakowicz 1983]. The excited state is not stable: the molecule will
release the additional energy by a radiative or non-radiative process, or a
combination, one of which is fluorescence. In this case, first the molecule
relaxes to the lowest vibrational level within the excited electronic state via a
non-radiative process (‘NR’ in Figure 2.3 a). Then, about ~1 ns after the initial
absorption [Lakowicz 1983], the molecule falls back to its electronic ground
state (though not necessarily the lowest vibrational level) by emitting a photon
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of lower energy than the absorbed one (‘F’ in Figure 2.3 a). In other words, the
fluorescence is red-shifted as compared to the excitation: this is called the
Stokes shift [Stokes 1852]. The shift can be increased other dynamic processes,
including solvent effects and excited state reactions [Lakowicz 1983]. The
structure of the vibrational levels usually causes the absorption and emission
spectra to be symmetric (Figure 2.3 b): this is called the mirror image rule
[Lakowicz 1983]. The energy levels at the right part of Figure 2.3 a are involved
in phosphorescence (P), a slower radiative decay (taking ~ms); we will not
discuss this process here.
Fluorescent dyes
Molecules that exhibit fluorescence usually contain delocalised electrons
[Lakowicz 1983], typically in one or more aromatic rings (see Table 2.2).
Table 2.2: Characteristics of the fluorescent labels used in this thesis.
Label
FITC
ATTO 488
Alexa Fluor® 488
(in water)
Molecular
(patented)
structure

(M)

Molecular formula

C21H11NO5S

(patented)

C25H15Li2N3O13S2

389.38 a.m.u.

(patented)

643.41 a.m.u. (I)

(I)

Molecular mass

(I)

Absorption max
494 nm (I)
501 nm
494 nm
Emission max
519 nm (I)
523 nm
517 nm
73 × 103
77 × 103
90-105 × 103
Extinction
l/(mol⋅cm) (I)
l/(mol⋅cm)
l/(mol⋅cm)
coefficient, εmax
Fluorescence
93%
80%
92%
quantum yield, φf
(basic solutions)
(pH 7.2, 22°C) (I)
Fluorescence
~4 ns (L)
3.2 ns
4.1 ns
lifetime, τ
(pH 7.4, 20°C) (I)
Photo-bleaching
High (I)
Very low
Low (I)
Consulted sources: (I) = Invitrogen website; (L) = [Lakowicz 1983]; (M) =
Molecular Probes (ALEXA 488 labelling kit)
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Figure 2.4: Fluorescence of a droplet of buffer solution containing Alexa Fluor
488-labelled DNA under 488 nm excitation.
The fluorescence quantum yield, φf, and the fluorescence life time, τ (s), of a
fluorophore are defined as [Lakowicz 1983]:
φf = kf / (kf + knf)

equation 2-3

τ = 1 / (kf + knf)

equation 2-4

In equation 2-3, kf is the rate constant for deactivation by emission
(fluorescence) and knf stands for the non-fluorescence decay rate. The molar
extinction coefficient, εmax (l⋅mol-1⋅cm-1), gives the tendency of the dye molecules
to absorb photons with a wavelength at the absorption maximum. The
brightness of various dyes can be compared numerically by stating the product
of the extinction coefficient and the fluorescence quantum yield of the dye.
In this study, three different fluorescent labels were used (Table 2.2):
fluorescein isothiocyanate (FITC), ATTO 488, and Alexa Fluor® 488. The
fluorescence under 488 nm excitation of a droplet of buffer solution containing
Alexa Fluor 488-labelled DNA is clearly visible with the naked eye, as can be
seen in Figure 2.4. Of course, this is not the case for thin (sub-) monolayers of
end-tethered fluorescently labelled DNA, for which a fluorescent microscope is
indispensable.
After a certain number of absorption and fluorescence emission events, the
fluorescent label may change into a non-fluorescing structure (usually this
involves oxygen) [Lakowicz 1983]. Although photo-bleaching is usually not
desired in CFM, it may be put to use to discriminate between fluorescence and
scattered excitation light leaking through the filters (which is an issue for the
surface-confined DNA-layers we studied): a small region on the sample surface
is intentionally photo-bleached by scanning it during several minutes at high
laser output. Afterwards an image is recorded, for which the scanned region is
expected to be darker than the surroundings. Since we look at end-tethered
molecules, the region will remain dark. With experiments involving fluorescent
molecules in solution however, the fluorescence in the photo-bleached region
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will increase again over time, due to the diffusion of intact molecules; this
technique is called fluorescence recovery after photo-bleaching (FRAP).
Defocused single-molecule fluorescence imaging
Defocused single-molecule fluorescent images contain information on the 3Dorientation of fluorophores [Böhmer 2003]. The physical principle behind this
technique is that a fluorescent molecule does not exhibit a spherically symmetric
emission, but a dipole angular distribution of the radiation intensity, I [Lakowicz
1983]:

r

r

I ~ | E |² = | E 0|² ⋅ sin²(ψ)

equation 2-5

r

Here, | E | is the electric field amplitude and ψ is the angle away from the
fluorophore orientation axis. Moreover, near a surface more fluorescence is
emitted towards the higher refractive index side [Böhmer 2003]: the high
refractive index of diamond is an important advantage here. This type of images
is obtained in practice with a microscope under wide-field illumination,
connected to a single-photon sensitive low-noise CCD-camera. For excitation,
the 488 nm line of an Ar-ion laser is used. When in focus, the fluorescence of
one dye molecule near a surface looks like a clear spot, irrespective of the
molecular orientation. Slightly out of focus a diffraction pattern appears, which
does contain information about the angle of the absorption-emission dipole of
the dye molecule to the surface.
2.1.4. Fourier transform infrared (FTIR) spectroscopy
Infrared photons have less energy than photons in the VIS range, so upon
absorption by a molecule the energy is not sufficient to reach an excited
electronic level. Instead, the molecule is brought in a higher vibrational and/or
rotational state (Figure 2.5). Because the absorbed IR wavelengths are typical
for a molecule, IR spectroscopy can be used to identify the chemical components
in a sample.

Figure 2.5: Schematic energy level diagram showing IR transitions.
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For vibrations, we will first look at a simple, classical model to illustrate the
process (Figure 2.6) [Schrader 1995]. We look at a molecule, consisting of two
atoms with different mass, M1 and M2, connected by a mechanical spring
described by Hooke’s law:
F = - k ⋅ Δx

equation 2-6

Here, k (N/m) is the force constant of the spring, representing the strength of
the chemical bond. F is the force required to deform the bond a distance Δx from
the equilibrium position. (This simple model describes an harmonic potential,
unlike the more accurate, anharmonic profile as depicted in Figure 2.5, where
compression is associated with larger forces than stretching. A more accurate
description requires the application of quantum field theory.)
To be visible in IR, it is required that an electric dipole, μ, is formed upon
absorption of IR photons. Symmetric molecules like O2 and N2 are inactive in IR,
because they do not form an electric dipole; therefore, N2 can be used as an
invisible background gas in FTIR.

Figure 2.6: Classical model for IR absorption by a di-atomic molecule.
The wavenumber, σ, for the model molecule is given by equation 2-7 [Schrader
1995]:

σ=

1

λ

=

1
2πc

k
M1 + M 2

equation 2-7

Here, λ represent the excitation wavelength, and c is the speed of light. The
simplest way to describe molecular movements in a more complex molecule is
with the concept of ‘normal vibration modes’ [Schrader 1995]. Each normal
mode describes an individual, independent, collective movement of the atoms in
a molecule. Just as for the di-atomic example in equation 2-7, each normal
mode exhibits its own characteristic frequency. A large molecule with many
atoms also has many vibration frequencies. Some vibrations are localised and
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can be attributed to a specific group, while in others the complete molecule is
involved. In any case, the two most important vibration modes are the stretch,
and the bending or scissoring modes. The most important spectral regions in IR
are the group frequencies in the range of ~3600 to 1200 cm-1, with absorption
bands of organic functional groups, and the ‘finger printing’ range of ~1430 to
400 cm-1, where unique identification is possible.
In more complex molecules, the different vibrations will be coupled and give rise
to peak shifts, harmonics, sum and differences ‘tones’, Fermi resonances etc. It
would lead too far to describe all those processes in detail. Moreover, rotations
requiring a lower IR energy (Δσ < 400 cm-1) will cause a broadening of the
separate vibrational absorption lines; they will also not be described in detail.
In IR spectroscopy, spectra are recorded showing the transmission of IR by a
sample as a function of the excitation wavelength, or more commonly the
wavenumber. The IR range is subdivided in the far IR (FIR) of 4 to 400 cm-1,
mid IR (MIR) of 400 to 4000 cm-1, and near IR (NIR) of 4000 to 14000 cm-1. The
signature of CO2 shows up in almost any MIR spectrum (at 2350 cm-1 and 667
cm-1). Also water vapour is present in almost any spectrum (at 3500 cm-1 and
1630 cm-1).
2.1.5. Spectroscopic ellipsometry (SE)
Ellipsometry has a long history in the characterisation of biological layers
[Rothen 1945; Vroman 1964]. First the general principle of ellipsometry will be
summarised, then the specific case of spectroscopic ellipsometry in the IR and
VIS-UV range will be elucidated.
Consider the case of a sample with an optically anisotropic interfacial region of
which the symmetry axes are not in the plane of incidence. Upon illumination
with a p-polarised beam, under an angle φ0, the polarisation of the reflected
beam will have an s- and a p-component. The changes in the polarisation state
of radiation reflected from a dry sample surface can be analysed with
ellipsometry (Figure 2.7). These changes can be described by the measured
ellipsometric parameters, tan(ψ) and Δ. From Figure 2.7 it can be seen that
tan(ψ) = |Ep/Es|. The ellipsometric parameters are related to the complex
reflectance ratio, ρ, as [Arwin 2000]:
ρ = rp/rs = tan(ψ) ⋅ eiΔ

equation 2-8

Thus, the ellipsometric parameter tan(ψ)= |Ep/Es| = |rp/rs| = |ρ| represents the
amplitude ratio of the complex reflection coefficients parallel (rs) and
perpendicularly (rp) polarised with respect to the plane of incidence. rs can be
written in the form |rs|⋅eiδs with δs a phase angle, and rp can be written in the
form |rp|⋅eiδp with phase angle δp. The second ellipsometric parameter Δ can then
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be written as δp - δs, and represents the phase shift between the two oscillations
(Figure 2.7). Because the ellipsometric parameters are a ratio and a difference,
there is an inherent reference in the measurement, and ellipsometry is not
sensitive to drift or the variation of in the absolute intensity of the light source
[Arwin 2000].

Figure 2.7: Schematic illustration of an ellipsometry measurement, defining the
angles φ0 and ψ, and the phase shift Δ.
It is good to keep in mind that “ellipsometry is an indirect technique and
therefore the experimentalist must have access to a toolbox and know-how for
data analysis” [Arwin 2000]. Regarding the know-how: the interpretation of
ellipsometric data requires a suitable optical model. In our case, a three-phase
model can be used to represent the diamond substrate at the bottom, then an
organic layer, and air or vacuum on top (Figure 2.8). The thickness of the
middle layer, T1, is one of the sought for parameters.
As indicated in equation 2-8, the complex reflectance ratio equals the ratio of rp
over rs; expressions for both complex reflection coefficients can be found e.g. in
[Azzam 1977]. In the optical model, the layers are supposed to be parallel and
ideally flat. Accounting for roughness, optical anisotropy or adding more layers,
make the calculations become increasingly difficult. To include surface
roughness, an additional layer is added to the model, with mixed optical
properties: 50% of the underlying and 50% of the overlying layer. Irrespective
of the precise optical model, once the model is specified, the ellipsometry data
are simulated and fitted to it. The fitting algorithm is nonlinear and aimed at
minimizing the figure of merit, χ², which is typically the mean square error
(MSE).
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Figure 2.8: Three layer model for an organic layer on diamond.
In case of anisotropy, the reflection coefficients can only be calculated by the
general 4×4 Mueller matrix method [Azzam 1977; Schubert 1996]. Here, this
method will be discussed only briefly. The incident beam in an ellipsometry
experiment is polarised (using a polarising filter or polariser in short), and the
general Stokes vector given in equation 2-1 simplifies to [Silaghi 2005a]:

r
S incident

I0
⎡
⎤
⎢ I .P. cos(2γ )⎥
⎥
=⎢ 0
⎢
⎥
0
⎢
⎥
⎣ I 0 .P. sin( 2γ ) ⎦

equation 2-9

Here, P is the polarisation, introduced in equation 2-2. γ is the ellipticity, defined
as the maximal electric field value (corresponding to the major semi-axis of the
polarisation ellipse, that is at a certain azimuthal angle, χ, from the x-axis)
divided by the minimum electric field value (minor semi-axis). To describe the
transformation of a Stokes vector due to an optical element in the beam path, a
4×4 matrix is required, called the Mueller matrix.
When the number of unknown parameters exceeds two, one ellipsometry
measurement can never contain enough information, since only two values are
measured: one for tan(ψ) and one for Δ. Additional information can be gathered
by performing the measurement for a whole range of wavelengths:
spectroscopic ellipsometry (SE). In this case, a monochromator is applied to
scan the wavelengths of the light source. Of the reflected wave only the
component of the polarisation ellipse parallel to the transmission axis of the
analyser can pass. Typically in SE, the analyser is a rotating polariser [Aspnes
1975], and α(t) is the angular position of the analyser. As the analyser is
rotating, the whole polarisation ellipse is traced. Ideally, the analyser rotates at
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constant speed and the output I(t) is a sinus, with the minima corresponding to
the minor axis of the polarisation ellipse, and the maxima to the major axis
[Arwin 2000]. The Mueller matrix representing a sample, or a (non-ideally)
polarising analyser can be found in [Silaghi 2005a]. The final intensity, I(t),
measured by the detector equals the S0’-element of the transformed Stokes
r
r
vector S ' = M analyzer ⋅ M sample ⋅ S incident .
In addition to spectroscopy, even more information can be gathered when the
measurements are repeated for multiple angles of incidence φ0: this approach is
called variable angle spectroscopic ellipsometry (VASE) [Arwin 2000]. When the
refractive index of the film is expected to be independent of the refractive index
of the layer, it is possible to perform additional measurements on samples with
different layer thickness.
Ultra-violet and visible spectroscopic ellipsometry (UV-VIS SE)
When UV-VIS photons are absorbed by a molecule, the MOs can be excited to a
higher, unoccupied energy level (usually HOMO→LUMO transitions). This is
depicted in Figure 2.9. The absorptions observed in UV-VIS spectroscopy can
also be understood by looking again at the Jabłoński diagram: they are related
to the ‘A’ process in Figure 2.3. (For an arbitrary material, the subsequent
luminescence processes are rather rare, so we will not take them into account
here.) S0 in Figure 2.3 can signify the HOMO level, e.g. a π-MO occupied by two
electrons, while in the excited state, S1, one of both electrons is occupying the
LUMO level, a π*-MO (cf. Chapter 1, section 1.1.1).

Figure 2.9: Electronic energy transitions in molecular orbitals caused by
absorption of UV-VIS photons.
2.1.6. X-ray photoelectron spectroscopy (XPS)
XPS is also known as electron spectroscopy for chemical analysis (ESCA). This
technique is based on the photoelectric effect and it allows for a semi-
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quantitative analysis of the surface composition. The sample is irradiated with
monochromatic X-rays of frequency, ν. When the energy of these photons, EX-ray
= hν, is larger than the work function of the material, Φ, core electrons (coming
from the K, L, … shells) are emitted (Figure 2.10). The kinetic energy of such an
emitted photoelectron, Ekin, can be measured and for solids it equals [Hudson
1992]:
Ekin = EX-ray - Eb - Φ

equation 2-10

Eb is the binding energy of the core electron: if the electron was strongly bonded
to the core, Eb is large and the excess kinetic energy Ekin is small. Since each
element has its own typical set of core levels, the detected kinetic energies can
fingerprint the elements present in the sample. Moreover, the binding energy
and thus the kinetic energy, depend on the oxidation state. Thus, XPS gives
elemental as well as chemical information about a thin surface layer.

Figure 2.10: In XPS, an X-ray photon can excite core electrons, of which the
kinetic energy is measured. Its original binding energy is calculated, which is
specific for the element and its chemical environment.
Summarising, the photo-emission process consists of three steps: absorption
and ionization (initial state effects); response of the atom and creation of
photoelectron (final state effects); and transport of the electron to the surface
and escape (extrinsic losses). After the photoemission, the created core hole will
relax because an electron from a higher shell will fill the empty state. The excess
energy will be released as X-ray fluorescence or Auger electron emission, the
basis for Auger electron spectroscopy (AES).
From the raw data in an overview scan (detected binding energies typically
ranging from 0 to 1100 eV) the number of atoms can be calculated for each
element: the area of the XPS peak belonging to this element is calculated and
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divided by the number of scans, a certain sensitivity factor of the apparatus for
the element, and the square root of EX-ray - Eb. Atomic percentages can be
calculated next: the number of atoms for a specific element divided by the total
number of atoms of all elements. Hydrogen is the only element that cannot be
detected by XPS.
2.1.7. X-ray diffraction (XRD)
XRD is based on the elastic scattering of X-rays from structures with long range
ordering, such as a diamond crystal. The set-up consists of an X-ray source
directed to the sample under an angle θ. Upon interaction with the sample, some
X-rays are reflected by atoms at the outermost surface of the sample, while
others are reflected from a plane of atoms inside the sample (Figure 2.11). The
distance travelled depends on the incident angle of the X-ray and the atomic
plane distances. The condition to get constructive interference under angle θ is
given by Bragg’s law [Woolfson 1970]:
2 ⋅ d ⋅ sin(θ) = m ⋅ λ

equation 2-11

Here, d is the spacing between the planes in the atomic lattice, m is a non-zero
integer, and λ is the wavelength of the incident X-rays (e.g. 0.154056 nm). In
words, equation 2-11 says that in order to get constructive interference with the
waves reflected at the outermost surface, the deeper reflected waves should
have travelled an integer number of wavelengths inside of the material. The
wavelength of the incident beam has to be in the order of the distance between
the lattice planes, making X-rays a powerful tool to characterize crystalline
materials.

Figure 2.11: The principle of X-ray diffraction.
Although XRD was used in this thesis only to characterise the crystalline
orientation of diamond films, it can be useful for biological samples as well: in
1953, the helical structure of DNA was evidenced by XRD [Watson 1953].
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2.2. Probing the surface with electrons
2.2.1. Scanning electron microscopy (SEM)
Since electrons have a smaller wavelength than photons, they can be used for
discriminating smaller structures than possible with classical microscopy. An
electron gun produces the primary electron for the coherent, incident beam by
thermionic emission or by field emission (in both cases usually tungsten is
used). To obtain an image, this beam is continuously deflected by a set of coils
to make it scan over the surface, and condensed by a lens to decrease the spot
size. Upon interaction of the incident beam with the sample material, various
processes may occur (Figure 2.12): backscattering of primary electrons,
secondary electron emission, emission of characteristic X-rays (the opposite
reaction used in XPS), emission of Auger electrons (also occurring in XPS), and
cathode luminescence. Of course, transmitted electrons may also be used for
imaging, but this is in practice done in a separate apparatus: the transmission
electron microscope (TEM).

Figure 2.12: Overview of electron-sample interactions occurring in SEM. Both
electron and photon signals are emitted. In particular, secondary electrons are
detected to yield topographical information. (Redrawn from [Mse web].)
In this thesis, SEM is only applied to obtain topographic information based on
secondary electrons; therefore, we will limit our discussion of SEM to this
process. When a primary electron from the incident beam collides with an
electron from a sample atom, it may lose energy, ionising the atom. To maintain
charge neutrality a secondary electron is emitted (with energy lower than 50
eV). Depending on the direction in which the secondary electrons take off from
the surface, they may or may not reach the detector. Regions from where no
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secondary electrons reach the detector will look like shadow in the resulting
image, very much like in a classical photograph.
Secondary electrons are also used in “environmental SEM”, that is of particular
interest for imaging biological specimens. In a conventional SEM the
measurements takes place in vacuum. In environmental SEM this condition is
relaxed, it can work e.g. at 40 mbar. In this case, once the secondary electrons
are produced, they will collide with gas molecules and produce additional
secondary electrons (or environmental electrons); this cascade reaction
increases the finally detected signal intensity.

2.3. Probing the surface with other probes
2.3.1. Atomic force microscopy (AFM)
The AFM was invented by Binnig et al. in 1986 [Binnig 1986]. G. Binnig had also
pioneered scanning tunnelling microscopy (STM) together with H. Rohrer, for
which they received the Nobel Prize in Physics in 1986. In an AFM measurement,
the topography of a surface is being mapped much like a person who reads
Braille: a ~100 µm long cantilever connected to a ~3 mm long probe has a
sharp, small tip at the end. This tip of radius ~10 nm is used to scan the surface
line by line. Usually the sample is moved under the tip by fixing it on a piezotube scanner (a hollow piece of piezoelectric ceramic). The deflection of the
cantilever in horizontal and vertical direction is constantly monitored by a laserdiode and four-segment detector combination and this information is used in a
feedback-loop to adjust the tip height.

Figure 2.13: The van der Waals interaction is the basic principle behind AFM.
(Reproduced from the SPM-guide of ThermoMicroscopes.)
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The ‘force’ in atomic force microscopy is the van der Waals interaction between
electrically neutral objects. Depending on the tip-sample distance, the van der
Waals force gives rise to a repulsive (hard contact) or attractive interaction
(Figure 2.13). The AFM can operate in either of both modes, or constantly switch
between them, as will be explained now. When operated in air, there is always a
water meniscus around the AFM tip and on the surface; this causes an additional
capillary force, which will tend to keep the tip in contact with the surface [Keller
2000]. Also the cantilever will exert a force, proportional to the cantilever
deflection, similar to that of a compressed spring (cf. Hooke’s law given in
equation 2-6). In this case the force constant, k, is a property of the cantilever,
given in N/m. Commercial AFM cantilevers are typically made of silicon or silicon
nitride, they have a single ‘diving board’ arm or a double ‘V shape’ arm, and
usually a pyramidal tip at the free end [Keller 2000].
The lateral resolution of AFM depends on the tip shape: the sharper the probe
the higher the resolution. Especially when imaging soft layers, also the form of
the tip may influence the obtained images (e.g. due to adhesion interactions).
The humidity and the surrounding conditions in general (vacuum, air or buffer
solutions) are of influence too. As a rule of thumb, the typical spatial resolution
of AFM in tapping mode operating in air equals the tip radius. Since the tip is
crucially important, alternatives, such as the use of a carbon nanotube as probe
with ~1 nm diameter only, are being studied [Hafner 2001]. The vertical
resolution is dominated by the piezo-tube scanner, and is below 1 nm. One must
always check the images carefully on the presence of artefacts, e.g. tip
convolution or broadening due to a blunt tip, or non-linearity effects (hysteresis,
creep, …) of the piezo-scanner.
Contact mode AFM
Using soft “physical” contact between tip and sample, corresponding to the
repulsive regime in the van der Waals curve (Figure 2.13 b), there are two
further options: constant height and constant force mode; a feedback loop has
to keep either the tip height or the applied force constant. In both cases the
topography of the sample is measured. Although the speed and the resolution
are best in contact mode, due to the presence of high frictional forces it can only
be used for hard samples, where there is no risk for damaging the surface. In
case of diamond however, damage of the tip may occur.
Non-contact mode AFM
To avoid scraping, in non-contact mode the cantilever is oscillating above the
sample over ~10 nm, never touching it, at a frequency slightly above its first
resonance. The oscillation is driven by a small piezo-element in the cantilever
mount [Keller 2000]. Tip-sample interactions may damp the oscillation. Again
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there are two further options: frequency-modulation and amplitude-modulation
mode. The feedback loop ensures a constant tip-sample distance by maintaining
the resonant oscillation frequency or the oscillation amplitude, respectively.
Because the forces involved in non-contact mode are long ranged, the resolution
in this mode is lower [Keller 2000]. This technique is useful for soft and
biological layers, as is the third and last mode.
Tapping mode or intermittent-contact mode AFM
In tapping mode, the tip also oscillates, now at a frequency below the resonance
and with larger amplitude compared to non-contact mode: in this case the tip
touches the surface each time at the lowest point of the oscillation. A larger
amplitude of oscillation is required, to avoid that the tip is ‘captured’ on the
sample by capillary forces during the contact taps [Keller 2000]. As such, this
mode combines the advantages of the previous ones: enabling higher resolution
without damaging the surface. Apart from a normal topographic image, a phase
image can be composed; the phase difference between the applied oscillation
and the actual movement of the tip depends on the interaction with the surface,
and thus of the material composition.
Non-contact and tapping mode AFM allow imaging in buffer solutions, in practice
this is done in a fluid cell, with a transparent top side [Keller 2000]. Imaging
biomolecules in this way has the advantage that they are more likely in their
native conformation, and there will be no salt crystals on the surface. Contact
mode is usually not possible, because in buffer the layers are even more easily
deformed by the tip.
AFM measurements on DNA
Long DNA is usually imaged by AFM in dilute solutions on freshly cleaved mica
[Lyubchenko 1993; Lyubchenko 1996; Hansma 1996]. These studies probe the
tertiary structure of the molecules. There are also some papers describing
adsorbed, long supercoiled DNA on flat surfaces theoretically, by Monte Carlo
simulations [Fujimoto 2002]. Moreover, AFM measurements in buffer solutions
have been performed on dilute end-tethered DNA layers on mica [Shlyakhtenko
1999] and flat gold surfaces [Erts 2003; Liu 2006; Mearns 2006]. Rezek and
others performed AFM measurements on dense, end-tethered DNA layers on
diamond in buffer solutions [Rezek 2006; Shin 2006; Nebel 2007; Rezek 2007].
They apply contact mode AFM with high scanning forces on a small region of the
functionalised surface to scratch of the organic top-layer, a technique called
‘nano-shaving’. Then a larger region is imaged by tapping mode AFM as to
determine the step height between the bare and functionalised diamond surface.
The results are discussed in Chapter 4, section 4.5. Another interesting AFM
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application is force spectroscopy of single DNA molecules involving a ssDNAfunctionalised tip [Rief 1999].
In this thesis, AFM measurements in ambient conditions are applied to evaluate
the surface roughness of bare and DNA functionalised diamond samples. As a
reference for UV SE measurements that are (necessarily) performed on dry
samples, the root mean square (RMS) roughness is determined by AFM on dry
samples. It should be kept in mind that the obtained roughness value depends
on the scanned area: smaller areas yield smaller roughness estimations.
2.3.2. Contact angle (CA) or wetting measurements
To assess the hydrophilicity or wetting behaviour of diamond surfaces after
various surface treatments, the initial, static optical (drop shape) contact angle
of sessile drops of de-ionised (DI) water on the surfaces was measured.
Advantages of this surface sensitive technique are that it allows for a rapid,
qualitative analysis, while the apparatus is relatively inexpensive. It is highly
surface sensitive, able to detect changes due to sub-monolayer coverage. There
are no stringent demands on sample size and the required practical handlings
are easy. Moreover, the CA values can be used and interpreted as such: for
biosensor research the hydrophilicity of a surface is a valuable characteristic in
its own right, although CA-measurements for different test fluids can be used to
calculate the ‘surface energy’ of the solid surface under study.

Figure 2.14: The contact angle between a droplet of de-ionised water and the
surface of a CVD diamond film in ambient air depends on the properties of all
three phases.
When a drop of liquid is brought in contact with a surface, three phases come
into contact: the liquid of the test fluid (L), the gasses and vapour constituting
the ambient air (V), and the solid of the sample surface (S) under study. The
drop will contract or expand to minimize or maximize its contact area,
depending on which is energetically favourable. This results in a specific angle of
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contact at the three phase boundary (Figure 2.14): it is the angle between the
tangent to the fluid curvature and the tangent to the surface of the solid support
(called the ‘baseline’). The lower the CA, the higher the wettability of the surface
by the specific fluid. It is expressed in degrees, with a value between 0
(completely wetting) and 180 (completely non-wetting). If a fluid with known
characteristics is used, and the ambient phase is accounted for too, the CA holds
information solely about the solid surface. The shape of a static sessile drop is
determined by the interfacial tension and gravity alone. When a drop is in
motion viscosity and inertia will have an influence on its shape too.
Let us look at a simpler case first: a fluid in contact with a vapour. The fluid has
a certain ‘surface tension’, i.e. the interfacial free energy (measured in J/m², or
N/m) of the liquid-vapour interface γLV, or simply γ. Surface tension is caused by
van der Waals interactions between the liquid molecules. These forces of
intermolecular attraction add up to zero for a molecule in the bulk, while they
cause a net, inward force on the molecules at the surface. Since both liquid and
gas can easily be deformed, the area of the contact surface is determined by an
equilibrium between the fluids surface tension and its resistance to further
compression, thus minimizing the total potential energy.
Coming back to the situation during a CA measurement, with a static sessile
drop of fluid on a solid support in a certain atmosphere, two additional
interactions come into play: one between solid and liquid, and one between solid
and vapour. Analogously to the liquid-vapour interface surface free energy terms
can be related to these interactions (also expressed in N/m): the interfacial free
energy of the solid-liquid interface is denoted γSL, and of the solid-vapour
interface γSV. We would like to characterize the surface properties of a diamond
film; unlike fluids, a solid surface supports shear stress without noticeable
deformation. Therefore it is less obvious to determine γSV than γ. However, CAs
depend on γSV and for the case of thermodynamic equilibrium, the Young-Dupré
equation gives a relation between the interfacial free energy terms and the
equilibrium CA, θeq [Hudson 1992]:
γSV - γSL = γ ⋅ cos(θeq)

equation 2-12

Being interested in determining γSL from CA measurements, we are faced with a
second unknown: γSV. There are different models available that provide an
additional equation to separate the two unknowns. Five models that are widely
used, although they all have specific fields of application are: the combining rule
of Girifalco-Good-Fowkes-Young, the Zisman critical wetting tension, the OwensWendt geometric mean, the Wu harmonic mean and the acid-base theory of
Lewis. The first requires only one measurement, while the others require more
measurements with different test fluids.
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For biomaterials yet another model is applied: the ‘wetting tension method’. It
suggests simply taking the right hand side of the Young-Dupré equation, γ ⋅
cos(θeq), calling it the wetting tension τ. Thus, the wetting tension equals γSV γSL. This approach only requires one test fluid.
A common test fluid is water and low or high CAs then simply correspond to a
hydrophilic or hydrophobic surface, respectively. For biosensor-research the
hydrophilicity of a surface is an interesting property in its own right. Moreover
DI water has the advantage that it is cheap, ubiquitous and safe, which is
important since the test fluid will evaporate in the measurement room. Moreover
it forms sufficiently large CAs on most surfaces, and it does not leave a residue
or deteriorate most samples. The surface tension of water is 72 mN/m at 25°C
[Lange 1967]. This is relatively high and it is the reason that water can form
drops but not bubbles, and that small objects can float on the surface of water,
that forms an elastic sheet as it were. Surface tension depends on temperature
(usually it decreases when temperature increases).
For example, after cleaning diamond in boiling acid the presence of oxygen
containing groups turns the surface hydrophilic (CAs ~10-40° for DI water),
while the pure H-termination after treatment in H-plasma turns the diamond
surface hydrophobic (CAs ~90° for DI water). Also the morphology of a surface
can have a major impact on the wettability. Superhydrophobic surfaces (CAs
150-180°) do not occur on diamond, but they are found in nature (small
protuberances on the surface of a lotus make it superhydrophobic, thus keeping
the flower clean [Barthlott 1997]) and are used as inspiration for synthetic
materials where micro-patterning is applied successfully for self-cleaning
coatings [Roach 2008].
2.3.3. Biological methods
Enzyme-linked immunosorbent assay (ELISA)
An adapted ELISA protocol was developed to test the presence of digoxigenin(DIG) labelled DNA on diamond surfaces. The applied DNA was amplified by
PCR, during which DIG-labelled 2’-deoxyuridine 5’-triphosphate (dUTP) was
incorporated instead of 2’-deoxythymidine 5’-triphosphate (dTTP) (PCR DIG
Labelling Mix, Roche Diagnostics, Vilvoorde, Belgium).
The applied anti-DIG-antibody was labelled with a horseradish peroxidase
enzyme (HRP) (Anti-DIG-POD-Conjugate, Roche Diagnostics), that will be used
for a colour reaction in a further step. The antibody was diluted 5000 times in
phosphate buffered saline (PBS) (Roche Diagnostics) with the anionic detergent
Tween20 (Sigma Aldrich, Bornem, Belgium). The diamond surface on which DNA
might be present was immersed in the resulting solution with an antibody
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concentration of 0.03 units/ml. After 1 hour the unbound enzyme-labelled
antibodies were removed with PBS-buffer containing Tween20 at RT.
DNA was detected by the presence of HRP. Therefore, one solution is made
containing hydrogen peroxide (H2O2) (VWR International, Zaventem, Belgium),
another containing tetramethylbenzidine (TMB) (Sigma-Aldrich). The two
solutions were mixed in equal volumes and put on the diamond surface under
study for 3 minutes. If HRP is present on the surface, it catalyses the reduction
of H2O2 and the oxidation of TMB, making the colour of the fluid blue. With a
pipette this fluid was placed in a well of an ELISA plate (96-well ELISA-plate,
Nunc). The reaction was stopped by adding an equal volume of 1 M sulphuric
acid (VWR International), changing the colour into yellow. In the ELISAinstrument (‘Micro Plate Reader-A4 UR/R’ from Eurogenetics) the absorption of
450 nm light (blue light) was recorded: the amount of absorption is a measure
for the amount of DIG present on the surface and indirectly for the amount of
dsDNA. After this measurement the diamond surface was immersed in a 2×
saline sodium citrate (SSC) (Figure 2.15 b) buffer for 15 minutes at 60°C: this
stringency washing step is applied to remove physisorbed DNA. Traces of this
buffer were removed with PBS-buffer containing Tween20 and the above steps
are repeated starting from the H2O2- and TMB-solutions. HRP-labelled anti-DIGantibodies were allowed to bind to DIG. Then, the HRP was detected with a
colour-reaction and the samples were washed with 2× SSC-buffer alternately.

b)
a)
Figure 2.15: a) Principle of an ELISA-test for DIG-labelled DNA on diamond; b)
molecular structure of sodium citrate.
Polymerase chain reaction (PCR) and gel electrophoresis
PCR was invented by Mullis and Faloona [Saiki 1985]. This is now a standard
lab-technique that allows amplifying a 100 – 5000 bp long dsDNA fragment in
vitro. In principle, the PCR cycle can start from just one dsDNA molecule and
consists of three steps. The first step is a thermal denaturation of the strands at
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95°C. The first 20-25 bases of each side of the fragment need to be known in
advance, as oligonucleotides with this sequence have to be introduced as
primer. This is done in the second step, called annealing, where they are allowed
to bind to both ssDNA strands at 55-60°C. The oligonucleotides will function as
the starting points for DNA polymerase in the third step, called the extension.
DNA polymerase is an enzyme that synthesises two new DNA fragments out of
separate nucleotides, starting from the oligos, in a sequence complementary to
the separated denatured strands. This reaction is performed at 72°C, because
elevated temperatures are beneficial for the enzyme activity, which is isolated
from a bacterium Thermus aquaticus (‘Taq’) found in hot water springs.
After the reaction, we are left with two dsDNA molecules with a sequence
identical to the original molecule. Each time this cycle is repeated, the number
of DNA strands is doubled, thus explaining the use of the term chain reaction. In
practice, all components necessary for the different steps (DNA, buffer, separate
nucleotides, primers and Taq DNA polymerase) are pipetted together and the
mixture is placed in apparatus that will automatically cycle between the three
temperatures. Typically the PCR cycle is repeated about 30 times, increasing the
amount of dsDNA fragments by a factor of 230 or ~109.
Electrophoresis means the migration of charged particles in a fluid under the
influence of an applied electric field [Kleijn 2000]. Gel electrophoresis involves
putting DNA fragments on one side of an agarose or polycrylamide gel. Agarose
is more appropriate for relatively long molecules. An electric potential is put over
the gel, and the DNA is drawn towards the other side, at positive potential, due
to the negative charge of DNA. Shorter fragments will migrate faster, so this
technique separates the fragments by length. The position of the fragments still
has to be made visible: this is accomplished by staining them by ethidium
bromide, which fluoresces under UV light, and making a photo of the bands.

2.4. Probing the surface with electric fields
2.4.1. Electrochemical impedance spectroscopy (EIS)
The electronic properties of the diamond surface interface are expected to
change during hybridisation or denaturation, due to the charge re-distribution of
the target ssDNA molecules (partially shielded by counter-ions), inducing a field
effect in the semiconductor substrate [Memming 2000]. The situation for p-type
diamond is depicted in Figure 2.16. This effect can be used for different types of
electronic measurements. In this thesis electrochemical impedance spectroscopy
(EIS) is applied. In this technique, an alternating current (AC) potential with
angular frequency ω is applied: U(t) = |U|.eiωt. The AC current response is
measured: I(t) = |I|.ei(ωt-Δ), with Δ the phase shift between voltage and current.
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b)
a)
Figure 2.16: a) Upon denaturation or hybridisation, the charge distribution near
the diamond sensor surface changes. b) This influences the band structure
inside the p-type diamond.
The complex impedance, Z, is calculated as the ratio of AC voltage over current
[Young 2008]. Different graphical representation of the Z(ω)-measurements are
commonly used in EIS. The imaginary part of the impedance may be plotted in
function of the real part of Z, this is called a Nyquist-plot or Cole-Cole plot.
Alternatively, Δ or log(|Z|) may be plotted in function of log(ω): both are called
Bode-plots.
Since the impedance is a property belonging to the electric circuit as a whole, a
model is necessary to analyse the contribution of the part of interest, e.g. the
organic layer or the space charge region in a diamond-based DNA sensor.
Equivalent circuits describing a biosensor set-up (including bulk phases and thin
interfaces) typically consist of resistances and capacities, but not inductors.
However, a different type of component may be necessary to describe the effect
of surface roughness, inhomogeneities, or depth-dependent variations in the
charge carrier concentration [Kondo 2003]: a constant-phase element, Q. It has
a phase shift that equals –n.90° (independent of ω), with n a parameter
between 0 and 1. For the limiting value of n = 0, there is no phase shift, so Q
represents a resistor; for n = 1, Q represents a capacitor. Another special case
is n = ½: then Q is called a Warburg-element [Grimnes 2000], of which the
phase shift is exactly -45°. The impedance of an arbitrary Q-element is given
by:

Z Q (ω ) =

1
Z (ω = 1rad / s ).(iω ) n

Thus, the unit of Q is 1/(Ω⋅Hzn), or S⋅sn.

equation 2-13
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3.

Covalent attachment of DNA to diamond
“The most exciting phrase to hear in science, the one that heralds new discoveries,
is not ‘Eureka!’ (I found it!), but ‘That's funny...’ ”
Isaac Asimov

In this chapter the results obtained for linking DNA to CVD diamond surfaces are
presented. The choice of the linking system has important consequences for the
signal quality of the final electronic DNA sensor: a covalent attachment in headon configuration is desireable to promote hybridisation and to allow multiple use.
The goal is to create a molecular scaffold between the biomolecule and the
physical transducer that is as simple and stable as possible.
The first attempt (section 3.1) is based on a procedure known from literature for
the attachment of DNA to diamond powder, based on thymidine and ligase
[Ushizawa 2002]. Later, we developed a photo-chemical procedure for the
coupling of DNA to CVD diamond surfaces (section 3.2), similar to [Yang 2002a].
A very stable link is created, based on the strength of the carbon-carbon bond.
Our adaptation of this method is simple and effective: no deprotection step is
required and a zero-length cross-linker is applied, reducing the complexity of the
molecular scaffold. Moreover, the immobilsation method allows photo-patterning
and tuning of the linker length. The method has been optimised carefully
(section 3.3), in view of an increase in the DNA probe density and functionality
(availability for hybridisation) and a marked decrease in the non-specific
adsorption.
In section 3.4, the application of the photo-chemically activated CVD diamond
surfaces for electrical DNA sensing experiments is reported. Because the DNA
orientation and conformation are important parameters influencing the sensor
function, section 3.5 describes the study of these properties with optical
techniques. Section 3.6 brings together a collection of supplementary data.

3.1. Thymidine and ligase route
The method described here has been published previously in [Wenmackers
2003] and [Wenmackers 2005a]. Here also some previously unpublished AFM
data are presented.
3.1.1. Immobilisation strategy
In 2002 Ushizawa et al. have reported a procedure for the attachment of DNA to
diamond powder [Ushizawa 2002]. This method is based on thymidine – a
derivative of thymine that is part of the DNA structure – as a linker for DNA to
diamond. In their study diffuse reflectance infrared spectroscopy was used for

76

Chapter 3

characterisation. Because electronic measurements would require films of
diamond instead of powder, our main goal was to evaluate the effectiveness of
the reported immobilisation method on such films. The procedure starts with the
oxidation of the diamond surface, a problem that is addressed in numerous
experimental and theoretical studies [Notsu 1999; Larsson 2001; Ostrovskaya
2002; John 2002]. For the different crystalline orientations present in a
polycrystalline sample various oxygen-containing groups are introduced, making
the situation more complicated. We used CA measurements, XPS, CLSFM and
ELISA to investigate the functionalisation process.
Preparation of diamond substrates
The choice of different growth parameters resulted in three different sample
categories: (i) one small, single-crystalline sample, (ii) four free-standing films
of microcrystalline diamond, referred to as “µCDa”, “µCDx”, “µCDy”, and
“µCDz”, and (iii) two pieces of nanocrystalline diamond, referred to as “NCDx”,
and “NCDy”. All samples were undoped and were obtained using MW PE CVD
(2.45 GHz, ASTeX). (i) The SCD sample was grown with 16 standard cubic
centimetres per minute (sccm) of CH4 gas and 1000 sccm H2 gas. The pressure
was 120 Torr (1 Torr ≈ 133 Pa), the MW power 3 kW, the substrate temperature
810°C and the deposition time 3 hours. This sample had a surface area of
approximately 4 mm². (ii) For the microcrystalline films different conditions were
used. Sample “µCDa” had thickness of about 500 μm. A Si (100) wafer was used
for heteroepitaxial growth. The feed gas mixture consisted of CH4 and H2 (0.2%
volume fraction) and the gas flow was 400 sccm. The deposition temperature
was 900 °C and the MW power was 500 W. For “µCDx-z” the amount of CH4 gas
in comparison with H2 gas was varied (1 to 5%) to optimise the smoothness of
the layer. Also the pressure and MW power were chosen to obtain a substrate
temperature of about 800°C: this promotes the growth of diamond with (100)orientation. The surfaces were in the order of cm² for these samples. To obtain
freestanding µCD films, after deposition the silicon substrate was etched off. The
µCD layers have then been polished, which was not necessary for SCD and NCD
samples. (iii) The NCD layers were grown for 60 minutes with 10 sccm CH4 gas
and 490 sccm H2 gas. The pressure was 40 Torr, the MW power 3 kW and the
substrate temperature 710°C. Of the three types of diamond samples, the
properties of NCD films approach those of diamond powder the best, as NCD
consists of the smallest grains and polishing of the films is unnecessary. Also,
they had the largest surface, several cm².
Surface-chemical treatments
To immobilise DNA on diamond films, we adapted the method developed by
Ushizawa and co-workers for nanocrystalline diamond powders [Ushizawa
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2002]. To clean and oxidise the diamond samples, they were placed in a mixture
of sulphuric acid (H2SO4) (Figure 3.1 a) and potassium nitrate (KNO3) at 250 °C.
Concentrated sulphuric acid is a strong acid, as is illustrated by this comical
rhyme:
Little Johnny took a drink, but he shall drink no more,
for what he thought was H2O was H2SO4.
The colour of H2SO4 is transparent, yet once the reaction with KNO3 starts, the
fluid turns pale yellow (Figure 3.1 b) and a white-yellow fume escapes; this is
nitric acid (HNO3), another strong acid and oxidising agent. After the reaction
and cooling a precipitate may be noticed, this is potassium bisulfate (KHSO4).

b)
a)
Figure 3.1: a) Chemical structure of sulphuric acid. b) A beaker with several (1
cm)² NCD samples in a mixture of hot sulphuric acid and potassium nitrate;
nitric acid is formed and the liquid colour changes from transparent into yellow.
The surface oxidation is intended to introduce carboxylic groups (Figure 3.2 a),
but other oxygen containing groups will be created as well [Goeting 2001]. (To
distinguish this oxidation method from three alternative methods introduced
below, it is referred to as “method A”.) The roughness of the surface is not
changed by this treatment. To remove possible contamination from the oxidising
agents, the samples were rinsed in DI water and alternately heated and placed
in an ultrasonic (US) bath. After the oxidation, the samples were treated with
thionyl chloride (SOCl2, Merck, Leuven, Belgium) at 50 °C during 12 h in order
to substitute the hydroxyl groups belonging to carboxylic acid by chlorine groups
(Figure 3.2 b). Subsequently, thymidine was immobilised by placing the
diamond samples in a solution of thymidine (Sigma-Aldrich, Bornem, Belgium)
and 4-dimethylaminopyridine (Merck) in anhydrous pyridine (Merck) at 50°C
during 12 h. Thymidine is a nucleoside consisting of the base thymine, which
also occurs in DNA sequences,
combined with the sugar group pentose
(deoxyribose) in a glycosidic linkage [Devlin 1992] (Figure 3.2 c). A DNA
backbone consists of a chain of pentose and phosphate groups and this
immobilisation method uses exactly the same, covalent linkage. After this, the
surface was functional for reaction with DNA.
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a)
b)
c)
Figure 3.2: Schematic view of the attachment of a thymidine linker to a carbon
atom on a diamond surface, used to introduce double stranded DNA. a) After
chemical oxidation, some carboxylic acid groups are present; b) the OH-group is
substituted with a Cl-group after reaction thionyl chloride; c) the Cl-group is
substituted after reaction with thymidine.
Chemical oxidation of diamond is known to result in surface oxides such as
hydroxyl (–OH), carbonyl (>C = O), and carboxyl (–COOH) [Goeting 2001].
Because in our procedure the introduction of carboxylic groups on the diamond
surface is crucial, we tried different oxidation methods, referred to as “A”, “B”,
and “C”, as well as the original recipe of [Ushizawa 2002], denoted below as
“method U”. Method A was explained higher: in sulphuric acid with potassium
nitrate (Merck) at 250°C for 0.5 hour, then in DI water in an US bath and finally
in fresh DI water of which the temperature is kept just below the boiling point
(washing is repeated several times). Method B: in pure sulphuric acid at 250°C
for 0.5 hour, then the same washing method as in method A. Method C: in
chromic acid with sulphuric acid (‘sulphochromic mixture’) at RT for 48 hours,
and again the same washing method. Method U involves placing the diamond in
sulphuric acid mixed with nitric acid first, then in 0.1 M sodium hydroxide and
finally in 0.1 M hydrochloric acid (all chemicals supplied by Merck). In between
the various oxidation methods, the surface was regenerated by placing the
samples in H-plasma in the CVD reactor. For this purpose, 500 sccm H2 gas was
used, the MW power was set to 3 kW, and the substrate temperature was
730°C.
DNA immobilisation
The diamond surface of sample “µCDa” was now functional for immobilisation of
DNA, with the 3′-end of thymidine acting as a covalent binding site for the 5′end of DNA strands (Figure 3.3). The DNA used in our experiments was a 250
bp dsDNA segment of the human phenylketonuria (PKU) gene; the length of the
segment was confirmed by gel electrophoreses (Figure 3.4) and corresponds to
a linear length of about 80 nm. PCR was used to amplify this DNA-fragment. In
the PCR process one of the strands was labelled at the 5’-end with a fluorescent
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Figure 3.3: Double stranded DNA covalently attached to a diamond surface by a
thymidine linker. The unbound 5′-end carries a FITC molecule as fluorescent
label. (The respective molecules are not drawn to scale.)
molecule, FITC. For an ELISA-test, also DIG labels were attached: dUTP was
incorporated instead of dTTP, and these dUTPs were labelled with DIG (PCR DIG
Labelling Mix, Roche Diagnostics, Vilvoorde, Belgium).
To attach the PCR-DNA to the thymidine presumed to be present on the
diamond, a ligation reaction is performed using the enzyme T4 DNA ligase
(isolated from E. coli, Invitrogen Life Technologies, Merelbeke, Belgium). A drop
consisting of 8 µl of polymerase buffer (Roche Diagnostics) with this PCR-DNA (5
ng/µl), 0.5 µl T4 DNA ligase, and 2 μl Tris-EDTA-buffer was placed on the
functionalised diamond-surface. The drop was left 1 h to react in ambient
atmosphere, making sure it would not evaporate by placing the sample in a
small, sealed box together with some drops of sterile water. The surface was
then rinsed in sterile water (Milli-Q®, Millipore) for at least three times in order
to wash off excess DNA.

Figure 3.4: Electrophoreses pattern with a reference sample on the left column
and the PKU-fragment on the second column, indicating a DNA length of 250 bp.

80

Chapter 3

3.1.2. Results for the thymidine and ligase route
The oxidised surfaces were investigated with CA and XPS. CA gives a general
impression of the hydrophilicity, whereas XPS can give an indication of the
chemical group in which the oxygen is present. XPS was also used for
monitoring the effect of the treatments with thionyl chloride and thymidine.
Contact mode AFM images of the thymidine-functionalised surface are
presented. With confocal fluorescence microscopy and ELISA the presence of
DNA was examined.
Oxidised µCD and NCD characterised by contact angle measurements
To study the effect of the different oxidation methods, three polycrystalline
diamond samples (“µCDx”, “µCDy” and “µCDz”) underwent the following series
of treatments: regeneration in hydrogen plasma, oxidation with method A,
regeneration, and oxidation with method B. For sample µCDz there followed
another regeneration and oxidation with method C. Furthermore, we
investigated the result of oxidation by method B on the CA of two NCD samples:
“NCDx” and “NCDy”. As NCD does not need to be polished first, these films were
still H-terminated due to the CVD process. CAs were determined for the fresh
samples and again after oxidation with method B. As can be seen from the
average CA values in the last two columns of Table 3.1, the same oxidation
conditions resulted in a stronger hydrophilic behaviour for these samples when
compared to the previous values.
Table 3.1: Average initial static contact angle with DI water for H-terminated
and oxidised surfaces of poly- and nanocrystalline diamond.
Sample name:
µCDx
µCDy
µCDz
NCDx
NCDy
Treatment:
CA(°)
CA(°)
CA(°)
CA(°)
CA(°)
H-terminated
92
90
78
/
/
Method A
45
36
34
/
/
H-terminated
91
90
89
91
97
Method B
43
45
34
20
26
H-terminated
87
/
/
/
/
Method C
36
/
/
/
/
Each value for the initial CA with DI water, as presented in Table 3.1, is the
average of the left and right initial contact angles determined for 2 to 8 different
spots per sample (depending on the size of the sample), assuming an ellipsoidal
shape of the drop; the measured values varied within 3° around the average
value. There is a clear rise in the hydrophilicity of the surface after oxidation as
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compared to the hydrogenated situation, but there is no significant difference in
CA between the different oxidation methods. This compares well to the results of
[Ostrovskaya 2002], reporting CA values of 93° for H-terminated diamond and
32° for oxidised surfaces.
Oxidised SCD and µCD characterised by XPS
To obtain more information regarding the form in which oxygen is present on
hydrophilic diamond surfaces, we prepared a small sample to be mounted in the
HP XPS spectrometer: the SCD sample after oxidation with method A. Obtained
peak energies can be compared to the values in other XPS-studies on diamond
and diamond-like materials [Mérel 1998; Petrick 2001; Filik 2003].
The peak due to oxygen (Figure 3.5) can be de-convoluted into four sub-peaks,
representing different states of oxygen [Makau 2003]. We estimated that 65.0%
of all oxygen was present in the form carbonyl and hydroxyl (also as part of
carboxyl). 12.0% of the peak was due to oxygen in bridge structures. The
abundance of double bonded oxygen atoms in carboxyl was estimated to be
14.5%, thus enough carboxyl seems to be present to allow for the modification
with chlorine. Oxygen in other forms accounts for the other 8.5%. However, it
should be noted that the de-convolution and the assignment of the peaks
remains arbitrary to some degree.
In order to obtain chemical information of oxidised diamond, we also used XPS
to obtain information on the elements present on the surface after the various
chemical treatments. This was done with the SSX-100 instrument, thus the
larger µCD samples could be used. From the peak area in an overview scan
atomic percentages can be calculated. The percentages of elements present on

Figure 3.5: De-convolution of the oxygen 1s peak in the XPS-spectrum of a
single crystal oxidised using method A. The dots are the experimental data and
the lines are the fitted curves.

82

Chapter 3

µCDx are given in Table 3.2. Similar results were obtained for other µCD
samples. The twofold effect of the treatment with thionyl chloride after the
oxidation is clear: chlorine, necessary for the subsequent attachment of
thymidine, was introduced on the surface and the sulphur contamination was
reduced. After the treatment with thymidine and pyridine less chlorine was
found on the surface as expected. However, since some nitrogen was already
present before the reaction with thymidine, we cannot conclude from these data
alone whether also the immobilisation of thymidine (and after that of DNA) was
successful. Therefore we tried to evaluate the end result by searching for the
FITC-label of the immobilised dsDNA under the microscope.
Table 3.2: Elements present on sample µCDx after functionalisation.
Samples:
C(%)
O(%)
N(%)
S(%)
Cl(%)
Treatment:
Oxidation
60.7
28.8
4.8
5.8
0.0
method A
Reaction with
69.8
22.5
2.7
3.5
1.5
thionyl chloride
Reaction with
82.3
15.4
1.2
0.6
0.6
thymidine

Si(%)
0.0
0.0
1.2

Thymidine-functionalised µCD imaged by contact mode AFM
The bare surface of an oxidised µCD sample has a low RMS roughness of 2.4
nm, as measured by contact mode AFM on a (10 µm)² area (Figure 3.6 a). Upon
introduction of chlorine groups and thymidine subsequently, additional
structures appear on the surface (Figure 3.6 b), that can be scraped by contact
mode AFM, as can be seen from Figure 3.6 c.

a)
b)
c)
Figure 3.6: Contact mode topography AFM images of polished µCD. a) Clean,
oxidised surface (10 µm)²; b) thymidine-functionalised surface; c) wider scan of
the same surface (30 µm)², showing that scraping has occurred while scanning
the (10 µm)² area shown in b.
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DNA-functionalised µCD imaged by CFM
After repeatedly washing of the samples with sterile water, the presence of
surface-bound DNA was confirmed by confocal fluorescence microscopy. The 488
nm line of an argon-ion laser was used for excitation, close to 494 nm, the
absorption maximum of FITC (see Chapter 2, Table 2.2). The emission
maximum of FITC is 519 nm. The laser output was tuned by an AOTF and
spectral purity was guaranteed with an additional 488/10 nm excitation
interference filter. The detected emission spanned all wavelengths between 535
nm and 590 nm. All 512 × 512 images were obtained with a 10× objective and
had the size of 920 µm × 920 µm.
Figure 3.7 a shows the fluorescence emitted at 509 nm by FITC-labelled DNA on
sample “µCDa”. The image field is (920 × 920) μm² and the inhomogeneous
features are smaller than the underlying grains of the polycrystalline diamond
(Figure 3.7 b), meaning that inhomogeneous features are not related to
preferential or averted binding of DNA on the grain boundaries. The exact nature
of this immobilisation (e.g. physical adsorption, or covalent bond as in Figure
3.2) cannot be distinguished from these fluorescence images alone.

a)
b)
Figure 3.7: a) Fluorescence image (using 488 nm excitation) of FITC-labelled
DNA on sample “µCDa”, showing inhomogeneous features in the emission at 509
nm. b) The transmission image with visual light shows the grain structure of the
µCD.
To exclude the possibility of non-specific bonding of DNA to the surface, the
thymidine layer was deliberately damaged with a scalpel before DNA
immobilisation. In Figure 3.8 one can see that this region remained dark under
the confocal microscope after DNA treatment, from which we conclude that no
bonding of DNA occurred at places without thymidine and its corresponding 3′-
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sites. As an additional test, the samples were placed in sterile water close to 100
°C. After 5 minutes the water was refreshed and heated again. Since this
temperature exceeds the so-called ‘melting point’ of DNA, the H-bonds between
the complementary strands are broken. This results in ssDNA and the unbound,
FITC-labelled strand comes off. After this denaturation indeed no fluorescence
could be detected at all.

Figure 3.8: Fluorescence image (488 nm excitation) of FITC-labelled DNA on a
region of “µCDa” where the thymidine layer was mechanically removed, showing
a dark line in the emission at 509 nm.
DNA-functionalised µCD and NCD investigated by ELISA
If the dsDNA is present on the surface, it should also be possible to detect the
DIG-labels with an ELISA test. We checked NCD as well as polished and
unpolished µCD samples. After a few cycles of colour-reaction and washing with
2× saline sodium citrate (SSC) buffer (pH 7.5, prepared using 3 M NaCl and 0.3
M C6H8O7.3Na), DIG was not detected anymore and also the fluorescence was
gone. This means the dsDNA present at first and detected with fluorescence as
well as (the first cycles of) ELISA, was only physically adsorbed on the surface
and not covalently attached to it (since 2× SSC buffer is not able to break a
covalent bond).

3.2. Fatty acid and carbodiimide route
Since the success of the thymidine and ligase method was at least doubtful,
while an immobilisation method starting from a better defined H-terminated
surface instead of a mixed oxidised one is preferable, we switched to a
completely different immobilisation strategy - involving a linker of tuneable
length –, as will be described now. In this section the method and results for the
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initial version of this route will be discussed, that have been published in
[Wenmackers 2005b] and [Christiaens 2006]. In the following paragraphs the
further optimisation of this route, the impedimetric measurements, and an
orientation study of the obtained DNA layers will be discussed.
3.2.1. Immobilisation strategy
In 2002, Yang et al. had published a method for covalent DNA attachment on
NCD and UNCD surfaces [Yang 2002a], as was described in Chapter 1 (section
1.3.3). This method resulted in a very stable link, allowing for at least 30 cycles
of hybridisation and denaturation. They report a slightly higher signal-to-noise
for UNCD as compared to NCD. Other advantages of this method are the
possibility of photo-patterning and the high stability of the resulting covalent
functionalisation [Strother 2002]. This approach can also be used to prevent
non-specific protein adsorption by an analogous photochemical modification of
diamond films with triethylene glycol [Lasseter 2004].
At this time, we were looking for an alternative of our thymidine and ligase
route. We found a simpler alternative of the Yang-method, as will be described
now. Contrary to the procedure for DNA-attachment to diamond described by
[Yang 2002a], which has been modified for protein-attachments by [Härtl 2004],
we start from carboxyl groups on the diamond instead of amino groups. In our
approach, first 10-undecenoic acid (UA), an ω-unsaturated fatty acid, is
attached to H-terminated diamond surfaces under 254 nm UV light. UA is a
commercially available derivative of castor oil, and is also known under the
name undecylenic acid. Thus, this method overcomes the problem of insufficient
carboxylation by attaching fatty acid chains to the diamond surface, not
requiring a de-protection step and creating a universal coupling method for any
molecule containing amino groups. Subsequently, the attachment of an aminomodified DNA fragment is performed using the zero-length crosslinker 1-ethyl-3[3-dimethylaminopropyl] carbodiimide (EDC).
Preparation of diamond substrates
With MW-PE CVD, NCD films of ~200 nm thickness were deposited on Si (100)
wafers covered with a thin sputtered Ti-layer of about 50 nm. This layer acts as
a seeding enhancement [Daenen 2006] and is deposited after a mechanical
abrasion pre-treatment of the bare Si wafer using diamond powder. Growth was
performed in a commercial CVD reactor (ASTeX), from a standard mixture of
methane and hydrogen gas [Mortet 2005]: using 475 sccm H2 together with 1025 sccm CH4, for 50 min.; during the deposition process, the pressure, substrate
temperature, and 2.45 GHz microwave power were maintained at 40 Torr (= 5.3
kPa), ~700°C, and 3000 W, respectively.

86

Chapter 3

a)
b)
Figure 3.9: NCD surface viewed by a) SEM, and b) non-contact mode AFM.
After growth, the wafer was cut in 1 cm2 pieces with a diamond scribe for testing
different surface treatments. Then, the samples were cleaned and oxidised for
30 min in an oxidising mixture of boiling H2SO4 and KNO3. This procedure was
followed by washing in an US bath with heated DI water. Afterwards samples
were thoroughly rinsed with DI water at RT and dried using nitrogen gas. The
final hydrogenation was performed at 700°C during approximately 30 s at
3500W, 90 Torr (= 12 kPa), 1000 sccm H2.
Typical SEM and non-contact mode AFM images on a bare NCD surface showing
the individual diamond grains can be found in Figure 3.9. The RMS roughness is
~10 nm as obtained for an area of (2 µm)².
Surface-chemical treatments
A droplet of 10-undecenoic acid (UA) (C11H20O2, fluid at RT > 24.5°C, 99% pure,
Acros Organics, Geel, Belgium) was put on H-terminated NCD surfaces (Figure
3.10), and illuminated for 20 h with 254 nm light (“TUV G4T4 4W” lamp, Philips,
Eindhoven, The Netherlands) mounted in an EPROM eraser box (ME5 from
Lawtronics, Edenbridge, UK) in the protective atmosphere of a nitrogen-flushed
glove box to prevent ozone formation. Thereafter the samples were rinsed with
an anionic detergent: 10% sodium dodecyl sulphate (SDS) solution (SigmaAldrich). Subsequently, possible traces of SDS are removed in DI water in an US
bath and finally in fresh DI water of which the temperature is kept just below
the boiling point (washing is repeated several times); the DI water used was
filtered through an ultra-pure water system Arium® 611 (Sartorius, Göttingen,
Germany).
At this point it is not clear whether the treatment results in a monolayer of
covalently bound UA, or additional polymerisation occurs, but further
functionalisation can occur irrespectively.
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Figure 3.10: Linker layer attachment: on an H-terminated NCD surface 10undecenoic acid is attached under 254 nm UV illumination. (Not drawn to scale.)
DNA immobilisation
The resulting carboxyl groups on the diamond surface (Figure 3.11) were used
to covalently attach amino-labelled DNA. The DNA used in this study was a 250
bp fragment of the STR-region of the PKU-gene. It was amplified using PCR in a
GenAmp PCR System 9600 (Perkin-Elmer, Massachusetts, USA). The fluorescent
label FITC was introduced in the amplicon using a 5’-FITC-labelled forward
primer (6-FITC-5’-TCAAATTGCCAGAACAACTACT-3’ from Applied Biosystems,
Lennik, Belgium), while the amino-modification of the amplicon was obtained
using
a
C6NH2-modified
reverse
primer
(C6-NH2-linker-5’CTTCTCACAGTAATCATAAGTGTTCC-3’, Applied Biosystems). Standard 100µl-PCR
reactions contained 200 nmol of each dNTP, 50 pmol of each primer, 5U TaqDNA polymerase (Roche Diagnostics), genomic template DNA and PCR buffer
(Roche Diagnostics) [Sambrook 2001]. The PCR consisted of 35 cycles, each
comprising a denaturation phase at 95°C for 20 s, an annealing phase at 52°C
for 20 s and an extension phase at 72°C for 30 s. The PCR amplicon was purified
using
ultra-pure
phenol–chloroform–isoamylalcohol
(Invitrogen
Life
Technologies) extraction and was precipitated with ethanol (analytical grade,
from VWR International, Zaventem, Belgium). DNA was dissolved at a
concentration of 40 ng/µl.

Figure 3.11: DNA immobilisation: the carboxylic groups of the linker layer are
treated with EDC and amino-modified, fluorescently labelled DNA, resulting in
covalent attachment of this DNA. (Not drawn to scale.)
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The linking of DNA to the surface was done by the formation of a peptide bond
using carbodiimide (EDC) (Figure 3.11). First the principle behind this reaction is
explained by means of Figure 3.12. The carboxyl (COOH) groups on the diamond
surface are transformed using EDC into intermediates that readily react with the
NH2 groups on the FITC-labelled PCR amplicons [Grabarek 1990]. The OH-group
(a bad leaving group) of the carboxyl group is transformed to a better leaving
group using the EDC reagent, that forms an unstable O-acylisourea intermediate
(Figure 3.12 b). Afterwards, an acid-catalysed nucleophilic substitution with
amino-modified DNA (Figure 3.12 c) results in a net amide bond between the
fatty acid and the dsDNA (Figure 3.12 d).

a)

b)

d)
c)
Figure 3.12: Intermediate steps in the EDC-mediated covalent coupling of
amino-modified dsDNA on UA-modified diamond. a) Introduction of 1-ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC) on the carboxylated diamond
surface; b) formation of an unstable amino-reactive intermediate; c)
introduction of amino-modified dsDNA ; d) the dsDNA is covalently attached to
the diamond surface via a peptide bond; the EDC is not incorporated in the
molecular chain between surface and DNA, but is consumed in the reaction. (Not
drawn to scale.)
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In particular, the COOH-functionalised NCD surfaces were incubated with a 50
µl-droplet, consisting of 1.2 µg of this FITC-labelled amino-modified dsDNA in 30
µl solution and 1 mg EDC (50 mg/ml, Perbio Science, Erembodegem, Belgium)
in 20 µl 25 mM 2-[N-morpholino]-ethanesulphonic acid (MES) buffer (Perbio
Science), pH 6, for 2 h at 4°C. To avoid evaporation, the NCD samples were
placed in a closed container with a droplet of water enclosed. Non-covalently
bound DNA was removed from the diamond samples by 12 washing steps,
performed as follows. The NCD samples were submerged in phosphate buffered
saline (PBS) buffer (pH 7.2, made using 1.29 M NaCl, 0.05 M Na2HPO4.2H2O,
and 0.015 M KH2PO4) and were continuously shaken for 5 min 11 times; for the
12th and last washing step, 50 µl of PBS was introduced onto the surface and
was removed and collected after 5 min.
In an analogous experiment, FITC-labelled NH2-modified dsDNA was also EDClinked to commercially available paramagnetic beads with carboxylic groups
already present (Dynabeads® MyOneTM Carboxylic Acid from Dynal Biotech,
Oslo, Norway). Again, COOH-modified beads treated with FITC-labelled NH2modified dsDNA without EDC served as a control.
DNA denaturation and re-hybridisation
For the purpose of a functionality test (denaturation-hybridisation cycles), one
COOH-modified NCD film (referred to below as ‘EDC-positive’) was treated with
a mixture of FITC-labelled amino-modified DNA and EDC as described above. As
a negative control, a second NCD sample (referred to as ‘EDC-negative’) was
treated similarly, except for the EDC solution that was omitted and replaced by
an equal volume of 25 mM MES, pH 6, while the same washing steps were
applied on this sample.
Firstly, to denature the immobilised dsDNA, 50 µl of 0.1 M NaOH was introduced
on the treated diamond surface of both samples at RT for 5 min. This NaOH,
containing the FITC-labelled denatured strand, was collected by pipetting the
drop of NaOH from the surface, and neutralized with 0.1 M HCl. Both samples
were subsequently submerged in boiling water for 1 min, to make sure all of the
surface-bound dsDNA would be denatured. Secondly, rehybridisation of the
ssDNA remaining on the diamond surface was carried out by submerging the
samples in hybridisation buffer, containing an excess of complementary DNA,
which was previously denatured for 5 min at 95°C [Sambrook 2001]. The
hybridisation buffer consisted of 10% SDS, 1 M Na2HPO4, 50% Dextransulphate,
100× Denhardt’s, 20× SSC and 10 ng/µl herring sperm DNA for 30 minutes at
59°C. Finally, the samples were thoroughly washed with PBS, as described
previously, and 50 µl of the last (12th) washing step was also collected.
Both on the EDC-positive and EDC–negative sample, this cycle of denaturationrehybridisation-washing (d-r-w) depicted in Figure 3.13 was repeated 35 times,
and of each cycle the supernatant fluids of the last washing step and of the
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Figure 3.13: Denaturation–rehybridisation–washing cycle on UA-modified NCD.
FITC-labelled NH2-modified dsDNA is immobilised onto the surface. After
thoroughly washing non-bound DNA away, the sample is denatured. Rehybridisation is obtained by incubating the sample with new FITC-labelled
complementary ssDNA. In every cycle, fluids from the last washing step (“w”)
and the denaturation step (“d”) were collected for further analysis.
denaturation step were collected and stored for analysis. Because smaller
volumes would have been harder to handle, the fluids were collected from the
surface as a whole. Thus, the analysis gives only laterally averaged information.
3.2.2. Results for the fatty acid and carbodiimide route
The efficiency of the EDC-mediated NH2-modified DNA coupling method has
been assessed first on the COOH-modified paramagnetic beads. The CLSFM
images of the FITC-labelled DNA layers on NCD are of low intensity and cannot
be used for a detailed study. Instead, the functional activity of the DNA modified
NCD is tested by studying the supernatant fluids of denaturation and
rehybridisation experiments. The fluids are studied by fluorescence and PCR
combined with gel electrophoresis.
Supernatant fluorescence measurements
The presence of FITC-labelled DNA in 10 µl of all collected fluids (denaturation
and washing steps of EDC-positive as well as EDC-negative NCD or
paramagnetic bead samples) was analysed with the LightCycler fluorescence
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module. The results, which are based on three separate experiments, are shown
in Figure 3.14. For both the EDC-positive and EDC-negative samples, the
fluorescence signal in the last PBS-washing step immediately after the DNAincubation reaction (w1) did not differ from that in water. Also, the fluid
obtained from the washing step after the first rehybridisation reaction (w2)
remained negative for both samples. In the EDC-positive samples, there was a
significant rise in fluorescence in the fluid obtained from the first denaturation
step (d1), consistent with the release of the fluorescently labelled ssDNA strand
during the alkaline denaturation. This rise in fluorescence could not be detected
in the fluid corresponding to the second denaturation step (d2), or in any of the
subsequent denaturation volumes. In the EDC-negative samples, no increase in
fluorescence was detected. Comparable results were obtained from the fluids
obtained from the last washing steps and the denaturation steps from the EDCpositive and EDC-negative paramagnetic bead samples.

Figure 3.14: Fluorescence detection of FITC-labelled DNA. Fluorescence curve
obtained from the analysis of the fluids collected from the washing and
denaturation steps of cycles 1 and 2 (w1–2 and d1–2, respectively) of the EDCpositive and the EDC-negative NCD sample batches.
PCR and gel electrophoresis
In parallel to the fluorescence measurements, PCR reactions were performed on
the fluids collected from the last (12th) washing steps and the denaturation steps
from the EDC-positive and EDC-negative NCD sample batches. In a control
experiment performed on dsDNA-treated EDC-positive and EDC-negative
paramagnetic beads, PCR reactions (15 cycles) were performed on 2 µl of the
beads themselves after two subsequent denaturation reactions. They show clear
bands for the EDC-treated sample at 250 bp, but no signal for the EDC-negative
sample (Figure 3.15).
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Figure 3.15: Results obtained for paramagnetic beads after the first and the
second denaturation reaction via 2% agarose gel electrophoresis. (A) EDCpositive beads and (B) EDC-negative beads. Abbreviations: l1, SMART Ladder;
d1, after the denaturation step of cycle 1; d2, after the denaturation step of
cycle 2.

Figure 3.16: Analysis of the denaturation-rehybridisation cycles on NCD samples
via 2% agarose gel electrophoresis. a) EDC-positive; b) EDC-negative. The
legend with meaning of the lanes is given in Table 3.3.
Table 3.3: Meaning of the lanes in Figure 3.16.
Lane 1
Washing step cycle 2
Lane 11
Lane 2
Denaturation cycle 2
Lane 12
Lane 3
Washing step cycle 5
Lane 13
Lane 4
Denaturation cycle 5
Lane 14
Lane 5
Washing step cycle 8
Lane 15
Lane 6
Denaturation cycle 8
Lane 16
Lane 7
Washing step cycle 11
Lane 17
Lane 8
Denaturation cycle 11
Lane 18
Lane 9
Washing step cycle 14
Lane 19
Lane 10
Denaturation cycle 14
Lane 20

Washing step cycle 17
Denaturation cycle 17
Washing step cycle 24
Denaturation cycle 24
Washing step cycle 26
Denaturation cycle 26
Washing step cycle 32
Denaturation cycle 32
Washing step cycle 33
Denaturation cycle 33
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For the EDC-positive and EDC-negative NCD samples, 2 µl of the fluids from the
collected last washing steps and the denaturation steps of the first 26 cycles
from both batches were used in a 27 cycle PCR reaction. PCR conditions for the
fluids of the last 9 cycles from both batches were modified into a 30 cycle PCR
reaction while using 3 µl of sample volume. 1 µl of the PCR-amplicon after
phenol-chloroform extraction and ethanol precipitation for both the EDC-positive
and EDC-negative samples was loaded on a 2% agarose gel. Figure 3.16 shows
results of 10 out of 35 hybridisation cycles that are representative of the entire
data set.
As shown in the upper panel of Figure 3.16, the bands corresponding to fluids
collected during denaturation steps remain visible throughout the entire 35
cycles for the EDC-positive NCD sample, which gives an indication that the
amino-modified FITC-labelled DNA was indeed covalently bound to the
carboxylic acid-modified NCD surface. However, the bands have low intensity,
which correlates with a low DNA binding capacity to the diamond surface. In the
EDC-negative sample (Figure 3.16, lower panel), also some weak denaturation
bands were visible, although much more sporadic than in the EDC-positive
sample. Also a positive signal could be detected in the fluid collected from the
last washing steps from cycles 32 and 33 (w32 and w33). Control experiments
performed on other NCD samples in the EDC-positive and EDC-negative batch
gave comparable results.

3.3. Further optimisation
carbodiimide route

of

the

fatty

acid

and

In the previous section, the fatty acid and carbodiimide to attach DNA to NCD
surfaces was described. The functional activity of the DNA could be confirmed
for 35 denaturation-rehybridisation cycles by using PCR and subsequent gel
electrophoresis. However, the DNA binding capacity was not enough to obtain
clear fluorescence images under the CLSFM, and to asses the functionality, the
denatured DNA had to be amplified by PCR. Since the DNA binding capacity and
the adsorption of non-specific DNA are a major concern in the development of
reproducible biosensors, adaptations to the initial protocol were investigated.
In this paragraph, we will discuss the result of that optimisation study, as
reported in [Vermeeren 2008]. The main parameters that were evaluated were
the washing buffers used to remove the excess UA and probe DNA, the length of
the probe DNA, the most efficient probe concentration to be immobilised, and
the effect of UA as a functionalisation layer on the NCD. Photo-patterning
experiments are performed as a means to immobilise the DNA on well-defined
areas of the diamond surface.
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3.3.1. Preparation of diamond substrates
A doped (1 – 20 Ω.cm) p-type Si (100) wafer (2 inches in diameter) was seeded
with UDD diamond powder in an US bath. Next, undoped NCD films with a
thickness of ~300 nm and a grain size of 50 – 150 nm were grown on this pretreated substrate using MWPE CVD in an ASTeX “AX6550” reactor equipped with
a 2.45 GHz microwave generator. The NCD thin films were deposited from a
standard mixture of 15 sccm CH4 and 485 sccm H2. MW power was set at
3500 W, process pressure was around 33 Torr and substrate temperature was
around 710°C. Growth rate was approximately 600 nm/hr.
After growth, the wafer was cut in 1 cm2 pieces using a diamond scribe and
cleaned for 30 minutes in an oxidising mixture of hot H2SO4 (VWR International)
and KNO3 (Merck). This procedure was followed by washing in an US bath with
distilled, ultra-pure water at RT. Afterwards, the samples were thoroughly rinsed
with heated distilled, ultra-pure water and dried with nitrogen gas. The final Htermination was obtained at 700°C during 60 s at 3000 W, 35 Torr and
1000 sccm H2.
To investigate the robustness of the EDC-mediated DNA attachment approach,
also commercially available diamond samples grown by HF CVD from ρ-BeSt
(Innsbruck, Austria) were used. The latter samples consisted of a 2 – 4 µm thick
film (4 inches in diameter) with a grain size of 5 – 15 nm, grown on p-type Si.
3.3.2. Surface-chemical treatments
Fatty acid attachment
The surfaces of the IMO and ρ-BeSt NCD samples were covered with either pure
10-undecenoic acid (UA) (99% pure, from Acros Organics), containing a
carboxylic acid (COOH)-functionality, or a mixture of UA and 9-decen-1-ol (9DO) (> 97% pure, from Sigma-Aldrich) containing a hydroxyl (-OH)
functionality. A droplet of 100 µl of these pure or mixed linkers was pipetted on
the sample surface under a protective N2 atmosphere inside a glove box, as
described previously [Christiaens 2006]. On top of the UA-covered surface, a 1
mm thick UV-transparent quartz microscope slide was placed, leaving only a thin
film of UA on the surface. For 20 h the samples were placed at a distance of
about 2 cm under an intense UV lamp (> 2.5 mWcm−2, “TUV G4T4 4W”, Philips)
mounted in an EPROM eraser box (“ME5”, Lawtronics). This photo-reaction
results in a carboxyl-terminated surface, as shown at the left hand sides of
Figure 3.17 (a-b). To remove non-covalently attached UA, the samples were
rinsed in either 10% SDS (VWR International) [Christiaens 2006], or with pure
acetic acid (C2H4O2 99-100% pure, Merck) at ~100°C [Faucheux 2006]. In both
cases, this step was followed by the same washing steps in ultra-pure water as
after the chemical oxidation.
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In a photo-patterning experiment, a copper grid was used (“G204” of Athene
Grids, Smethurst Highlight Ltd, Bolton, UK) of about 3 mm total diameter, with
(45 µm)² open squares, separated by 20 µm wide bars. This mask was put on
the sample surface directly, before application of UA and the quartz cover.
DNA probe layer attachment
Covalent coupling of amino-modified dsDNA to the carboxyl-terminated surface
was carried out using the zero-length crosslinker EDC (Perbio Science). This was
done in MES buffer (Perbio Science). Different lengths of DNA were used, both
ss and ds, all with an amino-group at the 5’-side (Figure 3.17).
The probe ssDNA molecules used for the EDC-mediated attachment protocol
were purchased from Eurogentec (Seraing, Belgium). They were labelled at the
5’ end with an NH2-modifier, while the 3’ end carried an Alexa Fluor® 488 label
(8 b: 5’-NH2-CCC-CTG-CA-Alexa Fluor 488-3’) (Figure 3.17 a). Probe ssDNA
molecules used for the hybridisation experiments were purchased from
Invitrogen, and were labelled at the 5’ end with an NH2-modifier (36 b: 5’-NH2C6H12-AAA-AAA-ACC-CCT-GCA-GCC-CAT-GTA-TAC-CCC-CGA-ACC-3’)
(Figure
3.17 b1).
To establish the effect of different washing buffers on the DNA binding, IMO NCD
samples were treated with 0.26 M EDC (Perbio Science, Erembodegem, Belgium)
and 30 pmol of NH2-modified and Alexa Fluor 488-labelled probe ssDNA (8 b) in
a 25 mM MES buffer (pH 6, Perbio Science) for 2 hours at 4°C.
To investigate the effect of the DNA length on the attachment efficiency, photochemically modified ρ-BeSt surfaces were incubated with a mixture of 0.26 M
EDC and ~60 pmol of either NH2-modified and Alexa Fluor 488-labelled dsDNA
(250 bp) (Figure 3.17 (c1)) or NH2-modified and Alexa Fluor 488-labelled probe
ssDNA (8 b) (Figure 3.17 a) in a 25 mM MES buffer (pH 6) for 2 hours at 4°C.
For the determination of the most efficient probe DNA concentration, ρ-BeSt
samples were covalently modified with different amounts of NH2-modified and
Alexa Fluor 488-labelled probe ssDNA (8 b) (300 pmol, 30 pmol, 3 pmol, 300
fmol, 30 fmol or 3 fmol) using 0.26 M EDC in a 25 mM MES buffer (pH 6) for 2
hours at 4°C.
For the mixed functionality-experiments, 300 pmol of Alexa Fluor 488-labelled
probe ssDNA (8 b) was covalently bound to ρ-BeSt samples using 0.26 M EDC in
a 25 mM MES buffer (pH 6) for 2 hours at 4°C.
For the hybridisation experiments, 300 pmol of NH2-modified unlabelled probe
ssDNA (36 b) was attached to ρ-BeSt samples with 0.26 M EDC in a 25 mM MES
buffer (pH 6) for 2 hours at 4°C.
As a negative control, UA-modified IMO and ρ-BeSt samples were treated with
similar mixtures in which EDC was replaced by an equal volume of 25 mM MES
(pH 6). Non-covalently bound DNA was removed from the surfaces either by
thoroughly washing with 1× PBS buffer, as described previously [Christiaens
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2006], or by washing with 1× PBS buffer followed by 2× SSC buffer (pH 7.5)
containing 0.5% SDS.
DNA hybridisation
Target ssDNA molecules (36 b) bought from Invitrogen, were modified at the 5’
end with an Alexa Fluor® 488 label, allowing to monitor hybridisation using
confocal fluorescence microscopy. This target ssDNA contained a sequence that
was either completely complementary to the probe ssDNA (29 b: 5’-Alexa Fluor
488-GGT-TCG-GGG-GTA-TAC-ATG-GGC-TGC-AGG-GG-3’), carried a 1-base
mismatch to the probe ssDNA (29 b: 5’-Alexa Fluor 488-GGT-TCG-GGG-GTATAC-ATG-GGC-TCC-AGG-GG-3’), or was completely non-complementary (29 b:
5’-Alexa Fluor 488-TCA-AAT-TGC-CAG-AAC-AAC-TAC-TGA-CTG-AA-3’).
Hybridisation of the ssDNA molecules attached to the NCD (Figure 3.17 b2) was
performed by incubating ssDNA-modified IMO NCD samples for 2 hours at
different temperatures with 600 pmol Alexa Fluor 488-labelled target ssDNA (29
b), either complementary to the probe ssDNA or containing 1 mismatch, in
MicroHyb™ hybridisation buffer, synthesised by Invitrogen. The samples were
placed in a closed container at 80°C for 2 hours, and, to avoid evaporation, a
droplet of water was enclosed. After hybridisation, the samples were rinsed in 2×
SSC buffer containing 0.5% SDS for 30 minutes at room temperature
(stringency washing), followed by two 5 minute rinsing steps in 0.2× SSC buffer,
at a few degrees below the hybridisation temperature and at room temperature,
respectively.
To determine the effect of various surface functionalities on the hybridisation
efficiency, the ssDNA molecules (36 b) attached to ρ-BeSt surfaces were
hybridised with 600 pmol Alexa Fluor 488-labelled target ssDNA (29 b), either
complementary or non-complementary to the probe ssDNA, for 2 hours at 70°C.
Next, the samples were rinsed in 2× SSC buffer containing 0.5% SDS for 30
minutes at room temperature, followed by two 5 minute rinsing steps in 0.2×
SSC buffer: at 65°C and at room temperature, respectively. During
hybridisation, the samples were placed in a closed container under a saturated
water vapour atmosphere, to avoid evaporation of the reaction fluid.
Attachment of dsDNA
A 250 bp NH2-modified and Alexa Fluor 488-labelled dsDNA fragment from the
phenylalanine hydroxylase (PAH) gene was generated through a PCR reaction,
making use of a 5’-Alexa Fluor 488-labelled forward primer (5'-Alexa Fluor 488TCA-AAT-TGC-CAG-AAC-AAC-TAC-T-3') and a C6-NH2-modified reverse primer
(5’-NH2-C6H12-CTT-CTC-ACA-GTA-ATC-ATA-AGT-GTT-CC-3').
Additionally, a 250 bp amplicon of the phenylalanine hydroxylase (PAH) gene
was obtained using a MyCycler Personal Thermal Cycler (Bio-Rad Laboratories,
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Figure 3.17: DNA functionalisation of diamond surfaces. Starting from a
carboxyl-terminated surface, obtained by photo-reaction of 10-undecenoic acid
to the surface of H-terminated diamond, amino-modified DNA is attached to the
carboxylated surface using the zero-length crosslinker EDC. Because short DNA
is usually purchased in ss-form, while longer DNA is obtained from PCR in dsform, we explicitly depict schemes for the immobilisation of all combinations
between long/short and ss/dsDNA. a) In case of short ssDNA, the strands have
an amino- and a fluorescent label at opposite sides, whereas short dsDNA can be
obtained with b1) non-fluorescently labelled amino-modified ssDNA attached to
the surface, b2) letting it hybridise to its ss complement, carrying the
fluorescent label. c1) With PCR longer dsDNA can be obtained with one strand
amino-modified, while the complement carries the fluorescent marker: it can be
attached directly, as described previously for NCD in section 3.2. c2) Long
ssDNA can be obtained by denaturation of a directly attached PCR-fragment.
(Not drawn to scale.)
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Eke, Belgium). Standard 100 µl-PCR reactions contained 200 nmol of each dNTP,
50 pmol of each primer, 5 U Taq DNA polymerase, genomic template DNA and
PCR buffer. The PCR consisted of a preliminary denaturation for 5 minutes at
95°C, followed by 35 cycles of a subsequent three-step reaction: denaturation
for 20 seconds at 95°C, annealing for 20 seconds at 52°C and extension for 30
seconds at 72°C. Lastly, the PCR amplicons were subjected to a final extension
for 6 minutes at 72°C. The amplified dsDNA was purified using phenolchloroform extraction (with UltraPureTM Phenol:Chloroform:Isoamyl Alcohol
(25:24:1, v/v), Invitrogen Life Technologies) and concentrated to ~100 ng.µl-1
(~2 pmol.µl-1) through ethanol (VWR International) precipitation.
3.3.3. Results for the optimisation of the fatty acid and carbodiimide
route
The EDC-mediated covalent attachment of the Alexa Fluor 488-labelled ssDNA (8
b) and the hybridisation efficiency were evaluated by measuring the
fluorescence of the sample surfaces in 1× PBS buffer solution with a Zeiss LSM
510 META CLSFM, using 488 nm Ar-ion laser excitation with a maximum
intensity at the sample surface of 1.00 ± 0.05 mW. Apart from better refractive
index matching resulting in a significantly brighter fluorescence signal,
measuring biological layers in buffer solution allows to study them under
physiological conditions. To obtain this, a 1 mm thick, glass microscope slide,
with a 1 cm wide hole, sealed at the bottom with a thin cover glass was placed
on the stage of the inverted microscope (see Appendix 1, Figure A1.1). The
samples were positioned over this hole, the functionalised side facing
downwards. The hole then formed a sealed compartment, and was entirely filled
with buffer solution, making sure that no air bubbles were present at the sample
surface. Spurious 514 nm light passing through the AOTF was blocked by a
488/10 nm interference filter placed in front of the coupling fibre optic. Confocal
optics included a 490 nm dichroic and BP 500-550 nm emission filter.
All images were collected with a 10×/0.3 Plan Neofluar air objective. Image size
was 512×512 pixels corresponding with ~900 µm2, unless stated otherwise.
Pinhole size was 150 µm. Pixel dwell time was 25.6 µs. The settings that were
varied in different measurements were the laser illumination (2 or 10% of the
previously mentioned maximum, to avoid detector saturation between various
measurements) and the detector gain (800, 850, 931 or 1200). The latter is a
measure for the photomultiplier voltage in arbitrary units. For photo-bleaching
experiments, laser illumination was set to 100% for 3 min. Fluorescence images
were processed and the average fluorescence intensities retrieved using the
ImageJ software.
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DNA immobilisation
Effect of washing buffers
A particular problem encountered in this procedure is a less than optimal
removal of excess, non-covalently attached UA molecules appearing as a
vertically stacked multilayer of molecules, held firmly in place by strong Hbonds between carboxylic acid dimers [Schuster 1976]. Only the top layer will
present available COOH-functionalities for the attachment of NH2-modified
ssDNA. However, since many of the UA molecules in this top layer will not be
covalently attached to the underlying NCD surface, they will gradually desorb in
the subsequent processing steps, leading to bright fluorescent patches,
corresponding to regions of covalently attached ssDNA through bound UA
molecules, alternating with less intense regions where most of the UA and the
associated DNA were lost (Figure 3.18 a and b).
Hot acetic acid was described to efficiently remove carboxyl-terminated alkyl
monolayers from H-Si (111) surfaces by breaking the hydrogen bonds between
the COOH dimers [Faucheux 2006]. To verify if this could also be transferred to
NCD surfaces, four IMO NCD samples were photo-chemically modified with UA,
of which two were subjected to washing steps in 10% SDS and distilled water.
The two remaining samples underwent washing steps in heated acetic acid and
distilled water. One sample of each condition was subsequently modified with 30
pmol of NH2-modified Alexa Fluor 488-labelled ssDNA (8 b) using EDC, while the
other served as a negative control, in which EDC was omitted from the reaction
and replaced with an equal volume of 25 mM MES buffer (pH 6). Removal of
excess ssDNA still occurred by thoroughly rinsing in 1× PBS. Figure 3.18 c and d
show the remaining fluorescence. The positive control sample (Figure 3.18 c)
showed a dramatic increase in fluorescence intensity as compared to Figure 3.18
a. Rinsing with hot acetic acid after photochemical modification thus succeeded
in removing most of the non-covalently attached UA molecules, leaving only the
covalently bound monolayer of COOH-functionalities that are all available for
ssDNA binding.
The dark region highlighted in Figure 3.18 d was obtained by regional photobleaching. Photo-bleaching is an efficient technique to distinguish between
residual reflection of the excitation wavelength on the flat sample surface, which
reaches the detector in spite of the presence of appropriate filters and beam
splitters, and fluorescence, due to the presence of a fluorescent label. The
obvious destruction of fluorescence indicated the presence of non-specifically
attached ssDNA. To overcome this, the same two samples as in Figure 3.18 c
and d were subjected to different washing buffers, and a fluorescence image was
taken after each rinse. Upon washing with 2× SSC buffer containing 0.5% of the
anionic detergent SDS, there was no longer any evidence of non-specifically
bound ssDNA (Figure 3.18 f), while the fluorescence intensity of the positive
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Figure 3.18: Comparison of fluorescence intensity of IMO NCD samples after
treatment with 30 pmol of NH2-modified and Alexa Fluor 488-labelled ssDNA (8
b) using different washing steps. (Laser illumination 2% and detector gain
1200.)
a) Washed with 10% SDS after photochemical modification and with 1× PBS
after covalent attachment.
b) Negative control sample treated under the same conditions as a), but having
omitted EDC in the DNA attachment procedure.
c) Washed with hot acetic acid after photochemical modification and with 1× PBS
after covalent attachment.
d) Negative control sample treated under the same conditions as c), but having
omitted EDC in the DNA attachment procedure. A photo-bleached area,
indicating the presence of adsorbed ssDNA, is highlighted.
e) Washed with hot acetic acid after photochemical modification and with 2× SSC
/ 0.5% SDS after covalent attachment.
f) Negative control sample treated under the same conditions as e), but having
omitted EDC in the DNA attachment procedure.
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control remained unaffected (Figure 3.18 e). These conditions yielded
reproducibly superior attachment efficiencies. The mean fluorescence intensity
value after EDC-mediated ssDNA attachment was 68.0 ± 5.5%, while that of the
negative control amounted to only 9.5 ± 1.5%. In all further experiments
described below, the excess UA and ssDNA were therefore removed by washing
with hot acetic acid and 2× SSC / 0.5% SDS, respectively. Because the
fluorescence intensities measured at gain 1200 now caused detrimental
saturation of the detector, preventing certain fluorescence images from being
distinguishable from each other in terms of their absolute intensities (Figure
3.18 c and e), subsequent images were collected with the detector gain set at
lower, non-saturating values.
Effect of probe ssDNA length
Next, the effect of probe length on the attachment efficiency was evaluated. It
has been published in [Steel 2000] that surface coverage of gold substrates with
DNA is strongly dependent on DNA probe length. For probes shorter than 24
bases, the attachment occurs mainly through the end anchoring group, yielding
highly extended ssDNA configurations. For longer probes, the surface coverage
begins to decrease notably. This decrease was presumed to be associated with a
less ordered arrangement of the ssDNA chains, reflecting a more flexible and
polymeric ssDNA configuration. Again, to examine if this effect is also valid
under our experimental settings, four ρ-BeSt samples were modified with two
types of DNA. One sample was functionalised with ~60 pmol of NH2-modified
Alexa Fluor 488-labelled dsDNA with a length of 250 bp in an EDC-mediated
reaction. A second sample was treated with ~60 pmol of NH2-modified Alexa
Fluor 488-labelled ssDNA with a length of 8 b. The two remaining samples
served as negative controls, in which the EDC was omitted from the reaction.
The confocal fluorescence images of these samples are shown in Figure 3.19.
It is clear that the density of the short ssDNA probes (Figure 3.19 a) is much
higher than that obtained with long dsDNA molecules (Figure 3.19 c). The
negative controls in both cases showed no fluorescence (Figure 3.19 b and d).
To verify that there was indeed some covalently attached dsDNA present in
Figure 3.19 c, the fluorescence was bleached, and the resulting image is shown
in Figure 3.19 e. For clarity, the latter image was collected at a higher gain. This
indicates that the observations made in [Steel 2000] are also applicable to NCDbound DNA. The 8 b ssDNA remains more upright and highly ordered as
compared to the 250 bp dsDNA. The latter will obtain the conformation of
flexible coils, despite the additional straightening effect associated with a duplex
[Moiseev 2006]. In this manner, the dsDNA molecules attach themselves to the
diamond surface on multiple locations along their length, thereby blocking large
regions of adjacent surface space. In all following experiments, short ssDNA
probes of 8 and 36 b were used for the EDC-mediated covalent attachment.
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Figure 3.19: Comparison of fluorescence intensity of ρ-BeSt NCD samples after
covalent attachment of DNA molecules of different lengths. (In a-d: laser
illumination 10% and detector gain 800; in e: laser illumination 10% and
detector gain 1200.)
a) Covalent attachment of ~60 pmol of NH2-modified and Alexa Fluor 488labelled ssDNA (8 b).
b) Negative control sample treated with ~60 pmol of NH2-modified and Alexa
Fluor 488-labelled ssDNA (8 b), but having omitted EDC in the DNA attachment
procedure.
c) Covalent attachment of ~60 pmol of NH2-modified and Alexa Fluor 488labelled dsDNA (250 bp).
d) Negative control sample treated with ~60 pmol of NH2-modified and Alexa
Fluor 488-labelled dsDNA (250 bp), but having omitted EDC in the DNA
attachment procedure.
e) The same image as in c), but with a photo-bleached area.
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Effect of probe ssDNA concentration
In order to determine the optimal ssDNA probe density on the surface of the
NCD, eight ρ-BeSt samples were modified with eight varying amounts of NH2modified Alexa Fluor 488-labelled ssDNA (8 b) (3 nmol, 300 pmol, 30 pmol, 3
pmol, 300 fmol, 30 fmol and 3 fmol) using EDC. Figure 3.20 shows the resulting
fluorescence images.
The fluorescence intensity becomes weakly visible at 300 fmol and rises until a
plateau is reached for the sample treated with 300 pmol, which translates into
1014 molecules. The plateau is not due to saturation of the detector, since a
lower gain gave the same results (data not shown). This amount yields the
highest ssDNA probe density on a NCD sample of ~1 cm2. Increasing the applied
amount of DNA further has no effect on fluorescence intensity, which confirms
the saturation of the DNA layer. Below 30 pmol, the homogeneity of the DNA
layer becomes compromised, resulting in brightly fluorescing DNA clusters on a
darker background. It should be noted that the EDC-mediated reaction does not
bind 100% of the probe DNA that is offered to the NCD surface. It has been
shown that the DNA is not perpendicular to the surface, but present under a
certain tilt angle (see section 3.5). This will decrease the binding density slightly,
likely resulting in the value cited by [Rezek 2007]: ~6 × 1012 molecules/cm².

Figure 3.20: Comparison of fluorescence intensity between ρ-BeSt NCD samples
treated with varying amounts of NH2-modified Alexa Fluor 488-labelled probe
ssDNA. (Laser illumination 10% and detector gain 931.) a) 3 nmol. b) 300 pmol.
c) 30 pmol. d) 3 pmol. e) 300 fmol. f) 30 fmol. g) 3 fmol.
To evaluate the dependency of the EDC-mediated attachment procedure of DNA
on the origin of the NCD sample, 3 nmol and 300 pmol of NH2-modified Alexa
Fluor 488-labelled probe ssDNA were also covalently bound to IMO NCD
samples. Figure 3.21 shows that the procedure yields comparable results when
applied to a NCD substrate from a different source: Figure 3.21 a shows a
similar fluorescence intensity as Figure 3.20 a, and Figure 3.21 b is comparable
to Figure 3.20 b. In all subsequent experiments, probe amounts of 300 pmol
DNA were used, and IMO and ρ-BeSt samples were employed interchangeably.
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Figure 3.21: Comparison of fluorescence intensity between IMO NCD samples
treated with varying amounts of NH2-modified Alexa Fluor 488-labelled probe
ssDNA. a) 3 nmol. b) 300 pmol. (Laser illumination 10% and detector gain 931.)
Effect of 10-undecenoic acid (UA)
To examine if the attachment method was truly proceeding through the
expected formation of a peptide bond between the NH2-group of a ssDNA
molecule and the COOH-group of a UA molecule on the surface, the fluorescence
intensities of H-terminated, oxidised and COOH-terminated diamond samples
were compared after EDC-mediated reactions with 300 pmol of NH2-modified
Alexa Fluor 488-labelled ssDNA (8 b). H-termination of the samples was
obtained inside the ASTeX reactor at 700°C during 60 s at 3000 W, 35 Torr and
1000 sccm H2. Oxidation of the samples was achieved by immersing the samples
in a heated H2SO4/KNO3 solution, resulting in a surface covered with various
oxygen-containing groups (mostly -OH and =O, and a smaller amount of -Oand –COOH, see section 3.1.2). These oxidised NCD samples are hereafter
referred to as O-terminated. For each condition, a negative control was included,
in which the EDC was omitted.
Figure 3.22 shows the fluorescence images of H-, COOH-, and O-terminated
surfaces to investigate their suitability for functional ssDNA attachment. It is
clearly visible that H-terminated diamond samples are resistant to EDCmediated ssDNA attachment (Figure 3.22 a and b). O-terminated samples,
however, show significant fluorescence intensity after EDC-mediated ssDNA
attachment (Figure 3.22 f and g). Nevertheless, when an analogous Oterminated sample was covalently modified with 300 pmol unlabelled ssDNA (36
b), and subsequently hybridised with 600 pmol Alexa Fluor 488-labelled
complementary target ssDNA (29 b) under conditions that will be described in
section 3.3, the ssDNA molecules attached during the EDC-reaction appear to be
non-functional (Figure 3.22 h). In contrast, hybridisation of the COOH-modified
sample was successful (Figure 3.22 e).
These results can be explained as follows. First of all, the preferred substrate for
EDC is COOH, the highest available amount being situated on the photo-
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chemically modified samples. However, DNA molecules also contain internal
COOH- and NH2-groups along their length. Hence, to some extent, each EDCreaction will also cause cross-linking of DNA into a network of intertwined
strands. As previously mentioned, oxidation of the NCD samples with hot
H2SO4/KNO3 will also generate a small amount of COOH-groups on the surface,
which can then serve as anchor points to covalently link the entangled and
cross-linked DNA strands. Secondly, it is known that EDC can also catalyse
esterification reactions, for instance between OH-groups on the NCD surface and
the phosphate backbone of the DNA. Oxidation of the NCD surface produces a
large amount of these OH-groups that can lend themselves for these
esterification reactions. These two processes cause the DNA molecules to bind to
the surface through multiple sites along their lengths. The result is a surfaceattachment of entangled DNA molecules, making them largely unavailable for
hybridisation. These side-effects of cross-linking and esterification of the DNA
strands play a minor role when the amount of surface-associated COOH-groups
is significantly higher, as is the case with the UA-modified NCD samples, and
when the DNA is modified with a terminal NH2-group. The ssDNA molecules will
be covalently attached to these COOH-groups through their 5’ NH2-terminus,
taking preference over their internal functionalities. The H-terminated diamond
surface contains no COOH- or other oxygen-containing groups. Even though the
cross-linking between the DNA strands probably still occurs, these clusters find
no anchor points on the sample surface. Hence, they will not be covalently
attached to the surface and can be washed away easily.
It is noteworthy that the fluorescence intensity of the COOH-modifies sample
appears higher after hybridisation than after covalent binding of ssDNA. This is
the same effect as was reported in [Rant 2007], when comparing the fluorescent
intensity of Cy3-labelled ssDNA and Cy3-labelled dsDNA. Time-resolved
measurements indicated that cyanine dyes exist in two distinct stereoisomers: a
trans-isomer with a relatively short lifetime, and a cis-isomer with a longer
lifetime. The relative contributions of these stereoisomers differed when
comparing ssDNA with dsDNA. Cy3 appeared to adopt the cis-configuration with
a higher probability when interacting with dsDNA, leading to a higher
fluorescence quantum yield associated with this isomer. We believe that the
observations made by Rant also apply in this case.
Patterning
The DNA layer can be patterned easily using shadow masks, because of the
photo-chemistry step used in the attachment of the UA linker layer. Specifically,
the use of short wavelengths, 254 nm UV in our case, is convenient for the
fabrication of sharply outlined micro-patterns. Moreover, H-termination appears
to be an efficient barrier for EDC-mediated DNA attachment as compared to
COOH-groups.
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Figure 3.22: Comparison between differently functionalised diamond samples for
their suitability for functional ssDNA attachment. In each condition, 300 pmol of
ssDNA was used. (Laser illumination 10% and detector gain 800.)
a) H-terminated sample after covalent attachment of NH2-modified Alexa Fluor
488-labelled ssDNA (8 b).
b) “EDC-” control sample treated under the same conditions as a).
c) COOH-terminated sample after covalent attachment of NH2-modified Alexa
Fluor 488-labelled ssDNA (8 b).
d) “EDC-” control sample treated under the same conditions as c).
e) UA-terminated sample after covalent attachment of NH2-modified 36b ssDNA
and hybridisation with 600 pmol of complementary Alexa Fluor 488-labelled
target ssDNA (29 b).
f) Oxidised sample after covalent attachment of NH2-modified and Alexa Fluor
488-labelled ssDNA (8 b).
g) “EDC-” control sample treated under the same conditions as f).
h) O-terminated sample after covalent attachment of NH2-modified ssDNA (36
b) and hybridisation with 600 pmol of complementary Alexa Fluor 488-labelled
target ssDNA (29 b).
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Here, a copper grid was applied of ~3 mm in diameter, with (45 µm × 45 µm)
open squares, separated by 20 µm wide bars (Figure 3.23 (a)). The UV
illumination was only able to reach and covalently attach the UA molecules
through the open squares. The subsequent NH2-modified Alexa Fluor 488labelled ssDNA (8 b) attachment was therefore only expected at these regions.
By applying the optimised washing steps, indeed an excellent contrast could be
obtained in the Alexa Fluor 488-labelled DNA layer between the regions that had
been exposed to UV or covered from it during the linker layer attachment
(Figure 3.23 b). Within the (45 µm)² squares the resulting DNA layer can still be
considered continuous. The size of the squares scales favourably with commonly
used spot diameters on glass DNA micro-arrays, ranging from 50 to 300 µm
[Barbulovic-Nad 2006].

Figure 3.23: a) Transmission image (225 µm × 225 µm) of the shadow mask
applied during the photo-attachment of the UA linker layer: copper grid with (45
µm × 45 µm) open squares and bars of 20 µm wide. b) Fluorescence image (225
µm × 225 µm) of the resulting pattern in the Alexa Fluor 488-labelled and NH2modified 8 b ssDNA layer on UNCD. (Laser illumination 10% and detector gain
850.)
DNA functionality
Hybridisation experiments with probe ssDNA layers attached to pure UA layers
After the covalent attachment of short ssDNA molecules to COOH-modified NCD,
the functional activity of these bound probes needed to be investigated.
Different NCD samples covalently modified with 300 pmol unlabelled probe
ssDNA (36 b) were hybridised at different temperatures with 600 pmol of either
complementary or 1-mismatch Alexa Fluor 488-labelled target ssDNA (29 b) in
MicroHyb™ hybridisation buffer. This buffer, containing BSA and aspecific DNA
for blocking purposes, is used traditionally in general hybridisation experiments.
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After the hybridisation reaction, stringency washings at different temperatures
were evaluated.
For each condition, Figure 3.24 shows the relative fluorescence intensity values
of the sample hybridised with complementary target ssDNA (full circles) and the
sample hybridised with 1-mismatch target ssDNA (open circles). Each
fluorescence intensity value is the average intensity of an image of (512)²
pixels, corresponding to a surface of (900 µm)², and normalised to the intensity
value of a fully saturated image, corresponding to 100% intensity. It can be
seen that hybridisation at 80°C, followed by two stringency washings in 0.2×
SSC, at 75°C and at room temperature, respectively, gave the best contrast
between the sample hybridised with complementary target ssDNA and the
sample hybridised with 1-mismatch target ssDNA. This could be reliably
reproduced. Hybridisation with complementary DNA at 80°C, followed by
stringency washing at 75°C gave a mean fluorescence intensity of 98.2 ± 0.7%
(N=6). Hybridisation with 1-mismatch DNA at 80°C, followed by stringency
washing at 75°C gave a mean fluorescence intensity of 62.4 ± 19.7% (N=3).
The probe ssDNA molecules bound to the NCD surface via EDC thus retain their
biological ability to selectively recognize and hybridise their targets.

Figure 3.24: Relative fluorescence intensity values of ssDNA (36 b)-modified
IMO NCD samples after hybridisation with complementary (full circles) and 1mismatch (open circles) target ssDNA (29 b) at different hybridisation and
stringency washing temperatures. (Laser illumination 10% and detector gain
800.)
Attachment of probe ssDNA layers to mixed -COOH/-OH terminated linker
layers, and hybridisation thereof
In the work of [Huang 2005], it was demonstrated that self-assembled
monolayers (SAMs) of thiolated COOH- and OH-modified alkanes, yielding mixed
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functionalities on gold enhanced the binding capacity of an antibody against
prostate-specific antigen (anti-PSA) and its target recognition capability.
Moreover, these mixed monolayers minimised non-specific binding by
distributing the suitable functional groups over the surface while covering the
remaining surface with an inert functionality. It was examined whether this
phenomenon could be transferred to binding and hybridisation of DNA molecules
on NCD. This could present a simple and easy method to ‘dilute’ the reactive UA
molecules in order to control the ssDNA probe density on the surface. We used
the OH-terminated molecule 9-DO as the lateral spacer to be mixed with the
COOH-terminated UA molecules that are involved in the covalent coupling of
amino-modified DNA.
The surfaces of ten NCD samples were photo-chemically modified with 5
different ratios of UA and 9-DO: 100%-0%, 80%-20%, 50%-50%, 20%-80%
and 0%-100%. 300 pmol of NH2-modified Alexa Fluor 488-labelled ssDNA (8 b)
was covalently attached via EDC. For each condition, a negative control was
included, in which EDC was omitted.
Figure 3.25 shows the relative fluorescence intensity values of each sample after
an EDC reaction in the presence of 300 pmol of NH2-modified and Alexa Fluor
488-labelled ssDNA (8 b), normalised to the intensity value of a fully saturated
image. It appears that all of the examined combinations of UA and 9-DO yield
comparable fluorescence intensities. This suggests that DNA attachment via
internal esterifications becomes more important with increasing fraction of 9-DO.

Figure 3.25: Relative fluorescence intensity values of NCD samples with different
ratios of mixed COOH- and OH-functionalities after covalent attachment of 300
pmol of NH2-modified and Alexa Fluor 488-labelled ssDNA (8 b) (full squares)
and their corresponding negative controls (open squares). (Laser illumination
10% and detector gain 931.)
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This effect can be explored by investigating the functional activity of this bound
ssDNA. Ten samples analogous to the ones in Figure 3.25 were produced, but
with 300 pmol of unlabelled ssDNA (36 b) instead. Hybridisation occurred with
600 pmol of either Alexa Fluor 488-labelled complementary or noncomplementary target ssDNA (29 b) for 2 hours at 70°C, followed by two
stringency washings in 0.2× SSC: at 65°C and at room temperature,
respectively. The greater degree of mismatch for the non-complementary target
ssDNA as compared to the 1-mismatch target ssDNA used in the previous
paragraph (Figure 3.25) allowed the use of less stringent hybridisation
conditions in this experiment.
Figure 3.26 shows the relative fluorescence intensity values of each sample after
hybridisation. On the 0% UA sample, no functional ssDNA probes were present,
in spite of the rather high fluorescence intensity after direct covalent attachment
of Alexa Fluor 488-labelled ssDNA (Figure 3.25). This can be explained in the
same way as for the O-terminated sample (Figure 3.22 f, g, h). The ssDNA
molecules become anchored at multiple locations along their lengths to the OHsurface groups through esterification reactions by EDC, limiting their availability
for hybridisation in comparison to the ssDNA probes that are attached to the
surface through their 5’ NH2-terminus.

Figure 3.26: Relative fluorescence intensity values of NCD samples with different
ratios of mixed COOH- and OH-functionalities after covalent attachment of 300
pmol of NH2-modified ssDNA (36 b) and hybridisation with 600 pmol of Alexa
Fluor 488-labelled complementary target ssDNA (full circles) and Alexa Fluor
488-labelled non-complementary target ssDNA (open circles) (29 b). (Laser
illumination 10% and detector gain 931.)
The NCD samples carrying the mixed functionalities did show some hybridisation
due to the presence of few functional probe ssDNA attached to the dispersed
COOH-functionalities in the mixed layer. However, an explanation for the low
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variability in hybridisation efficiency in all of these mixed samples as compared
to the 100% COOH-modified sample could be that the ratio of UA / 9-DO in the
treatment mixture does not reflect the final ratio of COOH / OH on the NCD
surface [Lasseter Clare 2005]. Because of the shorter length, 9-DO could be
preferentially attached through photochemical modification, leading to less
distinct surface compositions than expected. Ultimately, the highest
hybridisation efficiency was still obtained with samples modified with 100%
COOH-groups. This was again a reproducible result, with a mean fluorescence
intensity for the complementary hybridisation of 92.5 ± 0.7% (N=2), and a
mean fluorescence intensity for the non-complementary hybridisation of 48.0 ±
7.4% (N=2).
Because of the obvious reactivity of EDC towards the surface-bound OH-moieties
of 9-DO, controlling the ssDNA probe density with this alcohol is inadequate.
Attempts were made to repeat this experiment using mixtures of UA and a
different lateral spacer: 1-undecene (≥ 99.5% pure, Sigma-Aldrich), containing a
simple methyl (-CH3)-functionality. However, the latter substance led to
difficulties with the UV-illumination procedure due to its volatile nature. The 1undecene evaporated and adsorbed onto the lamp, reducing the UV output.
A much simpler way to control the surface probe density was achieved by
varying the probe concentration, as shown in Figure 3.20. To investigate if a
decrease in surface probe ssDNA improved the hybridisation efficiency, four
samples were covalently modified with 300 pmol, 30 pmol, 3 pmol and 300 fmol
of NH2-modified and unlabelled ssDNA (36 b). Next, these samples were
hybridised with 600 pmol of Alexa Fluor 488-labelled complementary target
ssDNA (29 b) under the conditions as described above. The results are shown in
Figure 3.27.

Figure 3.27. Comparison of hybridisation efficiencies on NCD samples modified
with different amounts of NH2-modified unlabelled probe ssDNA. a) 300 pmol. b)
30 pmol. c) 3 pmol. d) 300 fmol. Hybridisation occurred with 600 pmol of Alexa
Fluor 488-labelled complementary target ssDNA. (Laser illumination 10% and
detector gain 931.)
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The hybridisation efficiency increases from 300 fmol, 3 pmol and 30 pmol probe
ssDNA, but no strong additional improvement could be detected with 300 pmol
probe ssDNA. So, although the probe ssDNA density can still be increased from
30 to 300 pmol Figure 3.20, the hybridisation efficiency appears to remain
constant despite the significant increase in probe density by a factor of 10.
Likely, the probe density for optimal hybridisation efficiency lies somewhere
between 30 and 300 pmol, resulting in a higher fluorescence intensity as
compared to Figure 3.27 a and b. Increasing the probe density from this optimal
value towards 300 pmol will result in a decrease of the hybridisation efficiency,
comparable to the hybridisation efficiency associated with a probe density of 30
pmol.

3.4. Impedimetric sensing of DNA hybridisation and
denaturation events
In this paragraph, the impedimetric measurements published as [Vermeeren
2007] will be summarised. The samples were prepared using the optimised fatty
acid and carbodiimide procedure of previous section. Using electrochemical
impedance spectroscopy (EIS), interactions in layers of immobilised molecules
can be monitored with great sensitivity, such as DNA hybridisation [Cai 2004] or
antibody–antigen interaction [Cooreman 2005]. Thus, EIS can be used for
affinity biosensors and has the advantage of offering real-time, label-free
measurements.
3.4.1. Sample preparation and DNA functionalisation
Doped (1-20 Ω.cm) p-type Si (100) was seeded with UDD diamond powder in an
US bath. Next, undoped NCD films with a thickness of ~300 nm and a grain size
of 50-150 nm were grown on this pre-treated substrate using the MW PE CVD
ASTeX reactor, from a standard mixture of 15 sccm CH4 and 485 sccm H2. MW
was set at 3500 W, the process pressure was ~33 Torr, the substrate
temperature was ~710°C, and the growth rate was approximately 600 nm/h.
For comparison, HF CVD diamond samples were purchased from ρ-BeSt. The
latter samples consisted of a 2-4 µm thick UNCD film with a grain size of 5-15
nm, grown on p-type SE. SEM images of the IMO-grown NCD and ρ-BeSt
samples, exhibiting the typical cauliflower-like growth of UNCD, are shown in
Figure 3.28. Dividing the wafers in separate samples, cleaning and Htermination were performed as before.
The functionalisation was done by the optimised fatty acid and carbodiimide
approach, as described higher. The applied 300 pmol probe ssDNA molecules for
covalent attachment were purchased from Eurogentec and were modified at the
5’ end with an amino modifier (36 b: 5’-NH2-C6H12-AAA-AAA-ACCCCT-GCA-GCCCAT-GTA-TAC-CCC-CGA-ACC-3’). The target ssDNA molecules bought from
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Figure 3.28: SEM images of IMO-grown NCD and ρ-BeST UNCD surfaces.
Invitrogen were modified at the 5’ end with an Alexa Fluor 488 label, allowing us
to monitor hybridisation and denaturation using CFM. Target ssDNA contains a
sequence that is either completely complementary to the probe ssDNA (29 b: 5’Alexa Fluor 488-GGT-TCG-GGG-GTA-TAC-ATG-GGC-TGC-AGG-GG-3’), or carries
a 1-base mismatch to the probe ssDNA (29 b: 5’-Alexa Fluor 488-GGT-TCGGGG-GTA-TAC-ATG-GGC-TCC-AGG-GG-3’).
3.4.2. Results
Real-time impedance spectra were collected using two different measurement
protocols. In a first protocol, DNA hybridisation and denaturation experiments
were performed inside the measurement setup (real-time); in a second
approach the reaction was performed beforehand and the impedimetric
behaviour was recorded afterwards (end-point). The influence of parameters
such as buffer composition and temperature on the impedance, Z, was also
investigated in [Vermeeren 2007]. Here, only the real-time results will be
discussed that were obtained for the optimal conditions.
Simultaneous measurements were performed in the double-cell set-up (see
Appendix 1, Figure A1.4), using IMO-grown NCD and ρ-BeSt samples. Both wells
were first filled with buffer, and the device was allowed to stabilise until no
further change in Z was detected throughout the entire frequency range. For
hybridisation, 600 pmol of either complementary or 1-mismatch target ssDNA
was added to the buffer simultaneously to two different reaction wells on one
diamond sample and allowed to stabilise. After this hybridisation reaction, the
wells were rinsed and refilled with buffer, and the signal was allowed to stabilise
for at least 10 min before denaturation. The DNA strands were denatured by
filling both wells with 100 µl of 0.1 M NaOH. This was done twice, for 10 min
each. Finally, the device was again stabilised with buffer. Both during
hybridisation and denaturation, a difference in behaviour was observed for 1mismatch target ssDNA and fully complementary target ssDNA in real-time as
will be described now.
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a)

b)

c)
Figure 3.29: Real-time impedance spectroscopy measurement during
hybridisation of perfectly complementary and 1-mismatch DNA: a) Bode plot; b)
Nyquist plot; c) temporal evolution of the impedance at 1150 Hz.
During hybridisation, a decrease of the impedance was observed at lower
frequencies when the complementary target ssDNA was added, as can be seen
from the dotted line in the Bode plot in Figure 3.29 a. The best results were
obtained using a MicroHyb hybridisation buffer at 80°C and 10× PCR buffer at
30°C. The addition of 1-mismatch target ssDNA caused no significant change
(dashed line in Figure 3.29 a). Fitting these results to an electrical circuit
demonstrates that this effect is correlated with a decrease of the depletion zone
in the space charge region of the diamond. This can also be observed in the
Nyquist plot, shown in Figure 3.29 b. The semicircle becomes significantly
smaller during complementary hybridisation only. Figure 3.29 c gives the realtime hybridisation curves at 1150 Hz. A decrease of more than 10% was
observed during complementary hybridisation, while the 1-mismatch DNA had
no effect on the impedance.
Real-time denaturation results were obtained using the ρ-BeSt samples in the
double-cell setup. After a preceding hybridisation with perfectly complementary
or 1-base mismatch DNA at 30°C in 10× PCR buffer inside the measurement cell,
the cell was rinsed and refilled with the same buffer used for the hybridisation.
When a stable signal was obtained, the oven was heated and NaOH was added
for a thorough denaturation. The best results were obtained using 0.1 M NaOH
at temperatures above 40°C for denaturation.
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In the low-frequency region, the effect of NaOH is much larger during the
denaturation of the perfect complement, as compared to the 1-base mismatch
case: after 20 min in NaOH the signal has increased for 50% in the
complementary case, as compared to 10% for the 1-mismatch target DNA. The
semicircle in the Nyquist plots becomes much larger after denaturation of the
complementary DNA than after denaturation of the 1-mismatch DNA. Moreover,
the impedance at high frequencies drops, due to the effect of released DNA and
counter-ions in the buffer solution. At a frequency of 1 MHz, the denaturation of
complementary DNA shows a significantly longer exponential decay time of the
impedance, as compared to the 1-mismatch denaturation process.

3.5. DNA orientation of DNA layers obtained by the
fatty acid and carbodiimide route
Here, two attempts to clarify the orientation of DNA on diamond will be
discussed, the second of which is described in an article that is accepted for
publication [Wenmackers 2008].
3.5.1. Defocused single-molecule fluorescence measurements
We have evaluated the application of defocused single-molecule fluorescent
imaging to find out whether there is a difference in the DNA-orientation with
respect to an NCD surface when the DNA is covalently linked at the aminomodified 5’-end versus randomly adsorbed DNA.
We have done a first pilot study in the “Institut für Biologische
Informationsverarbeitung 1 (IBI-1)” of the “Forschungszentrum Jülich” in Jülich,
Germany, within the group of dr. Jörg Enderlein. Measuring defocused patterns
on NCD deposited on silicon was unsuccessful. The high refractive index of NCD
can be beneficial for this technique. However, this high value in combination
with the thickness of the first NCD films has the following drawback. The
fluorescence emission is coupled into wave-guide modes of the diamond and
emitted again at the irregular grain boundaries of the nanocrystals. This causes
‘blurring’ of the image in the focal plane and a complete loss of the interference
pattern in defocused images. To overcome this effect it is absolutely necessary
to work with thinner NCD films (< 30 nm). Since the fluorescence emission is
always more pronounced towards the direction of the higher refractive material,
the result would be much improved by collecting the fluorescence through the
diamond, i.e. through a transparent substrate, which could be quartz instead of
silicon.
Although the low temperature (700°C) deposition of NCD on thicker quartz
slides had been achieved at IMO at the time, the working distance of the
objective at hand (a 100× oil immersion objective) limited the thickness of the
substrate to 180 µm. During the first attempts to grow NCD on 100 µm thin
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a)
b)
Figure 3.30: SEM images of NCD deposited on 100 µm thin fused quartz: a)
topography and b) cross-section.
fused quartz cover slides, the substrates melted, or broke due to stress, but
successful deposition was achieved in later runs. This resulted in ~240 nm thick
NCD layers, as can be seen from the SEM images in Figure 3.30, measured at
the centre of the film. Although this is clearly above the desired thickness, there
could be local variations in the film thickness, allowing to observe defocused
patterns nevertheless.
Thus, we could perform a second attempt at IBI-1. For this purpose, the NCD
films on quartz were densely packed with 8 bases ssDNA (using the fatty acid
and carbodiimide coupling described above). Few of the strands (ranging from 1
in 104 to 1 in 108) had been labelled at the 3’-end with Alexa Fluor 488, to avoid
overlapping interference patterns in the actual images. The distance between
the Alexa-fluorophore and the NCD surface was estimated to be less than 6 nm.
This is sufficiently proximate as required for the experimental technique.
Few defocused single molecule images could be indeed collected on the sample
where 1 in 104 DNA molecules were labelled (Figure 3.31). The defocused
signatures looked like ring structures with a minimum in the middle, they are
not related to any features in the transmission image and they could be photobleached. The pattern would indicate that the Alexa dye is more or less straightup as compared to the sample plane.
More single fluorescent spots have been detected. However, it was not possible
to bring them in acute focus. A sharply focused image is absolutely required as a
reference from which the defocusing distance (about 1 µm) is measured. Taking
the defocused image, also requires 20s of illumination and fluorescence
collection, because otherwise the detected signal is too low. Although the photostability of Alexa Fluor 488 is very good for confocal fluorescence imaging with a
10× objective, it is apparently not sufficient for single molecule experiments with
a 100× objective, where the excitation intensity is focused on a smaller area.
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Figure 3.31: Defocused fluorescence images at 488 nm excitation, showing
diffraction patterns due to the Alexa Fluor 488 label at the end of 8 b ssDNA
coupled to NCD.
This was confirmed by a reference experiment with a dried in layer from a
nanomolar solution of pure Alexa Fluor 488. The lines in image Figure 3.31 are
cracks in the NCD layer: they were also visible in the normal transmission
images.
At this time, it also came clear that imaging through fused quartz was next to
impossible, due to defocused patterns coming from the quartz itself, as we
found out by measuring a quartz slide without NCD or DNA on top of it (Figure
3.32). These patterns – rings with a maximum in the middle – could not be
photo-bleached. (This effect also causes the bright background in Figure 3.31.)
Microscope slides were found to be completely dark under the same
measurement conditions. Clearly, the fused quartz is not completely amorphous,
like ordinary glass, but is composed of many small crystallites. We tried
scrambling of the optical excitation signal (by shaking the optical fibre), but this
had no effect. With red 650 nm excitation instead of 488 nm the effect was even
worse, so switching to a red dye instead of Alexa Fluor 488 was no option either.
Next, we experimented with other transparent substrate materials for deposition
of a thin NCD film: borosilicate glasses, “AF-45” (Schott AG, Grünenplan,
Germany) and “Eagle 2000”™ (Specialty Glass Products, Willow Grove, USA), on
which NCD growth has been established. The clean substrates (before deposition
of NCD or coupling of DNA) showed the same hindering effect as quartz. These
patterns could be removed by annealing: slowly heating the glass in a tube oven
at 450°C. However, upon diamond deposition, the same pattern were present
(probably due to a too fast cool down after growth). This issue has not been
cleared out.
To summarise, we could not find a substrate that was suitable to measure a thin
NCD film from the backside. Moreover, obtaining a coalesced NCD film of < 30
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Figure 3.32: Defocused fluorescence image at 488 nm excitation of quartz ‘off
the shelf’, without NCD or DNA on top of it.
nm is not likely. One solution to both drawbacks could have been to employ the
fact of the fluorescent signal mainly going to the diamond side to our
advantage: by cutting the sides of a thicker piece of µCD under angles of 45
degrees it can be used for total internal reflection fluorescence (TIRF) mode at
the detection side (whereas ‘classical’ TIRF takes place at the excitation side).
We did not explore this option, because even if it worked, we had started to
doubt that we could deduce the DNA orientation with this method, even in
principle. The Alexa Fluor 488 dye, of which the orientation can be probed
directly, is attached to the DNA through a spacer chain of 6 C atoms. This
probably allows movement of the dye, independent of the DNA orientation.
Although this additional difficulty might have been circumvented – by using a bifunctional dye that is attached to two sites on the DNA, or by using dsDNA with
an intercalating dye –, meanwhile we had found a completely different method
to elucidate the DNA orientation on diamond surfaces. As the outcome of the
pilot experiments with this method, spectroscopic ellipsometry, looked
promising, we did our further work in this direction, as will be explained in the
next section.
3.5.2. VUV ellipsometry
In this work, the orientation of dense DNA molecules on CVD diamond is
investigated. We use spectroscopic ellipsometry– both in infrared and ultraviolet– as a complementary technique to AFM. The SE approach allows the
evaluation of layer thicknesses as well as average tilt angles, with the advantage
of being applicable to both short and long DNA, and for both ds and ssDNA. SE
is a useful characterisation method for polymer brushes in general [Ionov 2005].
The samples in the current study consist of DNA end-grafted on NCD and UNCD
surfaces. Functionalisation is done by a two-step protocol, involving the photoattachment of fatty acids to form a linker layer, followed by the covalent DNA
attachment using a zero-length crosslinker, as reported in detail previously
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[Christiaens 2006], and confirmed later on [Zhong 2007; Vermeeren 2007]. To
check whether the DNA forms a homogeneous layer we apply FM, as well as AFM
for information on smaller scales. Based on the observation of vibrational bands,
IR SE enables a direct, label-free proof of the DNA attachment, together with an
estimation of the layer thickness. This technique has been used previously to
determine the average tilt angle in guanine films on silicon [Hinrichs 2005]. With
UV SE, electronic excitations are monitored, the orientation can be deduced
[Scholz 2003], and ss and dsDNA can be distinguished, as was already observed
for non-surface-bound DNA in the early sixties [Rich 1960; Fresco 1961]. DNA
molecules are particularly interesting to be studied with SE in the UV range,
because they contain transition dipole moments oriented along two well-defined
directions: in the plane of the bases and, perpendicular to this, along the
backbone of the strands [Inagaki 1974; Silaghi 2005b]. SE has already been
applied to study films of single bases on silicon [Silaghi 2005b; Hinrichs 2005],
but to our knowledge this is the first report on its application to study the
average tilt angle of integral DNA molecules on CVD diamond surfaces. Although
the analysis of SE measurements is more straightforward for atomically flat
substrates, the roughness of NCD and especially UNCD films is low and regular
enough to correct for by introducing an additional layer in the optical model,
with intermediate optical properties.
Preparation of diamond substrates
After mechanical seeding of a Si (100) substrate with diamond powder, NCD
films thinner than 200 nm were deposited, using a MW PE CVD ASTeX reactor
“AX6550” equipped with a 2.45 GHz MW generator set at 3000 W, and applying
485 sccm H2, 15 sccm CH4, 40 Torr (= 5.3 kPa), 730°C for 80 min [Williams
2006]. Typically, the NCD thickness decreases radially from the centre of the
wafer, while UNCD shows a more homogeneous thickness throughout the wafer.
Because thickness variations cause the background signal in SE to differ from
place to place, also a 2 µm thick film of UNCD on a Si wafer, ‘AQUA 25’,
deposited by Advanced Diamond Technologies (Romeoville, IL US), was
purchased through GoodFellow (Cambridge, UK).
The NCD and UNCD wafers were divided into 1 cm² squares and cleaned for 30
minutes in an oxidising mixture of boiling sulphuric acid (H2SO4 98-100% pure,
VWR International) and potassium nitrate (KNO3, ≥ 99%, Merck). This procedure
was followed by thoroughly washing in distilled, ultra-pure water (18.2 MΩ.cm,
obtained by filtering distilled water through an “Arium® 611 system”,
Sartorius): the water was changed six times, alternately heated and put in an
US cleaner (“Branson 1510”, Branson, Danbury, UK). Afterwards, the samples
were dried under a flow of nitrogen gas. The final H-termination was performed
in a plasma at 700°C during 1 minute at 3000 W, 35 Torr (= 4.7 kPa) with 1000
sccm H2.
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Surface pre-treatment and DNA-functionalisation of diamond
Part of the H-terminated UNCD samples was used for the photo-attachment of a
linker layer. Part of the UA-terminated samples was subsequently used for
covalent coupling with DNA. Here, different lengths of DNA were used, both ss
and ds, all with an amino-group at the 5’-side (Figure 3.17). Subsequent
treatment of the individual samples was varied as indicated in Table 3.4: a list of
all the separate samples is given, as well as the way they were prepared, and
indicating the different techniques each surface was studied with. Different
lengths of DNA were used: for ellipsometry validation, 250 bp dsDNA was
applied, and we used the results with this relatively long DNA, in our analysis of
DNA layers consisting of shorter strands, 8 or 36 b.
The NCD samples have been prepared exactly as described in section 3.2, while
for the UNCD samples the optimised protocol of section 3.3 was applied.
In case of ssDNA (8 b: 5’- NH2-C6H12-CCC-CTG-CA-3’, Eurogentec), a fluorescent
label – either Alexa Fluor® 488, or ATTO 488 (Eurogentec) – was attached at
the 3’ side of the same strand (Figure 3.17 a). A layer of dsDNA was obtained by
one of two fashions. In the first, ssDNA without fluorescent label was used as
probe (36 b: 5’-NH2-C6H12-AAA-AAA-ACC-CCT-GCA-GCC-CAT-GTA-TAC-CCCCGA-ACC-3’, Invitrogen) (Figure 3.17 b1). allowed to hybridise to its perfect
complement (29 b: 5’-GGT-TCG-GGG-GTA-TAC-ATG-GGC-TGC-AGG-GG-3’,
Invitrogen), carrying a fluorescent probe, Alexa Fluor® 488, at its 5’ side,
resulting in 29 bp dsDNA connected to an A7-ss-tail. This was obtained by
incubating the samples with 600 pmol target ssDNA. In the second, NH2modified and fluorescein isothiocyanate (FITC)-labelled dsDNA (250 bp) was
generated through a PCR reaction; the 5’-FITC-labelled forward primer (6-FITC5'-TCA-AAT-TGC-CAG-AAC-AAC-TAC-T-3') and the C6-NH2-modified reverse
primer (C6-NH2-linker-5'-CTT-CTC-ACA-GTA-ATC-ATA-AGT-GTT-CC-3') were
obtained from Applied Biosystems. Both ways to terminate diamond with dsDNA,
involve an amino label present at the 5’ side of one strand, while the fluorescent
label is present at the 5’ side of the complementary strand, which is not directly
attached to the surface (Figure 3.17 b, c). The 250 bp dsDNA was denatured in
0.1 M sodium hydroxide (NaOH, Merck) to obtain a layer of 250 b ssDNA (Figure
3.17 c2).
Now the exact washing procedures will be clarified. To remove non-reacted DNA
and EDC residues, after the carbodiimide coupling the samples were immersed
three times in PBS (pH 7.2) for 5 minutes each, followed by 30 minutes rinsing
in 2× SSC buffer with 0.5% SDS (SSC: pH 7.5; SDS: VWR International). After
hybridisation, stringency washings were performed by rinsing the samples in 2×
SSC buffer containing 0.5% SDS for 30 minutes at room temperature, followed
by two rinses for 5 minutes in 0.2× SSC buffer, at 75°C and at room
temperature, respectively.
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Table 3.4: Overview of NCD and UNCD samples.
Characterisation

IR SE

UV SE

×

×

×

×

CA
×

FM

AFM

×

SEM

×

Adsorption of DNA

NCD

methods

Denaturation of dsDNA

“N3”*

ssDNA to obtain dsDNA

×

Hybridisation with target

×

EDC-reaction with

×

NCD

NH2-modified DNA#

NCD

“N2”

UA photo-attachment

Oxidation

“N1”

H-termination

Type of diamond

Preparation steps

Name

Sample Wafer

×

“N4”*

NCD

×

×

“N5”

NCD

×

×

×

×

×
×

×
ds, 250 bp

×

FITC

ds, 250 bp
FITC

“U1”

UNCD ×

×

“U2”

UNCD ×

×

“U3”

UNCD ×

×

×

“U4+” UNCD ×

×

×

UNCD ×

×

×

×

×

×

×

×

ss, 8 b

×

×
×

×

Alexa
ss, 8 b

“U4-”

×

Alexa
no EDC
ss, 8 b

“U5”

UNCD ×

×

×

ATTO

×

×

×

×

×

×

×

×

×

×

×

×

no EDC
“U6”

UNCD ×

×

×

“U7”

UNCD ×

×

×

ss, 36 b
no label
ss, 36 b

ss, 29 b

no label

Alexa

×: the corresponding preparation step or characterisation technique was applied
to this sample; #: this column indicates whether the DNA was ss or ds, what was
the DNA length, which fluorescent label was present (Alexa Fluor 488, ATTO
488, or FITC), and whether EDC was omitted for an FM control measurement; *:
these samples have been treated as described in section 3.2.
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For an SE reference experiment, an H-terminated sample was prepared with a
multilayer of adsorbed DNA, formed by drying of a droplet of 250 bp dsDNA in
buffer solution on an NCD substrate (sample “N5”). This DNA was prepared with
an FITC-labelled forward primer and amino-labelled reverse primer (Applied
Biosystems).
Surface pre-treatment and DNA-functionalisation of Si

2300

2250

2200

2150

-1

2114 cm

2089 cm

ATR signal (a.u.)

2137 cm

-1

-1

For an ellipsometry reference experiment, three 1.5×1.5 cm2 pieces of n-type Si
(100) were H-terminated by the following three step treatment [Van Bael 2002;
Heyns 1999; Meuris 1995; Tsai 2003]. Firstly the samples were dipped in a
mixture of H2SO4 (95%; Merck) and H2O2 (35%; Acros Organics) in a 4:1
volume ratio, secondly in a mixture of H2O, H2O2 and NH3 (32%; Merck) in 5:1:1
volume ratios, and thirdly in 5% HF (VWR International). Afterwards, the
samples were rinsed in ultra-pure water and blown dry under nitrogen. The
successful H-termination was evidenced by measurement of a grazing angle
attenuated total reflection Fourier-transform IR (GATR-FTIR) spectrum
(resolution 4 cm-1; GATR Harrick, FTIR Bruker Vertex, Brussels, Belgium): peaks
at 2137, 2114 and 2089 cm-1 were prominent (Figure 3.33), which are
attributed to the presence of SiH3, SiH2 and SiH respectively [Tsai 2003].
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Figure 3.33: GATR-FTIR spectrum of H-terminated n-type Si (100).
The H-terminated Si samples were put under the protective atmosphere of a
nitrogen filled glovebox, after a short transportation time (~minutes) in air. The
UA functionalisation of two of the samples was performed similar to “U3-7”, but
with the UV illumination time limited to 3 h to prevent the formation of a
polymerised UA layer. One of the UA-terminated Si samples was then
functionalised with FITC-labelled 250 bp dsDNA, using the optimized washing
step as explained for “U4-7”.
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Results
Morphology of NCD and UNCD surfaces
The quality, morphology and surface roughness of the initial NCD and UNCD
surfaces are investigated. A typical NCD layer is shown in Figure 3.34. At a
thickness of 150 nm, NCD forms a fully coalesced film with diamond crystallites
sized from about 15 to 150 nm. The UNCD layer contains grains ranging from 3
to 50 nm (Figure 3.35 a), and is 2 µm thick (Figure 3.35 b).

Figure 3.34: SEM-images of H-terminated NCD (sample “N2”): a) topography
(2.7 µm × 2.5 µm) with scale bar of 1 µm, and b) cross-section (5.5 µm × 5.0
µm).

Figure 3.35: SEM-images of H-terminated UNCD (sample “U2”): a) topography
(2.7 µm × 2.5 µm) with scale bar of 1 µm, and b) cross-section (2.7 µm × 2.5
µm).
To obtain quantitative information on the roughness of these UNCD samples,
tapping mode AFM experiments are performed on dry surfaces under ambient
conditions. The root mean square (RMS) roughness of the bare, H-terminated
UNCD film (sample “U2”) in Figure 3.36 (a) is ~17 nm as determined with AFM
on scales of (4 µm)² down to (1 µm)². The individual grains (sized between 3 to
50 nm) can be identified best in the phase image; in the normal height image
larger clusters of grains can be seen. After photo-attachment of the UA linker
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molecule (sample “U3”), in Figure 3.36 (b) the morphology and RMS roughness
values do not significantly change. This is to be expected, since the length of a
UA molecule is small (2 nm) compared to the surface roughness of the
underlying UNCD film. No additional structures are found, indicating a
homogeneous attachment of the UA layer to the surface, not limited to
preferential sites (e.g. grain boundaries).

Figure 3.36: 1 µm × 1 µm height and phase AFM images collected in tapping
mode, in ambient conditions on a) H-terminated UNCD (sample “U2”), and on b)
10-undecenoic acid terminated UNCD (sample “U3”).
Surface wetting of NCD and UNCD surfaces
Wetting experiments are performed on NCD and UNCD films to monitor the
initial cleaning steps and the functionalisation with the UA linker layer. For each
sample the initial, static CA of a 10 µl drop of distilled water has been measured
on 3 to 5 spots under ambient conditions (at 25°C, and relative air humidity of
24%), using camera input at 1.5× magnification, and an elliptical fit to the drop
shape.
The experiments reveal good reproducibility of the initial steps. The results,
shown in Table 3.5, are the average of all measurements (with an experimental
error of ± 1°) of left and right CAs of all drops on each sample. The oxidised
diamond surfaces are found to be hydrophilic, with average CAs of the order of
40°. H-terminated diamond surfaces are hydrophobic, with average CAs well
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over 100°. The more hydrophobic nature of the latter is fully in agreement with
literature data [Kaibara 2003]. After the attachment of the UA linker layer, the
CA with water decreases to 83°-84°, which is to be expected due to the
introduction of the hydrophilic carboxylic groups. We note that this value is
about 15° higher than 66-68°, the reported CA of UA on silicon [de Smet 2006],
while a CA of 75.0° ± 0.8° has been reported for UA on B-doped, submicrocrystalline, hot filament diamond [Zhong 2007]. After the introduction of
DNA, the surfaces become so hydrophilic that the drops spread too much for an
accurate CA determination.
Table 3.5: Average initial static contact angle values of distilled water on
functionalised NCD and UNCD surfaces.
Sample

N1

N2

N3

N4-5

U1

U2

U3

U5-7

CA (°)

41°

103°

84°

< 20°

42°

105°

83°

< 20°

Structure of fluorescently-labelled DNA layers (in wet condition)
Fluorescence imaging provides a fast, direct way to check the presence of DNA
on NCD and UNCD using a fluorescent label. Results obtained with FITC-labelled
dsDNA on NCD have been described by us previously [Christiaens 2006]. Here
we report about measurements of Alexa Fluor 488-labelled ss and dsDNA on
UNCD surfaces. First we collected images of the initial H-terminated UNCD
surface (sample “U2”). The bare surface was dark, under the same instrumental
settings as to be used for the DNA-functionalised samples and with the detector
gain set at the highest value used here (931 a.u.) (Figure 3.37 (a)). The
effectiveness of the washing step to remove adsorbed DNA was validated, by
applying Alexa Fluor 488-labelled 8 b ssDNA to a UA-functionalised sample,
hereby omitting the crosslinker EDC (sample “U4-”). After the washing steps,
the fluorescence signal is equally low on these control samples as on the
surfaces before treatment (Figure 3.37 (b)), but with a few bright dots due to
clusters of adsorbed DNA molecules. After the full procedure of covalent 8 b
ssDNA attachment using EDC on a UNCD sample with UA-linker layer, and the
washing steps, a continuous layer of bright fluorescence was obtained (sample
“U4+”, Figure 3.37 (c)). On this kind of samples, more bright dots due to DNA
clusters are present, indicating that the washing steps are more effective on
surfaces with only the linker molecule. We attribute this effect to the fact that Hbonds can be formed between bases of the excess ssDNA and bases of the
strands already bonded to the surface (even though the strands are not
perfectly complementary).
To investigate the length dependence of the DNA strands on DNA orientation by
ellipsometry, a set of identical UNCD samples (“U5-7”) have been functionalised
and their homogeneity has first been monitored by FM. From the results shown
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in Figure 3.38, three observations can be made when comparing to Figure 3.37.
First, the fluorescence intensity of the two samples with 8 b ssDNA is
significantly different: DNA labelled with Alexa Fluor 488 in Figure 3.37 (c)
shows a much brighter signal than ATTO 488 in Figure 3.38 (a). This is due to
the higher quantum efficiency of Alexa Fluor 488 compared to ATTO 488 (92%
and 80% respectively), and its excitation maximum being closer to 488 nm (494
nm and 501 nm respectively) (data as provided by the manufacturers,
Invitrogen and Atto-tec respectively). Second, on sample “U6” no fluorescently
labelled DNA was introduced; therefore, the fluorescence signal in Figure 3.38
(b) is equally low as on untreated UNCD in Figure 3.37 (a, b). The successful
introduction of unlabelled DNA is proven indirectly by the evaluation of the
fluorescence after hybridisation. The third observation is that the fluorescence

Figure 3.37: Fluorescence images of UNCD (900 µm × 900 µm) a) with Htermination (sample “U2”); b) with UA-linker after application of Alexa Fluor
488-labelled 8 b ssDNA without crosslinker EDC, after multiple washing steps
(sample “U4-”); c) after application of Alexa Fluor 488-labelled 8 b ssDNA with
crosslinker EDC, and multiple washing steps (sample “U4+”). All images were
obtained with detector gain set at 931 (a.u.).

Figure 3.38: Fluorescence images of UNCD (900 µm × 900 µm) a) with ATTO
488-labelled 8 b ssDNA (sample “U5”); b) with unlabelled 36 b ssDNA (sample
“U6”); c) with Alexa Fluor 488-labelled dsDNA (as obtained after hybridisation of
Alexa Fluor 488-labelled 29 b target ssDNA to a sample similar to previous one)
(sample “U7”). Images a) and b) were recorded with detector gain set at 931
(a.u.), for c) at 750 (a.u.). The corners show up darker as they are not in acute
focus.
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intensity after hybridisation shown in Figure 3.38 (c) is significantly higher than
for the sample with ssDNA in Figure 3.37 (c), although the same label was used
(Alexa Fluor 488) and all other parameters were kept the same. Actually, the
detector gain had to be decreased in the case of dsDNA (from 931 to 750, a.u.)
in order not to saturate the detector. This increase in fluorescence is
remarkable, since it is unlikely that more target ssDNA can hybridise than there
are strands of probe ssDNA present at the surface. However, this effect has
been observed by others, and may be attributed to an increase in fluorescence
emission of the label due to a conformation change when attached to dsDNA as
compared to ssDNA [Rant 2007; Vermeeren 2008].
DNA film morphology and roughness (in dry condition)
Since the film roughness may have an impact on further ellipsometry results, we
studied the change in morphology and RMS roughness of UNCD surfaces upon
DNA attachment, AFM in tapping mode. Although AFM measurements on DNA
layers in buffer solutions are possible [Rezek 2006], here the samples have been
dried and measured in ambient conditions, because the ellipsometry
measurements are (necessarily) performed on dry samples. The results are
presented in Figure 3.39. Throughout the measurements, the structures of the
underlying UNCD stay dominant. To prevent denaturation, the samples with
dsDNA are not rinsed in ultra-pure water, but dried with nitrogen directly from
PBS buffer solution (containing NaCl, Na3PO4, and K3PO4). This causes some salt
crystals, appearing as white spots in the height image (dark in the phase image)
of Figure 3.39 (c). In Figure 3.39 (d) one such salt crystal is visible. However,
the roughness is not significantly different for surfaces with H-termination only,
or covered with an UA linker layer or with a layer of short ssDNA (8 b). For
longer DNA (36 b), both in ss and ds form, the RMS roughness does decrease
(Figure 3.40). One can conjecture that here the biological top layer fills the dips
between grains and grain clusters of the UNCD surface.
Average layer thickness of DNA on NCD (in dry condition)
Ellipsometry in the IR range allows for a direct, label-free proof of the DNA
immobilisation on an NCD substrate. The thickness of the thick DNA film on NCD
(sample “N5”) was first verified using a stylus profiler. Next, the oscillator
strength and oscillator damping constants were fitted for the DNA layer on this
sample using the above thickness and the vibrational frequencies υ0 as reported
for dsDNA at 25°C [Moses 2004]. These oscillator values were used afterwards
in the simulations of the spectra obtained for covalently bonded DNA on an NCD
substrate (sample “N4”). For a cross-referenced analysis and calibration of the
IR absorption bands, a well defined H-terminated Si (100) surface similarly
modified with DNA layers was employed.
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Figure 3.39: Height and phase AFM images in tapping mode, under ambient
conditions on dry UNCD samples with varied surface terminations: a) UNCD with
ssDNA of 8 b (sample “U5”), b) UNCD with ssDNA of 36 b (sample “U6”), and c)
UNCD with dsDNA of 29 bp (on top of an A7-ss-tail) (sample “U7”). d) More
detailed scan of the square area indicated in part c).
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Figure 3.40: Comparison of RMS values of dry UNCD surfaces with different
surface terminations as determined with tapping mode AFM on different
scanning scales.
Figure 3.41 a-d shows typical spectra of DNA adsorbed or covalently attached to
NCD and Si (100), in the region of the ‘amide I’ band, related to vibrations of
amino and carbonyl groups [Moses 2004; Lee 2006] (Figure 3.41 e). All films
show similar absorption properties, indicating that the DNA attachment was
successful. Figure 3.41 c also shows IR SE spectra for the UA-terminated Si
(100) sample. The band around 1720 cm-1 is due to the carbonyl stretching
vibrations of the carboxylic acid [Liu 2006]. Upon DNA-attachment (Figure 3.41
d), this band disappeared from the spectra of DNA on Si (100) samples, while
the CH2-related stretching vibrations of the hydrocarbon chains of the UA in the
range between 2830-2980 cm-1 [Liu 2006] remained unchanged. We did not
observe similar bands on UA-terminated NCD substrates, probably due to a
lower signal-to-noise ratio. The simulation of the measured results for DNAterminated surfaces is shown in Figure 3.41 by black solid lines. The simulated
spectra were achieved using the isotropic Lorentz oscillator model and radiation
propagation in a three-layer air/DNA/substrate system, as described in detail in
Chapter 2 (section 2.1.5). The determined thickness for the adsorbed 250 bp
dsDNA layer on NCD (sample “N5”) is d = 200 nm, and the high-frequency
refractive index is n∞ = 1.51. The oscillator parameters obtained from the
simulations of the thick film data are then used to determine the thickness of
the covalently-attached DNA layers on NCD (sample “N4”) and Si (100)
surfaces. Under the assumption that these films are isotropic, the calculations
resulted in 40 nm thickness for 250 b ssDNA on NCD and 9 nm thickness for 250
bp dsDNA on Si (100) (with n∞ = 1.51). The thickness of DNA on Si (100) was
cross-checked with the ellipsometric measurements in the visible (VIS) spectral
range. Estimated thickness accuracy is within 20% from the obtained thickness
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e)
Figure 3.41: a-d) Referenced ellipsometric parameters tan(ψ) and Δ as obtained
in IR SE measurements at 65° incidence angle. a) Adsorbed 250 bp dsDNA on
NCD (sample “N5”); b) covalently attached 250 b ssDNA on NCD (sample “N4”);
c) Si (100)-UA; d) Si (100)-UA-DNA. The grey dotted lines represent measured
data referenced to a bare substrate; the simulations are presented as a black,
solid line. Tan(ψ)S and ΔS refer to the bare NCD substrate, whereas tan(ψ)F and
ΔF refer to the sample with organic functionalisation. In (b) the difference in
background between the measured data and the simulation are due to
differences between the bare NCD reference sample and the NCD underlying the
DNA film. In (d), the feature at about 1720 cm-1 arises from referencing to the
UA-terminated Si (100) shown in (c), related to the C=O carbonyl group of the
linker. The evaluated layer thicknesses are indicated on the plots. The highfrequency refractive index was n∞ = 1.51 in the calculations. In all calculations,
substrates were simulated using the measured substrate optical constants, i.e.
the refractive index n and the extinction coefficient k. e) Molecular structure of
ssDNA strand with groups that are IR active.

Covalent attachment of DNA to diamond

131

values, taking into account the results obtained from different methods and IR
SE simulations on various samples. The high-frequency refractive index n∞=1.51
± 0.03 as found by VIS ellipsometry and IR SE was in a good agreement with
literature data [Elhadj 2004; Legay 2007].
We would like to point out that the IR intensities reported in this work for layers
of entire DNA molecules are in general smaller than those obtained for films of
single DNA bases (i.e. adenine, thymine, guanine, and cytosine) [Hinrichs
2005]. This decrease in intensity and frequency shifts upon base pairing has also
been observed by other authors [Liu 2006; Banyay 2003]. However, additional
studies are necessary in order to relate the IR intensities of the single DNA
bases to those of DNA molecules.
The thickness as found for 250 b ssDNA covalently attached on NCD is less than
the stretched-out length of the DNA, i.e. 150 nm. We give two possible
explanations for this observation. First, the DNA strands are longer than the
persistence length, the length scale over which dsDNA maintains its tangent
orientation, i.e. ~2 nm [Hagerman 1988; Tinland 1997], so they are almost
certainly not fully stretched on the NCD surface. For shorter DNA, there is a
possibility of a tilt angle with respect to the diamond surface. Unfortunately, the
complexity of the bands in the ‘amide I’ region does not allow for the
determination of such a tilt angle, as was done in the case of pure guanine films
using IR ellipsometry [Silaghi 2005b]. Therefore, we have investigated the band
at 4.74 eV, with UV SE, as will be described now.
Average tilt angle of DNA molecules on NCD and UNCD
Besides IR SE, also ellipsometry in the vacuum ultra-violet (VUV) spectral range
was applied, which reveals specific information on the electronic fingerprint of
DNA molecules. The UV SE spectra of the thin, covalently attached DNA layer
attached to an NCD substrate (sample “N4”) are presented in Figure 3.42 a. The
ellipsometric parameters tan(ψ) and Δ have been calculated using a three layer
model (as explained under "Materials and Methods") assuming a DNA layer
thickness of 40 nm and a high-frequency refractive index, n∞ = 1.51, as
determined by IR SE. The optical response of the ssDNA layer was described by
a sum of Lorentz functions. The obtained isotropic optical constants are
displayed in Figure 3.42 b. The energy positions of the employed Lorentz
functions are indicated by arrows. The typical π-π* electronic transition
(representing an orbital change from bonding to anti-bonding) of the DNA
molecule is observed at 4.74 eV (261 nm) in agreement with the values
reported already in early literature [Inagaki 1974]. Although it is well known
that UV can damage DNA [Sprecher 1979; Kielbassa 1997; Sinha 2002], the
presence of this non-shifted π-π* electronic transition suggests that UV dose is
low enough during the UV SE measurement for the DNA layer to remain intact.
This absorption band is assigned to the π-π* electronic transitions of the single
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Figure 3.42: Covalently attached monolayer of 250 b ssDNA on dry NCD (sample
“N4”). a) Measured and calculated ellipsometric spectra tan(ψ) and Δ of this
sample. b) Derived optical constants, refractive index (n) and extinction
coefficient (k). The assignment of the main electronic transitions of DNA
molecules is indicated by arrows

Figure 3.43: Schematic representation of the transitions at 4.47 and 4.74 eV in
dsDNA.
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DNA bases [Inagaki 1974; Hinrichs 2005]. In the higher energy range the
absorption structures are dominated by mixed π-π* and σ-σ* electronic
transitions which belong to both single bases and sugar phosphate groups
[Inagaki 1974].
The steep increase in the absorption above 7 eV is mainly due to σ-σ*
transitions of the phosphate groups [Inagaki 1974]. The lowest electronic
transition at 4.47 eV (277 nm) assigned as an n-π* transition is a fingerprint for
the molecular orientation, but also discriminates between the ss and ds
conformation of DNA molecules [Rich 1960; Fresco 1961]. The molecular
orientation can be deduced, knowing that the n-π* transition dipole moment is
directed along the DNA backbone, which is perpendicular to the π-π* transition
dipole moments of the individual bases, as is schematically depicted in Figure
3.43. On sample “N4”, the optical response of the 250 b ssDNA layer is isotropic,
meaning that the DNA molecules are mostly randomly distributed on the NCD
substrate. This was to be expected, since ssDNA is a highly flexible polymer with
a persistence length of only ~2 nm [Hagerman 1988; Tinland 1997], much
shorter than its stretched-out length of 150 nm.
Further UV SE experiments have been conducted for diamond surfaces
terminated with a dense layer of short covalently attached DNA molecules,
where a preferential orientation is expected. We have opted for DNAfunctionalised UNCD rather than NCD, since the higher intrinsic roughness of
NCD and its radially varying thickness was occasionally found to interfere with
the signal coming from the DNA top layer. The dose of UV illumination during
the UV SE experiments was low enough not to degrade the DNA films. This has
been checked by measuring the same spot of the same sample twice, which
resulted in exactly the same spectrum.
Figure 3.44 shows the measured ellipsometric spectra of an H-terminated UNCD
substrate (sample “U2”), ssDNA (36 b) (sample “U6”), and dsDNA (29 bp,
connected to an A7-ss-tail) (sample “U7”) layers on UNCD substrates. These
reveal notable differences between the ss and dsDNA layers, especially in the
high energy range. The optical response of the DNA layers on UNCD substrate
has been described by a uniaxial anisotropic layer model consisting of two sets
of Lorentz functions corresponding to the in-plane (xy) and out-of-plane (z)
directions of the film, as has been employed previously for pure guanine films on
silicon [Silaghi 2005b; Hinrichs 2005]. The optical response of the measured
substrate has been used in the ellipsometric modelling. The model has the
advantage of taking into account the roughness of the UNCD substrate before
introduction of DNA (see AFM result in Figure 3.36 (b), where the RMS
roughness of the UA-terminated surface is found to be ~16 nm) by employing
the effective dielectric function, while having the disadvantage that the
microscopic curvature of the surface is not included explicitly. Therefore, the
extracted average molecular orientation of the DNA molecules must be
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Figure 3.44: UV ellipsometric spectra of a) H- terminated UNCD (“U2”), b) 36 b
ssDNA layer on UNCD (“U6”), and c) 29 bp dsDNA (connected to an A7-ss-tail)
layer on UNCD (“U7”). The experimental data are represented by open symbols.
The calculated SE spectra using a uniaxial model are given by solid lines.
interpreted carefully. The calculated spectra tan(ψ) and Δ of ss and dsDNA layers
on UNCD substrate are given in Figure 3.44 by solid lines. The film thickness of
the 36 b ssDNA (with a stretched-out length of 22 nm) layer is about 7.6 nm
with a surface roughness of 0.7 nm, while the layer of 29 bp dsDNA (on top of
an A7-ss-tail, giving a total stretched-out length of 14 nm) amounts to a film
thickness of about 10.8 nm and a surface roughness of 1.7 nm.
For the 8 b ssDNA layer (sample “U5”), the film thickness is 3.7 nm and the
additional surface roughness is 0.3 nm, while the stretched-out length of 8 b
ssDNA is 5 nm. Knowing the precise direction of the transition dipole moment
corresponding to the lowest π-π* electronic transitions of single DNA bases from
4.7 eV, the average molecular orientation of the DNA molecules can in principle
be extracted [Silaghi 2005b]. Thus, the bases of the 8 b ssDNA molecules adopt
an average tilt angle of 45° with respect to the substrate plane, while the bases
of the longer 36 b ssDNA molecules seem to be tilted on average by 41°,
implying that the backbones of the strands are tilted at 45° and 49° respectively
(Figure 3.45). The dsDNA molecules orient on average on the surface under a
tilt angle of 52° with respect to the surface plane, a higher tilt angle than the
ones obtained for ssDNA molecules of the same length. These averages are
taken over the size of the VUV excitation spot on the surface, ~0.05 mm², and
do not exclude the possibility of micro-domains showing different molecular
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b)
c)
a)
Figure 3.45: Average tilt angles of DNA molecules on UNCD as calculated from
UV SE: a) 8 b ssDNA, b) 36 b ssDNA, and c) 29 bp dsDNA (connected to an A7ss-tail). (Not drawn to scale.)
orientations. The tilt angle is a parameter used to describe the optical anisotropy
of the layers. Its physical interpretation will be addressed in detail in Chapter 4,
section 4.5.

3.6. Supplementary data
In these paragraphs some unpublished data are presented, that give more
information on the diamond samples and contribute additional evidence for the
effectiveness of the UA photo-attachment and the subsequent DNA coupling.
3.6.1. Additional data on unfunctionalised diamond films
Diamond grain sizes
Confocal microscopy of µCD
With the confocal microscope, one can focus on different depths inside a
diamond film, visualising the grain size evolution during the columnar growth
process. In this case we have measured a freestanding µCD sample of 500 µm
thick (“NCDa” in section 3.1, of which a transmission image can be seen in
Figure 3.7 b). The images in Figure 3.46 represent the scatter of 488 nm light at
the grain boundaries detected at three different focus depths in the film. The
images are inverted, so the grain boundaries appear as dark lines.
Non-contact mode AFM of NCD and µCD
The non-contact mode AFM images in Figure 3.47 show three polycrystalline
diamond films that have been grown under the same conditions, but for a
different duration. The longer the growth, the thicker the film: 0.2 µm, 1 µm and
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b)
c)
a)
Figure 3.46: (900 µm)² inverted confocal images of laser light scattering from
the grain boundaries in a µCD sample at three different depths: a) nucleation
side b) middle of the film, and c) top side.

a)
b)
c)
Figure 3.47: Non-contact mode AFM images in ambient of IMO-grown PCD films:
a) (8 µm)² of NCD surface with RMS roughness of 10 nm; b) (10 µm)² of thicker
NCD film with larger grains and RMS roughness of 21 nm; c) (10 µm)² of
thicker film which can be regarded as µCD, here the RMS roughness is 100 nm.
3.2 µm in this case. The grains visible on the surface are larger correspondingly:
< 500 nm, ~500 nm and > 1 µm. This also leads to a higher RMS roughness as
measured by AFM: 10 nm, 21 nm and 100 nm, respectively. This series of
images thus illustrates the transition of NCD to µCD in CVD films showing
columnar growth.
Crystalline orientation measured by XRD
In this thesis, two types of UNCD have been obtained from commercial source.
The XRD spectrum in Figure 3.48 a shows that the crystallites in the wafers
obtained from ρ-BeST have an almost random orientation, with a minor
preference for (1,1,0). Samples of this wafer have been used for the
experiments described sections 3.3 and 3.4.
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a)
b)
Figure 3.48: XRD measurement of UNCD diamond a) bought from ρ-BeST, and
b) bought from ADT. The black lines are the measured peaks; the red marks are
the signal expected for a random orientation as in diamond powder.
From the XRD spectrum in Figure 3.48 b, we see that the samples originating
from ADT have a pronounced preferential orientation: the (1,1,0) direction.
These samples were used for the ellipsometry measurements in section 3.5.
Infrared transmission spectra
An FTIR transmittance spectrum of an undoped µCD sample (“µCDa” in section
3.1) is presented in Figure 3.49 a. This spectrum compares well to literature
data for pure diamond, see e.g. [Mollart 2001]. Absorptions due to allowed twoand three phonon processes can be seen. (The noise around 1500 cm-1 and
3500 cm-1 is due to the atmospheric water and the small absorption peak at
2360 cm-1 is due to CO2.) Additional absorptions appear for B-doped µCD, as can
be seen from the transmittance spectrum in Figure 3.49 b.

a)
b)
Figure 3.49: FTIR transmission spectra of diamond: a) undoped µCD and b) Bdoped µCD.
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3.6.2. Additional data on the thymidine and ligase route
XPS data of thymidine attachment
The procedure of introducing Cl-groups on oxidised µCD and replacing these Clgroups by thymidine (presented in paragraph 3.1.1, Figure 3.2) has been
checked by XPS: see Figure 3.50.

a)

b)

c)
Figure 3.50: XPS overview scans of µCD surfaces a) after chemical oxidation, b)
after reaction with thionyl chloride, and c) after introduction of thymidine.
After the initial oxidation (oxidation method A) and during further
functionalisation steps, some sulphur is detected. This is contamination from the
oxidation in H2SO4, and led to an optimisation of the washing steps in ultra-pure
water after the oxidation. (However, the best method to get rid of the sulphur
completely is by regeneration in a H-plasma.) After reaction with thionyl
chloride, some chlorine is detected, but in very low amounts. The chlorine peak
disappears after introduction of thymidine, as expected. Thymidine does not
contain a useful marker atom for XPS. It contains nitrogen, but this can always
be present in diamond, or on the surface due to adsorption of atmospheric
species. In summary, these spectra demonstrate once more that the thymidineroute was not a very reliable method of functionalising diamond surfaces for the
introduction of DNA.

Covalent attachment of DNA to diamond

139

3.6.3. Additional data on the fatty acid photo-attachment
Monitoring the UV output
We measured the UV spectrum of the low-pressure mercury lamp (Philips “TUV
G4T4 4W”) used for the UA attachment by an Avantes spectrometer with fiber.
The spectrum in Figure 3.51 a confirms that the maximum output is at 253.7
nm. There is also a line in the visible blue region (546 nm) and one in the UV at
436 nm. We also monitored the intensity of the 254 nm line of a lamp that had
been used for 40 h by the “UVX” radiometer from UVP equipped with a UVX-25
detector (for detection of 254 nm UV). At a distance of 15 cm from the lamp,
the intensity was ~250 µW/cm². However, the samples are at only ~2 cm from
the lamp (Figure 3.51 b). Since it is a tube lamp, the intensity spreads over
cylindrical wave fronts: it decreases inversely with the square of the distance to
the lamp. Therefore, we estimate the intensity of a relatively new lamp at the
sample surface as ~250×(15/2)² µW/cm²: 14 mW/cm². After many times of
use, each time during 20 h, the 254 nm output at the sample surface drops to
2.5 mW/cm².

a)
b)
Figure 3.51: a) UV output spectrum of a Philips TUV G4T4 4W lamp. b) Mounting
of the UV lamp.
Although we did not measure the influence of the lamp age on the attached UA
layers directly, its impact can be seen clearly from the fluorescence intensity
after EDC-coupling of Alexa Fluor 488-labelled 8b ssDNA onto UA layers that
were obtained by a completely new lamp or one that had already been used for
15 times (300 h): Figure 3.52. In this experiment, we also included negative
control samples, with omission of the EDC crosslinker. In this experiment we
used three PCD films with different crystal sizes: this explains the intrinsic
variation of the fluorescence intensity between the samples for the same lamp
age.
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Figure 3.52: Fluorescence of Alexa Fluor 488-labelled 8b ssDNA after
introduction of UA using a new lamp, or a lamp that had already been used for
15 times (300 h). (Laser intensity set at 10% and detector gain at 900 a.u.)
The decrease of the lamp output may be due to intrinsic aging of the lamp
and/or the yellow-brown deposit that forms at the outside of the tube, probably
due to adhesion of evaporated UA. In practice, we limit the use of one lamp to
20 times or 400 h in total, or change it earlier if we notice significant deposit
formation.
From the measurement of the UV-output of a new and used lamp and from the
result in Figure 3.52, we conclude that we cannot compare the absolute
intensities of samples that have been prepared in different runs. For each
parameter one wants to study, a full set of samples has to be prepared and the
UA-attachment preferably has to be done during one and the same UV
illumination step.
UV illumination time during UA attachment
We studied the influence of the UV illumination time during the attachment of
UA on NCD samples by measuring the average CAs with DI water. Before the
measurement, the samples had been washed in hot acetic acid (section 3.3.2).
For each average CA value, two samples with three water drops each have been
taken into account; the accuracy is ±1°. The result can be seen in Table 3.6. As
the diamond surfaces have had more time to react with the UA molecules under
UV, the surfaces are found to be more hydrophilic, which is to be expected for a
higher COOH-coverage.
Since the CA drops more in the first 2 h than in the last 17 h, one could expect
that to obtain optimal UA coverage, and hence optimal DNA attachment, much
less than 20 h of UV illumination is required. Therefore, we also investigated the
influence of the duration of the UA attachment under UV on the fluorescence of
the subsequently attached Alexa Fluor 488-labelled 8b ssDNA. This experiment
was done on UNCD bought from ρ-BeST. The result is presented in Figure 3.53.
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Table 3.6: Average initial static contact angles of distilled water on NCD surfaces
exposed to UA under UV illumination for varied duration.
Time under UV
Average CA with
(minutes)
DI water (°)
0
98
10
92
20
92
45
92
60
87
120
86
180
86
1140
82

Figure 3.53: Relative fluorescence intensities of Alexa Fluor 488-labelled 8b
ssDNA EDC-coupled to UNCD on which UA was introduced during varied UV
illumination times (0–20 h). (Laser intensity set at 10% and detector gain at
931 a.u.)
From these data we cannot rule out the possibility that a higher UA and DNA
coverage can be obtained by longer UV illumination during the UA attachment
step. It may be interesting to test this once. However, we think it is highly
impractical to have a protocol that requires more than one day of incubation
time. Since the amount of immobilised DNA is enough to allow for hybridisation
experiments with 1b-mismatch sensitivity, we have not tested the influence of
longer UV exposure. Since after 9 h the fluorescence is clearly much lower than
after 20 h, we also conclude that a reduction of the illumination time is not
desirable.
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Influence of grain size on UA attachment
From Figure 3.52 it is clear that the fluorescence intensity can be different from
sample to sample. Also in other experiments we have observed that the
fluorescence upon DNA attachment is lower on µCD than on NCD or UNCD.
Therefore, we decided to verify the influence of small changes in diamond grain
size on the hydrophilicity after UA photo-attachment. To this end we used an
IMO-grown NCD sample with radially varying film thickness (as was clear from
the different interference colours: see image below the horizontal axis in Figure
3.54, or Figure 3.65) and thus with different grain sizes. From the result in
Figure 3.54 we found no dependence of the initial, static CAs on the sample
position, and thus on the diamond grain size. This is not in contradiction with the
higher observation in Figure 3.52, and it does not rule out that the CA can be
different for UA attachment on diamond samples with a larger difference in grain
size.

Figure 3.54: Initial static CAs with distilled water after 20 h of UA photoattachment as a function of drop position on an NCD sample with radially
varying thickness and associated grain sizes.
Influence of as-grown or regenerated H-termination on UA attachment
In the normal procedure, we always clean the diamond surface by oxidation,
followed by H-termination in plasma (see sections 3.2.1 and 3.3.1) before the
UA is attached. We wanted to test whether there is a difference between this
approach as compared to attaching the UA layer on the as-grown surface, which
is also H-terminated from the CVD growth process.
To this end we attached UA and Alexa Fluor 488-labelled 8b ssDNA directly to a
ρ-BeST UNCD sample and measured the fluorescence intensity. Then, we
cleaned the sample by oxidation and hydrogenation, and functionalised it in the
same way. Each time we also prepared an EDC-negative control sample. As can
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be seen from Figure 3.55, it is clearly possible to use the as-grown surface
directly for UA and DNA functionalisation. The variation between the two is too
small to prefer one over the other. However, it is still advisable to perform the
oxidative cleaning and re-hydrogenation, because only then one can be sure of
the termination and cleanliness of the surfaces. This also removes silicon powder
that may be present on the surfaces after dividing the wafer into separate
samples.

Figure 3.55: Relative fluorescence intensity of Alexa Fluor 488-labelled 8b ssDNA
EDC-coupled to UNCD on which UA was introduced on the as-grown Hterminated surface, or after oxidation and subsequent re-hydrogenation. (Laser
intensity set at 10% and detector gain at 900 a.u.)
XPS data on UA attachment using fluorine as a marker
The result of the UA attachment is not easy to asses by XPS, since the linker
molecule contains no specific marker atoms. Therefore, we did an XPS study on
the UV attachment of a similar molecule with a F3 head group: 10-undecenoic
acid (2,2,2-trifluoro-ethyl)-amide (UAF) (3, Figure 3.56).
The synthesis of the UAF linker was done in two steps, as indicated in Figure
3.56. In the first reaction step, an oven-dried, three-necked, 100-ml flask
equipped with a septum cap, nitrogen bubbler, and magnetic stirrer is charged
with 10-undecenoic acid (1) (3.1 g, 0.017 mol) under nitrogen. Thionyl chloride
(12 ml, 20 g, 0.16 mol) is added through a dropping funnel with stirring,
resulting in slow effervescence. Dry dimethylformamide (DMF, 0.34 ml, 320 mg,
4.4 mmol) is added dropwise via syringe after which effervescence becomes
much more vigorous. The solution is stirred for 0.5 hr, at which time no further
effervescence is visible. Toluene (50 ml) is added, and the mixture is evaporated
to dryness. A further 50 ml of toluene is added and the process of evaporation is
repeated twice more to ensure complete removal of all excess thionyl chloride.
The obtained yellow oil (3.2 g, 94 %) is used without further purification. In the
second reaction step, the 10-undecenoyl chloride (2) (3.2 g, 0.016 mol) is
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Figure 3.56: Synthesis of 10-undecenoic acid (2,2,2-trifluoro-ethyl)-amide: a)
10-undecenoic acid is converted in 10-undecenoyl chloride; b) 10-undecenoyl
chloride is converted in 10-undecenoic acid (2,2,2-trifluoro-ethyl)-amide.

dissolved in dry tetrahydrofuran (THF, 40 ml) in a 250 ml flask. The resulting
solution is cooled in an ice water bath, and treated slowly with 2,2,2trifluoroethylamine (5 ml, 6.31 g, 0.064 mol) via a dropping funnel, with stirring
to prevent the reaction from becoming too vigorous. A copious white precipitate
forms. When all the 2,2,2-trifluoroethylamine has been added the mixture is
stirred for a further 30 min and then concentrated under reduced pressure. The
residue is dissolved in methylene chloride (100 ml), washed with water (2 × 100
ml) and saturated brine (2 × 50 ml), dried over magnesium sulphate and
concentrated under reduced pressure to give 3.9 g (93 %) of a pale yellow solid.
The ≥ 99.5 % purity of the thus obtained UAF (3) was verified by gas
chromatography-mass spectrometry (GC/MS) and 1H and 13C nuclear magnetic
resonance (NMR).

Figure 3.57: XPS overview scan of NCD surface with undec-10-enoic acid (2,2,2trifluoro-ethyl)-amide attached to it, containing traces of SDS.

Figure 3.58: Chemical structure of SDS.
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The subsequent photo-reaction with the UAF linker molecule on an NCD surface
and the washing steps were performed as described in paragraph 3.2.1. Figure
3.57 shows the XPS spectrum of this functionalised surface. Clearly the fluorine
marker is present, as well nitrogen, confirming the presence of UAF. However,
this is no direct proof of covalent attachment, and indeed a control sample that
had been covered by UAF without UV exposure and the same washing steps,
also showed the presence of fluorine and nitrogen, although with lower
abundance (by a factor ~3). A second important observation from Figure 3.57 is
that peaks due to Na and S are present in the spectrum: they are due to the
washing step in SDS, of which the structure is given in Figure 3.58. Both
observations led to the optimisation of the washing steps after the UA
attachment, as described in section 3.3.
Influence of SDS rinse on the wetting of UA layers
We performed CA measurements with DI water on samples treated with UA
under UV and washed by SDS (prepared as in section 3.2). This resulted in CA
values of 50° - 70°, with a high variation between samples. However, the same
range of CA values was observed on control samples that had been treated with
UA but without UV exposure. The CA on samples treated with UA under UV and
washed by acetic acid (the optimised washing step introduced in section 3.3)
show higher CA values with a better reproducibility (Table 3.5). Two possible
effects can explain the stronger CA-drop with the previous method. The first
possibility is that SDS leaves a residue that is more hydrophilic than the UA
itself, masking the possible influence of the underlying layer. The second
possibility is that the CA was lowered by an adsorbed multilayer of UA molecules
that was not washed off effectively by the SDS.
FTIR spectra of pure UA and 9-DO
Transmittance FTIR spectra of the pure fluid linker molecules UA and 9-DO are
presented in Figure 3.59. Both molecules have an OH-group which gives rise to
a broad absorption band around 3000 – 3650 cm-1. The C=C signature is
present as a sharp absorption at ~1640 cm-1 in both spectra. Also several C-H
absorptions are visible: at ~2800 – 3000 cm-1, ~720 cm-1 and ~1470 cm-1. In
the UA spectrum there is an additional absorption due to the C=O group at
~1720 cm-1, which is absent in the 9-DO spectrum. These assignments are
conform [Liu 2006] and textbook values, see e.g. [Schrader 1995]. The
difference in the overall shape of the spectrum is due to the fact that the
transmittance was recorded for a different sample thickness for both molecules.
(In the 9-DO spectrum, the noise around 1500 cm-1 and 3500 cm-1 is due to the
atmospheric water and the small absorption peak at 2360 cm-1 is due to CO2.)
These spectra confirm the purity of the applied linker molecules.
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Although several attempts were made to measure reflectance spectra of the
(sub-)monolayers of UA and/or 9-DO covalently attached on diamond surfaces
under grazing angles, the contribution of bulk diamond was overwhelming any
signal from the surface. This can be overcome by IR ellipsometry, as presented
in this chapter (paragraph 3.5.2). Two other alternatives to obtain IR data with a
higher surface sensitivity are given in the outlook in Chapter 5: by
functionalising a thin NCD film deposited on an ATR crystal, or performing sumfrequency generation experiments.

a)
b)
Figure 3.59: FTIR transmission spectra of a) 10-undecenoic acid (UA), and b) 9decen-1-ol (9-DO).
Fluorescence spectroscopy of immobilised DNA
Taking fluorescence spectra of DNA functionalised diamond samples is a direct
proof that the intensity observed by CFM is really due to fluorescence. In Figure
3. difference spectra are presented of ‘EDC+’ minus ‘EDC-’ NCD samples treated
with three different concentrations of Alexa Fluor 488 8b ssDNA: 100 pmol/µl,
10 pmol/µl and 1 pmol/µl. This experiment was repeated for a second series of
three NCD samples.
For this experiment, the highest fluorescence intensity is observed for 10 pmol
of applied DNA. Both the 10× higher concentration and the 10× lower one yield a
less fluorescence intensity. For the lower concentration, we attribute this
observation to a lower amount of immobilised DNA, whereas for the higher
concentration the effect may be due to concentration quenching. The shortwavelength fluorescence overlaps with the absorption spectrum, and can thus be
absorbed by the dye molecules without being detected [Lakowicz 1983]. When
we compare this experiment to Figure 3.20, we see that there the detected
fluorescence did not decrease with increasing concentration, until between 300
pmol and 3 nmol of applied DNA. So far, the reason of the factor ~10 difference
in applied DNA concentration at which fluorescence quenching is observed has
not been cleared out.

Covalent attachment of DNA to diamond

147

Figure 3.60: Spectrofluorimetry data of three different concentrations of Alexa
Fluor 488-labelled 8b ssDNA on NCD samples. The amounts of DNA in the
legend are per µl. The spectra represent the difference in signal between the
EDC+ and EDC- samples. Each concentration has been applied to two different
NCD samples (‘series 1’ and ‘series 2’).
For comparison, in Figure 3.61 the percentages of fluorescence intensity that
could be photo-bleached by CFM are represented for both series. It is clear that
spectrofluorimetry and CFM photo-bleaching experiments give the same
estimation of the fluorescence intensities.

a)
b)
Figure 3.61: Relative fluorescence intensities measured by CFM on the same set
of samples as in Figure 3.: a) ‘series 1’ and b) ‘series 2’. (Laser intensity 10%;
detector gain 931 a.u. for EDC+ samples and 1200 a.u. for EDC- samples.)
Without the additional interference filter in the excitation path mentioned in
Appendix 1, the detected fluorescence intensity at the emission maximum is
higher by a factor ~100. However, additional peaks are observed, probably due
to the excitation lamp – monochromator combination. This can be seen from
Figure 3.62 where the 10 pmol/µl Alexa Fluor 488-labelled ssDNA samples with
and without EDC of series 1 have been measured again without excitation filter.
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Figure 3.62: Fluorescence spectrum of 10 pmol/µl Alexa Fluor 488-labelled 8b
ssDNA on NCD, representing the difference between the EDC+ and EDC- signal.
The green squares are measured data; the black line is an eye-ball fit.
Photo-patterning with washing steps of section 3.2
The optimisation of the fatty acid and carbodiimide route in section 3.3 as
compared to the original method in 3.2 comprehends using shorter DNA with a
brighter label, as well as different washing steps. Here, the importance of the
latter is illustrated with an attempt at photo-patterning the UA layers obtained
by employing the washing steps of section 3.2. A pattern of 1 µm thick
aluminium circles was sputtered on UV-transparent quartz. The diameter of the
dots was in the order of 0.5 mm, as was the distance between two dots in a row
(Figure 3.63 a).

a)
b)
Figure 3.63: a) UV-transparent quartz with pattern of 3×3 aluminium circles,
applied as a shadow mask during the UA attachment on NCD. b) Fluorescence
image of the resulting Alexa Fluor 488-labelled 8 b ssDNA layer, showing 3×2
circles. The field of view is about 2.5 mm × 1.5 mm.
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Figure 3.63 b shows the result of the photo-patterning during the UA attachment
and subsequent EDC-coupling of Alexa Fluor 488-labelled 8b ssDNA. Circles
corresponding to the mask are visible, but the contrast is low. The darker
interior of the circles is surrounded by a brighter region, probably due to
reflection of UV light at the Al circles, resulting in a local higher UV intensity and
better UA attachment. As can easily be seen by comparing the low contrast of
Figure 3.63 b to the improved contrast on a much smaller scale in Figure 3.23 b,
the optimisation of the washing steps described in section 3.3 is indispensable to
obtain well-defined UA and DNA layers.
Influence of mixed UA and 9-DO linker layers on DNA attachment
Fluorescence measurements of supernatant denaturation fluids of DNA coupled
to pure UA linker layers are presented in paragraph 3.2.2, Figure 3.16. We did a
similar study of the denaturation fluids of five re-hybridisation-denaturation
cycles of FITC-labelled 250 bp dsDNA on NCD functionalised with mixed linker
layers: a) 90% UA and 10% 9-DO, b) 50% UA and 50% 9-DO, and c) 10% UA
and 90% 9-DO. We used H-terminated diamond as a control surface.

a)

b)

d)
c)
Figure 3.64: Fluorescence detection of FITC-labelled DNA. Fluorescence curves
obtained from the analysis of the fluids collected from the denaturation steps of
cycles 1 – 5 of the EDC-positive NCD sample with different surface terminations:
a) 90% UA and 10% 9-DO; b) 50% UA and 50% 9-DO; c) 10% UA and 90% 9DO; d) H-termination.
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For each type of termination, two samples have been treated with amino- and
FITC-labelled 250 bp dsDNA: one with EDC, and one without. The surface
functionalisation was done as explained in section 3.2, i.e. without the later
optimisation of the washing steps.
From the results in Figure 3.64, we see that the best contrast between the
EDC+ and EDC- samples was obtained on the NCD samples functionalised with
the highest amount of UA (90%). On the H-terminated sample a very high
aspecific signal was present for the first denaturation (both on the EDC+ and
EDC- sample), but this disappeared from the second re-hybridisationdenaturation cycle on.
3.6.4. Residual reflection from flat surfaces: an issue in fluorescence
measurements
During CFM measurements of dry, fluorescently labelled DNA layers on flat
diamond surfaces, we occasionally noticed that residual reflection of the 488 nm
laser line was being detected, despite the use of appropriate beam splitters and
fluorescence filters. This can also be seen from spectrofluorimetry: a strong
Rayleigh peak of elastically scattered excitation light is always present,
proportional to 1/λ4 and centred around the excitation wavelength.
We noticed that for NCD this effect depends on the visible interference colour:
qualitatively it can be expected that films with red interference colours under
white light will cause less reflection of 488 nm light, than films showing blue or
green interference colours. This is exemplified by the same IMO-grown sample
that we used higher to investigate the dependence of the CA after UA
attachment on the grain sizes. The measured reflection for different positions on
the sample is represented in Figure 3.65. For this sample the reflection was very
high, except at position corresponding to the small orange-red region. This
result means that the background reflection can vary substantially among
different samples of one and the same NCD wafer!
The detection of residual reflection increases the overall brightness appearance
of obtained fluorescence images. Therefore it is required to measure the
background of each NCD sample (before functionalisation or after cleaning) at
exactly the same settings as the fluorescence measurement is performed. Then
the background intensity (reflection) can be substracted from the overall
intensity (reflection plus fluorescence). However, this correction is not
completely right either: the organic UA and DNA layer has a higher refractive
index than air, i.e. closer to that of diamond. Thus, due to better refractive index
matching, the reflection of the surface is lowered upon deposition of such a
layer. We observed this effect with CFM for unlabelled DNA layers (e.g. in
denaturation-hybridisation experiments, where the probe layer carried no label),
as well as with spectrofluorimetry where the reflection peak, centred around the
excitation wavelength, was systematically higher on unfunctionalised diamond
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Figure 3.65: Composite image, showing a photograph of an IMO-grown NCD
sample with radially varying thickness and associated interference colours, and
at the lower border a series of images indicating the reflection of the 488 nm
laser line (measured in air).
surfaces than on functionalised ones, irrespective of the presence of a
fluorescence peak, centred at a different wavelength.
An alternative approach for measuring the background intensity of
unfunctionalised samples, is to perform photo-bleaching on functionalised
samples and use the intensity of the bleached area as the reflected background
intensity. This has the advantage of taking into account the changed reflection
due to the presence of the organic layer, while the disadvantage is that one can
never be sure that the labels have completely been bleached.
For UNCD samples, visually appearing dark brown, much less hindering
reflection is measured. Therefore, the CFM measurements on UNCD can be
interpreted in a more straightforward way. For all samples, we found that the
reflected intensity is substantially reduced when the surfaces are immersed in
water or a buffer solution during the CFM measurements. We attribute this
observation to the better refractive index matching for the water-diamond
transition as compared to the air-diamond interface (cf. Chapter 2, section
2.1.2). Moreover, apart from reducing the reflection, imaging in fluid enhances
the fluorescence emission in the direction of the detector (cf. paragraph 3.5.1).
The striking effect can be seen from the fluorescence images of a photobleached pattern in an Alexa Fluor 488-labelled 8b ssDNA layer on NCD
measured in buffer or in air (Figure 3.66). The set-up presented in Appendix 1,
Figure A1.1 can thus be considered as an effective way to realise a much better
fluorescence intensity/reflection intensity ratio.
Similarly, in the spectrofluorimeter best results are obtained when measuring
the sample immersed in buffer solution (contained in a quartz cuvette). Here,
the Rayleigh peak of scattered excitation light may be further reduced by placing
the sample slightly away from 45° as compared to the direction of the incident
beam and the detector position. Since the fluorescence is emitted under a
broader angle than the reflected light, the fluorescence signal reaching the
detector is still of sufficient intensity. Unfortunately, this cannot be applied in
confocal fluorescence microscopy: if the sample is not placed perpendicular to
the excitation beam, it cannot be in focus for the complete field of view.
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a)
b)
Figure 3.66: (900 µm)² Fluorescence images of a photo-bleached area of an
Alexa Fluor 488-labelled 8b ssDNA layer on NCD measured a) in buffer solution,
and b) in air. (Laser intensity set at 5% and detector gain at 1200 a.u.)

4.

Discussion and conclusions
“In all science, error precedes the truth,
and it is better it should go first than last.”
Hugh Walpole

4.1. Thymidine and ligase route
This study was aimed at the covalent immobilisation of FITC-labelled dsDNA on
CVD diamond films using a method previously reported for diamond powder
[Ushizawa 2002].
The initial oxidation of the diamond surface is intended to introduce COOHgroups at the surface. Since it is of crucial importance, various chemical
oxidation treatments have been investigated. As seen from CA measurements,
the diamond surface modification is roughly the same for all these methods. In
particular, XPS reveals that only a low amount of required COOH-groups is
present after oxidation: after the oxidation in heated sulphuric acid and
potassium nitrate, carboxyl groups account for 14.5% of the oxygen present on
the diamond surface. In order to have a COOH-group on diamond, the
concerned C atom cannot be sp3-hybridised, so it is an ad-atom, not part of the
diamond lattice. After the further modification steps with thionyl chloride and
thymidine, a layer of soft material is deposited on the diamond surface, as is
evidenced by contact mode AFM images; the irregular structures observed there
are probably not beneficial for homogeneous coverage with DNA. Upon
introduction of FITC-labelled 250 bp dsDNA, confocal fluorescence microscopy
results seem to indicate that the binding is successful. However after washing
the surface with 2× SCC, the results from both the functionality test with ELISA
and fluorescence microscopy are negative.
From this, three conclusions can be drawn. Firstly, it should be noted that the
article of Ushizawa only mentions washing off the unbound DNA with water
[Ushizawa 2002]. Since we have detected DNA on our diamond samples after
washing with sterile water alone, but not after washing with 2× SSC, their
results could be explained by a shortcoming in the washing of the diamond.
Indeed, it could well be that all steps resulted in the desired surface modification
– just as it did in our experiment according to the XPS data – except for the last
step, the ligation of the DNA: DNA could be physically adsorbed on the surface,
making H-bonds with thymidine, but without making covalent bonds. Secondly,
it is possible that the method designed by [Ushizawa 2002] works well for
diamond powder, but it is not directly applicable to films of diamond. The
observation that this method is based on carboxylic groups, which are not very
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abundant on our smooth oxidised surfaces, is an argument in favour of this
hypothesis. The formation of carboxyl requires three dangling bonds and this is
possible only for additional atoms of carbon not part of the diamond lattice. It
could well be that grains of diamond show more defects, more carbon atoms
with three dangling bonds, and thus more carboxylic groups after oxidation. If
this is the case we should modify the first step of the procedure to obtain more
carboxylic groups. We tried different oxidation methods and repeated the
complete procedure on nanocrystalline diamond films, but we failed to attach
dsDNA to NCD as well, making this hypothesis not very plausible. Then there is
a third and last possibility: even if the amount of carboxylic groups we
introduced is enough, the ligase might not be working properly close to a solid
support, where it can ‘wrap around’ small grains. In any case, the thymidine link
employed in this method is rather short in comparison with e.g. the amine-linker
consisting of a sequence of 10 carbon atoms used in [Yang 2002a] and in our
own later work. The choice for such a short link can possibly facilitate electronic
read-out of hybridisation events via the underlying substrate. The use of a
longer link on the other hand could make denaturation and rehybridisation more
probable.

4.2. Fatty acid and carbodiimide route
Since the success of the thymidine and ligase method was at least doubtful,
while an immobilisation method starting from a better defined H-terminated
surface instead of a mixed oxidised one is preferable, we switched to a
completely different immobilisation strategy, the results of which will be
described now. In this study, an EDC-mediated reaction was used to covalently
attach dsDNA molecules to NCD surfaces through the formation of an amide
bond between the COOH-groups that were photo-chemically introduced on the
diamond surface and the NH2-modified dsDNA molecules. To analyse the
attached dsDNA molecules in terms of their functional activity, they were
subjected to a series of 35 denaturations, re-hybridisations and washings. The
denaturation steps and the last washing steps were analysed for the presence of
DNA.
4.2.1. Principle of the photo-reaction with fatty acids
The introduction of COOH-groups is obtained by activating the diamond surface
by 254 nm (corresponding to a photonic energy of 4.88 eV) and using the
alkene-functionality of 10-undecenoic acid, in an analogous reaction as
described by [Strother 2002; Yang 2002a]. The principle behind this reaction
has received some attention in literature [Nichols 2005; Shin 2006], as was
discussed in Chapter 1, paragraph 1.3.4.
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The UV transmission of the alkene molecule used in [Yang 2002a], TFAAD, has
been measured in [Shin 2006] (on a quartz substrate with a cut-off above 7.75
eV): the transmission cut-off of a 300 µm thick TFAAD film is found to be around
the UV energy applied during the photo-attachment reaction. However, from the
Beer-Lambert’s law it is deducted that the cut-off energy of TFAAD depends
exponentially on the layer thickness, and it is assumed that the thinner layer
applied during the actual photo-attachment will be mostly transparent. We
expect qualitatively the same for our procedure involving UA instead of TFAAD.
(Since the UA molecule has a simpler structure, less absorption is to be
expected rather than more.)
One important difference in our approach as compared to the TFAAD-route
[Yang 2002a], is that we attach UA linker molecules without protecting groups.
It seems reasonable to assume that the use of a protection groups would be
beneficial to increase the binding of UA molecules in the preferred direction. For
comparison, Sieval et al. reported that the thermally activated attachment of ω–
functionalised 1-alkenes (where “1” and “ω” have the opposite meaning as in
this thesis) on H-terminated Si (100) works better when the functional group is
properly protected [Sieval 1998]. The UV-attachment of UA with a 2,2,2trifluoroethyl ester protection group (yielding an ω–unsaturated alkyl ester) has
been reported on H-terminated Si (111) [Strother 2000]; this method was found
to produce a coverage of 0.2 monolayer [Cattaruzza 2004]. However, Zhong et
al., who successfully reproduced our results for the UV attachment of UA to Hterminated diamond, tested the use a F3-protection group for the UA molecule,
but found no associated improvement of the photo-attachment efficiency in this
case [Zhong 2007].
We assume that upon UV-activation of the underlying diamond surface, the
weakest bond in the UA molecules will be the site for surface attachment.
Reducing the σ- and π-bond in C=C to a single σ-bond requires 2.5 eV [Kotz
1999], while reducing the C=O bond or breaking a C-C, C-O, O-H or C-H bond
requires higher energies (3.5 eV – 4.1 eV [Kotz 1999]). From this, we can
expect most of the UA molecules to be linked at the vinyl side, with the COOHgroup favourably sticking upwards. For comparison, reports involving the (co)polymerisation of UA, also involve reaction at the C=C side, instead of at the
COOH side [Palmer 1999; Santos 2001]. Moreover, the UA molecules are known
to form self-assembled layers on Si-H (111): from their AFM and FTIR study, Li
et al. conclude that multilayers are deposited layer-by-layer, and that these
layers are held together by weak intermolecular interactions (like van der Waals
and H-bonds) [Li 2004]. Speculating, based on the hydrophobicity of the Hterminated diamond surface, the organisation of the first UA monolayer can be
expected to be as such: the hydrophobic vinyl groups are oriented towards the
surface, while the COOH-groups are directed upwards. This self-assembly in the
preferred direction facilitates the photo-reaction to occur upon UV-activation of
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the diamond surface. However, even if the above reasoning does not apply, and
the molecules are randomly attached, half of them at the COOH- and half of
them at the C=C side, there are plenty of COOH-groups available for subsequent
attachment of DNA, which has a larger cross-section anyway.
4.2.2. Discussion of the results obtained with carbodiimide-mediated
DNA functionalisation
In the initial study, the result of the photo-reaction was not verified directly
(except for CA measurements, but they were inconclusive); rather it was
assumed that it worked, and the success of the subsequent DNA
functionalisation was seen as an indirect proof that the first step had been
successful too.
Fluorescence measurements appeared to be not sensitive enough to detect the
FITC-labelled DNA in the fluid samples after the various washing and
denaturation steps, so a PCR and gel electrophoresis-based approach was used.
From the PCR reaction that was performed on the collected last washing steps
and the denaturation steps, it was clear that repeated denaturations and rehybridisations remained possible for more than 30 times for the EDC-treated
diamond sample (Figure 3.16 a), which confirms the results obtained in [Yang
2002a] that verified by fluorescence measurements more than 30
denaturation/rehybridisation cycles without loss of signal for a DNA attachment
method on diamond employing SSMCC crosslinker.
For the EDC-negative sample the denaturation signals appeared much weaker
and sporadic (Figure 3.16 b). These results indicate that the NH2-modified DNA
was indeed covalently bound to the COOH-modified diamond surface in an EDC
mediated reaction, besides a low amount of DNA that was non-specifically
adsorbed to the diamond surface.
To confirm our findings from denaturation reactions performed on the NCDimmobilised dsDNA, a PCR reaction was also performed on analogously treated
paramagnetic beads immediately after the first and the second denaturation
cycle. The results indicate that DNA was covalently bound using EDC attachment
protocols. Indeed ssDNA was present on the surface of the EDC-treated beads
after successive denaturation steps. No DNA appeared to be present on the
surface of beads that were treated without EDC (Figure 3.15).
Above results indicate a covalent bond between the DNA and NCD. The initial
binding capacity of functionally active dsDNA appears acceptable, as the
denatured ssDNA of the EDC-positive NCD-sample was visible with fluorescence
measurements in the first cycle. No signal could be detected for the sample
without EDC. However, amplification of the DNA present in the collected
denaturation and washing fluids by PCR became necessary after this first
denaturation–rehybridisation cycle. Denaturation and rehybridisation of NCDbound DNA thus appeared to occur with a rather low efficiency. This can be
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attributed to the physical properties of the DNA itself. The length and nature of
the DNA molecules that were linked onto the diamond determines their
conformation. Conformation is one of the most important parameters affecting
surface coverage and hybridisation efficiency. Relatively long DNA probes, as
were used in this study, should be regarded as dynamic, flexible coils that can
attach themselves non-specifically to the surface on multiple locations. This can
lead to inaccessibility of various DNA molecules to subsequent re-hybridisations
and denaturations. This implies lower hybridisation efficiency, resulting in lower
to even no denaturation signals [Steel 2000]. dsDNA molecules consisting op
250 bp have a persistence length of ~50 nm in solution [Hagerman 1988] and
are more rigid in structure, thereby assuring the accessibility of a considerable
amount of DNA molecules for the first denaturation. ssDNA molecules of the
same length, however, as produced during this denaturation, have a persistence
length of only ~2 nm in buffer [Tinland 1997] and are much more flexible,
displaying a greater tendency towards multiple attachment sites on the surface.
This might explain the lower hybridisation efficiencies in cycles 2–35.
Moreover, the signal intensity was even lower for the last nine cycles of
denaturation–rehybridisation in comparison to the first 26 cycles. This can be
explained by the use of the same hybridisation buffer containing the
complementary hybridisation DNA for the entire 35 cycles, and the degradation
effects that are surely associated with this.
Although no non-covalently attached DNA was visible with paramagnetic beads,
a sporadic, non-specific denaturation signal was present with the EDC-negative
NCD sample, corresponding with some non-covalently adsorbed DNA to the NCD
surface. The fact that this signal did not appear in every cycle also displays the
dynamic nature of this non-covalently attached DNA. Depending on the
conformation and orientation of these adsorbed molecules, they become either
available or unavailable for denaturation reactions themselves.
When the functionalisation procedure was tested on µCD no evidence of covalent
DNA attachment was found for these samples. (Yet, this was achieved after
optimisation of the protocol.)

4.3. Further optimisation
carbodiimide route

of

the

fatty

acid

and

4.3.1. Optimisation of washing steps, DNA concentration and length
In this work, we evaluated the two-step EDC-mediated DNA-attachment method
that was introduced in the previous section, in terms of stability, density, and
functionality of the resulting DNA probe layer. In the first step, UA is covalently
bound to the (U)NCD surface through a photo-chemical reaction under 254 nm
UV illumination, resulting in COOH-functionalised diamond. The excess UA was
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most efficiently removed with hot acetic acid. In the second step, NH2-modified
DNA is attached to these COOH-groups through the formation of a peptide bond.
Efficient removal of non-specifically attached DNA was accomplished with 2×
SSC / 0.5% SDS. Short, highly organised ssDNA layers revealed to be more
suitable for to achieve maximal binding capacity to (U)NCD as compared to
layers of long, entangled and multiply attached dsDNA, indicated that the results
in [Steel 2000] could be transferred from the gold to the (U)NCD platform. The
highest ssDNA probe density was obtained with an applied amount of ~300
pmol/cm², correlating with a maximum density of 1014 molecules/cm². The
obtained surface density was still suitable for efficient hybridisation, and a clear
distinction could be made between fully complementary and 1-mismatch target
DNA.
4.3.2. Evaluation of other functionalised surfaces for the EDC-coupling
of amino-modified DNA
It was determined that purely UA-terminated (U)NCD was the most suitable
substrate for the functional end-mediated attachment of NH2-modified DNA, as
compared to mixed layer of UA and 9-DO.
A surprising result was the observation of bright fluorescence upon EDCmediated coupling of fluorescently labelled probe ssDNA on oxidised diamond
surfaces. However, Shin et al. have observed a similar effect with SSMCCcoupling of DNA to oxidised surfaces [Shin 2006]. They report a very low
associated removal force in AFM nano-shaving experiments: < 6 nN, indicative
for physisorption rather than covalent coupling. In any case, probe DNA that
was attached to oxidised (U)NCD samples was found to be non-functional.
The EDC-mediated DNA attachment to H-terminated NCD samples was not
possible, as expected; after the same washing steps as applied after the EDCcoupling to UA-functionalised surfaces, H-terminated diamond showed almost no
adsorption of DNA.
4.3.3. Photo-patterning experiment
The above method for DNA attachment allows for different options to pattern the
obtained probe layers. A first option is to create a pattern before the
introduction of the linker molecule, by creating oxidised regions on an otherwise
H-terminated surface: the UA linker will only attach to the latter. We have not
done this type of patterning experiment as such, but we do have results on pure
oxidised surfaces: although not functional in hybridisation experiments,
significant amounts of probe-DNA can attach to the oxidised areas. Alternatively,
because the attachment of the UA linker is done under UV illumination, in this
step a pattern can be obtained in the linker layer straightforwardly by using
shadow masks; the pattern will subsequently be expressed as a pattern in the
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DNA layer. In this case, the observation that no EDC-mediated attachment or
adsorption of DNA occurs on H-terminated diamond can be turned into a major
advantage in patterning reactions. We showed that the use of shadow masks
during the photo-attachment of the linker layer is indeed transferred in clear and
sharply outlined patterns in the fluorescently labelled DNA layers. The DNA layer
can still be considered continuous within squares of (45 µm)², as imaged by
CLSFM. The successful patterning on this scale can be applied in diamond-based
micro-arrays, a technique that requires separate spots of probe ssDNA with
diameters preferably smaller than 300 µm [Barbulovic-Nad 2006]. A promising
application can be found in label-free DNA sensors with electronic read-out.
Shadow masks can be applied to attach DNA on well-defined parts of the
surface, e.g. in between interdigitated electrodes (IDEs): the regions that are
not illuminated will stay H-terminated, they are surface conductive and can be
used as electrode fingers in a FET-like setup.
4.3.4. Optimisation of the fluorescence measurements
Apart from the better sample preparation, the quality of the CLSFM images has
improved two-fold as compared to the earlier work of section 3.2: due to the use
of a different fluorescent dye (Alexa Fluor 488 instead of FITC), and due to
improved refractive index matching: more fluorescence is collected when the
sample surface is kept in buffer solution during the measurements. This is also
beneficial for the biological probe layer.
4.3.5. Conclusion
In this study, we succeeded in generating a stable, dense and homogeneous,
functionally active biological interface on NCD and UNCD surfaces allowing
photo-patterning, which can be profited by in the fabrication of high throughput
DNA-based biosensors in array formats. Moreover, we improved the conditions
for fluorescence measurements, and using CLSFM we achieved SNP-sensitivity in
end-point measurements of DNA hybridisation.

4.4. Impedimetric sensing of DNA layers obtained by
the fatty acid and carbodiimide route
We already achieved SNP-sensitivity in end-point hybridisation experiments on
(U)NCD surfaces, using fluorescently labelled DNA. In this section label-free and
real-time detection of DNA hybridisation is demonstrated, using electrochemical
impedance spectroscopy of DNA layers on NCD and UNCD surfaces, prepared by
the optimised UA and EDC route of previous section.
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4.4.1. Equivalent circuit
To obtain more insight in the effect of charged DNA molecules on the electrical
properties of the semiconductive diamond layer, the impedance spectra shown
in section 3.4 were analysed using equivalent circuit models. The fits were
performed over the total frequency range from 100 Hz to 1 MHz. The data were
fitted according to the equivalent circuit in Figure 4.1. This circuit has been
proposed previously by [Yang 2004] to explain the hybridisation-induced
changes in electrical properties of DNA-modified diamond surfaces. It can be
divided into three components: (a) the solution resistance, Rs, between the Au
electrode and the diamond surface, (b) a resistance RC and a capacitor C in
parallel, attributed to the molecular layer and double layer [Yang 2004], and (c)
a resistance RQ and a constant-phase element Q in parallel, physically
corresponding to the space charge region in the diamond substrate [Yang 2004].
The impedance of the Q-element is given in Chapter 2, equation 2.13. For our
data, the parameter n varied between 0.6 and 1.

Figure 4.1: The impedance set-up is modelled using this equivalent circuit.
4.4.2. Hybridisation data fitted to the equivalent circuit
Table 4.1 gives the values of the electrical elements after fitting these data to
the equivalent circuit. Uncertainties on the parameter estimates are given in
terms of their standard deviation. The value of the elements Rs, RC, Q, and n do
not change significantly upon hybridisation given the uncertainty on the
recovered values.
Upon hybridisation, RQ decreases from ~3500 to ~3000 Ω. The capacity C
decreases by 15%. Combining the fit results and Nyquist plots reveals that the
impedance at the lowest frequencies (100-500 Hz) is determined by the RCCelement. At the highest frequency (1 MHz), mainly the resistance of the
solution, Rs, determines the impedance. This becomes obvious when changing
the reaction fluid from MicroHyb to NaOH and vice versa.
4.4.3. Data during heating of the set-up fitted to the equivalent circuit
Also the change of the impedance during heating of the set-up from 30°C to
50°C in 10× PCR buffer has been analysed. The results of fitting these data to
the equivalent circuit are given in Table 4.2. These results reveal that the value
RQ decreases by more than 50% upon heating the sample (from 5300 to 2600
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Table 4.1: Results of fitting impedance spectra before and after hybridisation
with complementary DNA at 30 °C in 10× PCR buffer.
Equivalent circuit
Value before
Value after
element
hybridisation
hybridisation
Rs (Ω)
222 ± 14
205 ± 12
436 ± 10
369 ± 6
C (nF)
RC (kΩ)
26 ± 6
30 ± 5
14.4 ± 1.5
13.6 ± 1.0
Q (nS.sn)
0.888 ± 0.009
0.896 ± 0.008
n
RQ (kΩ)
3.49 ± 0.04
3.02 ± 0.03
(Reported uncertainties are standard deviations as obtained from the best fits to
the data.)
Table 4.2: Results of fitting impedance spectra before and after heating the setup from 30°C to 50 °C in 10× PCR buffer.
Equivalent circuit
Value before
Value after
element
heating
heating
Rs (Ω)
59 ± 3
51.3 ± 1.7
2.2 ± 0.3
1.48 ± 0.06
C (nF)
RC (kΩ)
2.8 ± 1.3
1.7 ± 0.1
670 ± 30
786 ± 3
Q (nS.sn)
0.630 ± 0.004
0.639 ± 0.003
N
RQ (kΩ)
5.28 ± 0.08
2.62 ± 0.03
(Reported uncertainties are standard deviations as obtained from the best fits to
the data.)
Ω). The Q value shows an increase of 18%. The observed decreasing RQ value
and increasing Q value can be explained in terms of the depletion zone in the
space charge region of a semiconductor during heating. This depletion zone is a
result of the exchange of charges at a semiconductor-solution interface. For a ptype semiconductor, when equilibrium is reached, the resulting electric field at
the interface corresponds to a downward band bending of the conduction and
the valence band [Memming 2000]. Heating the semiconductor increases the
amount of charge carriers, resulting in a smaller depletion zone and thus in a
lower resistance RQ and a higher Q value. The fit results indicate that the
resistance of the RCC-element, RC, is the largest and determines the impedance
in the low-frequency range (100-500 Hz). In literature, the largest resistance in
the circuit has been attributed to the layer of molecules and ions at the surface
[Uslu 2004]. This resistance RC as well as its parallel capacity C shows a
decrease of ~35% upon heating the sample.
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4.4.4. Physical interpretation of the equivalent circuit model
From the previous discussion, it can be concluded that the RQQ-element,
responsible for the decrease of the impedance at higher frequencies (1000-1500
Hz) during hybridisation, can be attributed to the depletion zone in the diamond
substrate, confirming the results obtained by [Yang 2004; Gu 2005]. It should
be remarked that any field-effect in the heavily doped Si substrate will be
negligible because of its nearly metallic behaviour. During hybridisation, the
amount of negative charges near the diamond surface will increase and will
reduce the electric field at the interface. As a result, the band bending will be
less pronounced, and the depletion zone will be smaller for samples with dsDNA,
in accordance with the explanation given in the introduction of this thesis (cf.
sections 1.3.4 and 2.4.1). This will result in a decrease of the resistance RQ (in
this case from 3490 ± 40 to 3020 ± 30 Ω) and possibly in a higher Q value. From
the fitted Q values in Table 4.1 and Table 4.2 using a dielectric constant of 5 for
diamond, widths of the depletion zones between 3 and 125 nm can be deduced,
in agreement with values found in literature [Garrido 2002].
At low frequencies, denaturation of complementary DNA with 0.1 M NaOH
causes an impedance increase during the first 10 min, which is opposite to the
effects observed during hybridisation. In the previous section, it is shown that
the largest part of this frequency region (500 Hz to 15 kHz) is dominated by the
RQQ-element of the circuit, attributed to the depletion zone of the
semiconductor. An increase of the impedance of the depletion zone is explained
by noting that upon denaturation, negatively charged DNA strands are released
from the diamond surface, and as a result, the depletion zone will become
larger. Only in the lowest frequency region, from 100 to 500 Hz, the RCC
element influences the impedance. This RCC element has been attributed to the
layer of molecules and ions at the surface. When the cell is filled with buffer,
there will be numerous ions located at the surface, either forming a double layer
or being attracted by the dsDNA molecules. When the cell is subsequently filled
with 0.1 M NaOH, a new equilibrium will be formed. Negatively charged ssDNA
molecules and their associated counter-ions will leave the double layer. It has
also been reported in the literature that ssDNA is less conductive than dsDNA
[Kelley 1999]. Both factors can explain an increase of the impedance in the
double-layer region.
4.4.5. Denaturation experiments: temporal behaviour of DNA melting
The extent of impedance increase differs when comparing the denaturation of
complementary DNA with that of 1-mismatch and non-complementary DNA. The
smallest increase in impedance appears to occur during the denaturation of
diamond samples previously hybridised with 1-mismatch DNA. The samples
treated with non-complementary DNA display the largest increase in impedance
upon treatment with NaOH. Denaturation effects are also visible at the highest
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frequency, which is dominated by the resistance of the buffer solution. At this
frequency, the addition of NaOH causes an initial rise in impedance because of
its low ionic strength as compared to the hybridisation buffers that were used.
This initial rise is followed by a gradual decrease in impedance. This decrease of
impedance can be interpreted as follows. During the formation of a new
equilibrium upon addition of 0.1 M NaOH, the ssDNA molecules and their
associated counter-ions that leave the double layer, as explained previously, are
expected to enter the solution, resulting in a decrease of Rs.
Thus, the impedance at high frequencies drops, due to the effect of released
DNA (i.e. additional negative charges) in the buffer solution. Regarding the
temporal behaviour of the impedance at a frequency of 1 MHz, in all
experiments, the exponential decay time of the change during the denaturation
of complementary DNA is the longest. This can be explained by the fact that the
most stable dsDNA molecules are those formed by completely complementary
strands, which also exhibit the highest melting temperature for instance.
Releasing the complementary ssDNA molecules into the solution during the
denaturation will hence take the longest time. The ~50% shorter exponential
decay times obtained during the denaturation of 1-mismatch DNA can be
explained by the fact that imperfect duplexes are more easily denatured because
of their intrinsic instability. The denaturation of non-complementary DNA shows
an exponential decay of ~70% of that of the complementary denaturation curve.
The different dynamical behaviour of the denaturation of non-complementary
DNA results in a different way of release from the diamond surface. Instead of
the release from a duplex structure into the solution, non-complementary ssDNA
molecules are probably attached in a non-specific manner to the NCD surface.
Removal of these non-complementary ssDNA molecules most likely occurs
differently than denaturation of complementary or 1-mismatch DNA.

4.5. Molecular orientation of DNA layers obtained by
the fatty acid and carbodiimide route
4.5.1. Defocused single molecule fluorescence of DNA on NCD layers
Apart from a few defocused patterns, assigned to the Alexa Fluor 488-label of
DNA attached to NCD on quartz, this method was not successful at determining
the DNA orientation. Here, some suggestions are made to overcome the
practical problems in a possible follow-up study. Measuring samples from the
back-side requires a transparent substrate that does not cause diffraction
patterns itself, coated with an NCD film of less than 30 nm thickness. The
fluorescent label should be very photo-stable, and preferably intercalated or
otherwise rigidly fixed to the DNA strands. For dense DNA layers, only a few
molecules should carry a label, to avoid overlap of the defocused patterns.
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4.5.2. Ellipsometric study of DNA conformation on UNCD substrates
In the experimental work we have presented here, we studied dense layers of ss
and dsDNA molecules attached to NCD and UNCD surfaces, because DNA
brushes on a semiconducting, bio-compatible material are of great relevance for
DNA sensors. Label-free detection of DNA on diamond surfaces has been
demonstrated in the previous section with impedance measurements, and here
with spectroscopic ellipsometry. Our main goal was to determine the average
orientation of the attached DNA molecules. A study with the same goal has been
reported [Shin 2006] using tapping mode AFM of DNA layers on singlecrystalline diamond surfaces.
Quality control of functionalised UNCD samples
We have monitored the surface modification steps with wetting experiments,
and found that the low CAs with water on oxidized diamond surfaces, increase to
over 100° after H-termination. The introduction of the hydrophilic, carboxylic
groups from the linker layer causes the CA to decrease again to 83°-84°. After
the attachment of DNA, the surfaces become even more hydrophilic. The
samples were also monitored by FM, resulting in images in the same line as
previous results (section 3.3).
Morphology and roughness of functionalised UNCD
To monitor the morphology and roughness of the dry samples, we have applied
tapping mode AFM measurements under ambient conditions. From the AFM
images of dry DNA films, we conclude that the DNA forms a dense layer on
UNCD, following the underlying UNCD structure (Figure 3.39). We have
observed that the surface roughness of UNCD is not significantly altered upon
the introduction of the 2 nm long linker molecule, nor after the attachment of
short ssDNA of 8 bases, while it slightly decreases upon the introduction of DNA
consisting of 36 bases, both for the ss and ds situation (Figure 3.40). This
decrease in RMS roughness, suggests that the biological top layer fills the dips
between grains and grain clusters of the UNCD surface. We would like to point
out that this result for dense DNA-layers on UNCD is the opposite to what has
been reported for AFM measurements in buffer after the introduction of dilute
end-tethered DNA layers on flat gold surfaces: starting from a very flat surface,
the presence of low concentrations of 20 b ssDNA increases the surface
roughness, and hybridisation does this even more [Liu 2006; Mearns 2006],
whereas on our samples the organic layer mostly follows the underlying
structure, smoothing out the edges. Of course, the RMS roughness values also
depend on the scanned area (Figure 3.40), i.e. the smallest scan of (0.25 µm)²
gives the smallest roughness estimation.
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Spectroscopic ellipsometry of DNA functionalised UNCD
The signature of DNA in IR SE was first recorded on a sample containing a
multilayer of 250 bp dsDNA (0.2 µm thick); the same spectral features could be
identified for a monolayer of 250 b ssDNA on NCD, where the DNA layer
thickness was found to be 40 nm, or about one fourth of the stretched-out
length of the molecules. Although this may suggest a tilted orientation of the
DNA molecules, coiling up seems more likely for highly flexible single strands
much longer than their persistence length (~2 nm) [Tinland 1997; Mills 1999].
However, the orientation could not be deduced based on IR SE alone, due to the
complexity of the bands in the ‘amide I’ region.
Therefore, a more detailed analysis has been carried out in the VUV spectral
range. The molecular orientation can be clarified from the analysis of the
absorption at 4.74 eV, due to the π-π* transition dipole moments of the
individual bases. The electronic n-π* transition at 4.47 eV is also a fingerprint for
the molecular orientation, and discriminates between the ss and ds conformation
of DNA molecules [Rich 1960; Fresco 1961]. It was verified that the amount of
UV illumination during the measurements did not influence our results by
unintended degradation of the DNA layers. For the thin layer of 250 b ssDNA on
NCD no preferential orientation is to be expected, and indeed the DNA layer is
found to be isotropic: the DNA molecules are randomly distributed over the NCD
substrate. For covalently attached layers of shorter DNA on UNCD, some
directional preference is likely [Shin 2006], and we confirm the layers to be
optically anisotropic. The mean square error in the best-fit simulation was a
factor 3 better for anisotropic conditions in comparison to an isotropic fit. For the
best fit simulation of the 3.7 nm thick 8 b ssDNA layer we find an average tilt
angle of 45° with respect to the surface plane, for the 7.6 nm thick 36 b ssDNA
layer an angle of 49°, and for the 10.8 nm thick 29 bp dsDNA (connected to an
A7-ss-tail) layer an angle of 52°.
Interpretation of the obtained tilt angles
The physical interpretation of the average tilt angle parameter deserves further
explanation: it is related to intra- and intermolecular effects, as well as
interactions of the DNA molecules with the substrate. It is the intermolecular
level, describing the organisation of the DNA strands in the brush, which we are
most interested in, but we will first address the two other factors.
Firstly, the orientation of the molecules (i.e. either the average direction of the
single backbone, or the axis direction of the double helix) has not been probed
directly, only the (average) orientation of the individual bases. The direction
perpendicular to the plane of the bases is considered as that of the DNAmolecule. In case of dsDNA, the two strands are not oriented along the axis of
the double helix, but make turns around it. Still, the orientation of the transition
dipole moment along the bases averages out to the plane perpendicular to the
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central axis of the double helix. Therefore, the tilt angle obtained for dsDNA can
safely be interpreted as the average orientation of the double helices.
Secondly, although the microscopic form of the surface was not included
explicitly, it has been taken into account implicitly, by using the effective
dielectric function, based on a UV SE measurement of the bare substrate. As can
be seen from the AFM image in Figure 3.36 b, the initial UNCD surface with the
UA-linker layer has an RMS roughness of ~16 nm. The DNA layers are found to
be only 4 to 11 nm thick, i.e. lower than the surface roughness. The reported tilt
angles thus represent the average DNA orientation towards the plane of the
surface on a macroscopic scale. Yet they are caused by the local molecular
organisation in the DNA film, as well as the substrate topology. Since in this
paper we have shown that our two-step attachment protocol also works on Si
(100), we plan additional reference measurements on atomically flat silicon
surfaces and single-crystalline diamond to clarify the influence of substrate
roughness more precisely. Moreover, the results do not exclude the possibility of
micro-domains: they are average values, taken over the size of the UV
excitation spot on the surface. The lateral variation on the values will be
investigated by SE mapping in later studies.
Because the results reported here have been obtained for dense DNA-brushes,
we are confident that the topology is in any case not the only factor responsible
for the observed tilt angles. In this case the intermolecular interactions are
considerable and will prevent the DNA strands from perfectly following the
substrate – as would be the case for molecules in a dilute, adsorbed layer. So
now we come to the influence of these intermolecular interactions on the
reported tilt angles. Although we have found higher angles for samples with
more biological material (i.e. for longer DNA and after hybridisation), we will not
consider these angles as significantly different per se. Yet, the fact that for
different samples, average tilt angle values of the same order are found, gives
confidence in the analysis. Even if the average angles can be considered equal,
the underlying distribution might differ: e.g. for ssDNA and dsDNA of the same
length the higher flexibility of the ss molecules can result in a larger spread of
the orientation [Moiseev 2006].
Comparison of the obtained tilt angles to literature data
The values we find are comparable to those reported for 15 bp dsDNA on gold
surfaces, for which an average tilt angle of 55°-60° with respect to the surface
plane is found [Anne 2006]. Yet, in literature on AFM on diamond, smaller tilt
angles are reported: 30°-37° with respect to the surface for 16 bp dsDNA on top
of a 15 b ssDNA-tail for dense layers on single crystalline diamond [Rezek 2006;
Shin 2006; Nebel 2007; Rezek 2007]. An important remark is that the AFM
measurements on diamond [Rezek 2006; Shin 2006; Nebel 2007; Rezek 2007]
have been performed in buffer solutions, whereas our IR SE measurements were
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performed under ambient conditions, and UV SE measurements were performed
in vacuum, requiring dry films. This may well influence the orientation of the
molecules in the DNA layer, due to Debye screening and depending on the ionic
strength of the buffer solutions. The higher roughness of UNCD as compared to
single-crystalline diamond surfaces, the different linkers and the DNA density
may also play a role. Another difference is that the signal of micro-domains in
the DNA layer with a different orientation (if any) will be averaged out during
the SE measurements (over the area of the beam) while in principle they could
be probed by AFM individually. For DNA molecules in buffer solution there will be
movement due to Brownian motion, but under vacuum conditions necessary for
the UV SE measurements, no additional temporal averaging occurs.
DNA conformation
An advantage of SE as compared to AFM nano-shaving experiments, is the more
direct way of observing the orientation as reflected in the anisotropy of the
optical properties, instead of an indirect conclusion based on measured layer
thicknesses, the assumption that the DNA behaves as a stiff rod (which is only
applicable to dsDNA shorter than the persistence length), and basic
trigonometry. For three samples (“U4+”, “U6”, and “U7”), the average tilt angles
(θtilt) for DNA on UNCD have been evaluated with UV SE from the direct
detection of the orientation of the transient dipole moments of the bases. For
these three samples, also the layer thicknesses are known from ellipsometry.
Molecular tilt angles are commonly estimated from the way the observed layer
thickness (obtained from AFM or ellipsometry) compares to the stretched-out
length of the molecules in the layer [Kelley 1998; Shin 2006]. The data and
calculations reported in Table 4.3 allow for a comparison of the two conceptually
different methods in the estimation of the tilt angle with respect to the substrate
surface. The indicated layer thickness (T) is obtained from vacuum UV SE. If the
molecules in the layer have a certain stretched-out length (L) and if they can tilt
on the surface but not bend (like a stiff rod), simple geometry shows that their
tilt angle equals Arcsin(T/L). The assumption that the molecules are straight is
thus of crucial importance for Arcsin(T/L) to be a good estimation for θtilt. The
equation does not hold for DNA-molecules with sufficient length, which behave
as highly flexible polymers. To this end, we introduce the ratio of the stretchedout length of the DNA-molecules (L) to the persistence length (lp): values
smaller than 1 indicate that the DNA-molecule can safely be thought of as a
straight rod, for increasing values the ‘stiff rod’ model becomes less appropriate.
For L, an average length of 0.6 nm [Mills 1999] was assumed for single bases,
and 0.34 nm for base pairs [Haber 2000]. For samples “U4+” and “U6” with
ssDNA we used lp ~2 nm [Tinland 1997; Mills 1999], while for sample “U7” with
dsDNA lp ~50 nm [Hagerman 1988] was used. For sample “U7”, a longer
dsDNA-fragment with high stiffness (L/lp = 0.2) is present on top of a shorter
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strand of ssDNA with lower stiffness (L/lp = 2.1). Since 58 out of 65 bases
belong to the very rigid ds fragment, this result shows excellent correspondence
between the geometrically based and experimentally obtained tilt angle (50° and
52°, respectively). For sample “U4+” the stiffness is still acceptable (L/lp = 2.4)
and Arcsin(T/S) (50°) is a good measure for the experimental, average tilt angle
(45°). For sample “U6” the stiffness is not sufficient to allow for the geometric
analysis (L/lp = 10.8) and a big difference is found between the geometrically
estimated and experimentally obtained tilt values, 21° and 49°, respectively.
One possible configuration of a DNA-molecule with L/lp larger than 1 is depicted
in Figure 4.2. Such a conformation could account for values of Arcsin(T/L)
smaller than the real tilt angle (e.g. sample “U6”). For coiled polymers, the
overall shape is not expected to be spherically symmetric [Haber 2000;
Triantafillou 1999], especially in dense polymer brushes [Alexander 1977;
Unsworth 2005], and the angles observed with UV SE will relate to the tilt of this
elongated coiled-up form. If the conformation of a free DNA-molecule in a
solvent is considered as a random walk, the average radius of gyration, RG
(Chapter 1, equation 1.8), can be considered as a measure for the effective size,
which scales with the square root of L [Sneppen 2005]. Although this RG does
not take into account effects of the end-tethering of the DNA-molecules [de
Gennes 1980], the charge of the DNA [Milner 1998], or the steric hindrance in
dense layers [Lehner 2006], we find that the observed ssDNA layer thickness on
samples “U4+” and “U6” equals 2×RG. For the layer of 250 b ssDNA molecules
on NCD (sample “N4”) the stiffness is very low (L/lp = 75) and a coiled-up,
“mushroom” conformation of the DNA is to be expected; with UV SE the DNA
layer was indeed found to be isotropic, while the geometric model (which would
give Arcsin(T/S) = 15°, using T = 40 nm from IR SE and S = 150 nm) is not
applicable at all. The radius of gyration is of 250 b ssDNA 10 nm, and thus the
observed layer thickness is 4×Rg in this case. Another point of care with the
simple geometric model is that the underlying linker layer is probably not
completely impermeable to DNA molecules.
We conclude that the modelling of DNA-brushes on a rough surface is far from
trivial, and a direct way of observing the orientation is in most cases preferable
to calculations based on layer thicknesses, obtained from e.g. non-spectroscopic
ellipsometry, or nano-shaving AFM experiments [Rezek 2006; Shin 2006; Nebel
2007; Rezek 2007]. Yet, for the DNA layer with the highest molecular stiffness
(on sample “U7”), where thus the use of Arcsin(T/L) as a measure for the
molecular tilt angle is best applicable, the average tilt angle obtained from the
analysis of electronic excitations with UV SE is in excellent agreement with this
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Figure 4.2: Schematic representation of a possible conformation of a long DNAstrand on a diamond surface, where the value of Arcsin(T/L) gives an
underestimation for the average tilt angle.
Table 4.3: Comparison of average tilt angles of DNA on diamond as obtained
from UV ellipsometry measurements directly, and from measured layer
thicknesses combined with a simple geometrical model.
UNCD sample:
“U4+”
“U6”
“U7”
Parameter (units):
T (nm)
3.7
7.6
10.8
Number of base pairs (bp)
/
/
29
Number of single bases (b)
8
36
(7)
L (nm)
4.8
21.6
9.9 (and 4.2)
L/lp
2.4
10.8
0.2 (and 2.1)
RG = √(L.lp/3) (nm)
1.8
3.8
/
From simple geometry:
50
21
50
Arcsin(T/L) (°)
From UV ellipsometry:
45
49
52
θtilt (°)
geometrically estimated value. With the method presented in this paper, the
orientation can be investigated directly, for ds as well as ssDNA, without
restricting the strand length to the persistence length. To discriminate between
the influence of the substrate topology and the intermolecular interactions on
the tilt angle, additional reference measurements on atomically flat substrates
are required. As such, the calculation of tilt angles with VUV SE has the potential
of having a wider range of applicability than the aforementioned techniques,
while combining it with the information on layer thicknesses gives us a richer
understanding of biological layers on CVD diamond.
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Relevance of DNA conformation studies to DNA sensor development
As a final point, we would like to comment on how the reported results with DNA
brushes covalently attached to CVD diamond surfaces can be applied to improve
the performance of diamond-based DNA sensors. Although additional
experiments with mapping SE are required to evaluate lateral variation of the
reported average tilt angles for 3 types of DNA layers, the influence of the
substrate topology, and to determine whether the observed difference are to be
considered significantly different, we have presented a technique that is in
principle capable to detect such differences. Since best sensor performance is
expected for more upright orientations of the probe ssDNA, combined with a
moderate density not hindering hybridisation, using this method, fabrication
methods resulting in advantageous probe ssDNA layer properties can be
identified and selected for use in DNA sensors. As an example, consider the
method to deposit the layer of probe ssDNA: taking into account the differences
in persistence length for ss and dsDNA, one can speculate that a layer of ssDNA
obtained by immobilisation of dsDNA followed by denaturation (Figure 3.17 c12) is better ordered than when the target ssDNA is attached directly (Figure 3.17
a), and that probably this effect is more pronounced for longer molecules.
Except for the probe DNA attachment in ss or ds form, other parameters are
likely to influence the DNA orientation: the crystallinity of the diamond (the DNA
may stand more or less perpendicular to the surface on a microscopic scale i.e.
the crystal facets, but tilted to the surface plane in a more macroscopic sense),
the type of linker layer (length, density, type of molecule, …) [Wang 2007], the
density of the DNA-layer, the length of the DNA molecules [Moiseev 2006], the
pH and ionic strength when in buffer or the humidity of an ambient
environment, the applied washing steps, and local electric fields, which can be
applied to stretch DNA molecules [Zhang 2002; Anne 2006]. Additional
experiments are required to clarify the effects of these parameters. However, we
are confident that the method described in this paper can be applied to test such
hypotheses. Apart from fundamental research, this knowledge can be employed
to understand and improve the performance of electrical hybridisation
measurements in a DNA sensor, such as the impedance experiments reported in
section 3.4.

5.

Summary and outlook

“Microelectronics is trying to move toward organic and even biological materials, but the
culture of microelectronics is still largely based on hard materials and vacuum processing.
Our work is really trying to marry these two cultures.”
Robert J. Hamers

5.1. Summary
This PhD thesis fits within a joint-venture of physicists and biomedical
researchers, aimed at the development of diamond-based DNA sensors. The
general goal is to develop a prototype biosensor, based on DNA covalently
attached to CVD diamond, for diagnostic purposes. The same sensitivity and
specificity is aimed for as of commonly used methods, such as blotting
techniques, micro-arrays and PCR–ELISA. However, the detection would
preferably be faster (real-time) and cheaper (label-free and foolproof).
A DNA sensor is a specific type of biosensor: a device for the detection based on
and/or directed towards a biological component. In the case of a DNA sensor,
the receptor part consists of a layer of end-tethered ssDNA probes. These DNA
brushes are not only an indispensable component in biosensors: the dense
layers of (strongly charged) polymers are also an interesting yet difficult system
for a physical study. To hold the receptors fix and to allow the read-out of
possible recognition events (hybridisation, sometimes also denaturation), the
receptors are immobilised by physisorption or covalent bonds, usually involving
linker molecules, onto a physical transducer. CVD diamond was chosen as the
substrate material, because a strong covalent carbon-carbon bond can be
created in this case, creating a highly stable platform for reusable biosensors or
even for continuous monitoring. Moreover, diamond has favourable properties
for sensing based on optical (transparency for a large spectral range) as well as
electrical signals (semiconductor, stable in aqueous solutions with a wide
potential window).
The first specific goal for this thesis within the project was to establish the initial
functionalisation of CVD diamond surfaces that would allow for the covalent
linking of biomolecules, in casu DNA. The second goal was to characterise the
diamond surfaces extensively with physical and (bio-)chemical methods to check
the effectiveness of various surface treatments, and to elucidate the molecular
organisation of the obtained linker layers and DNA brushes. SNP-sensitivity was
achieved with end-point fluorescence as well as a real-time label-free electrical
sensor prototype. The conformation of the end-tethered DNA molecules was
investigated with spectroscopic ellipsometry.
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5.1.1. Surface sensitive techniques for the study of organic linker layers
and DNA brushes on CVD diamond
For the characterisation of DNA layers on diamond and the preceding process
steps, we have applied a whole spectrum of surface sensitive techniques.
Although they may be based on very different physical principles, there are
striking similarities as well.
For one thing, many of them are optical techniques, in which the interaction of
EM radiation with matter is employed to study the sample interface. From low to
high photonic energy, upon absorption by a material EM radiation can cause
vibrations and rotations of the chemical bonds (applied in FTIR and IR
ellipsometry), or influence the electronic structure of the molecules (used in
fluorescence, UV-VIS ellipsometry, XPS and XRD). The relevant optical
properties of diamond are that it is transparent in a broad interval, exhibiting a
high refractive index and strong dispersion. This leads to a high Brewster angle
(angle of incidence that produces zero p-polarised reflection) and low critical
angle for total internal reflection. In practice this means that it is more difficult
to apply techniques that measure reflected light (e.g. IR reflectance
spectroscopy), while techniques that work with evanescent waves are beneficial
(e.g. spectroscopy using attenuated total reflectance crystals and total internal
reflection fluorescence). For normal fluorescence measurements, better results
are found for diamond immersed in aqueous solution (better refractive index
matching), which is an additional advantage for measuring DNA molecules.
For the other thing, to obtain numerical results or to relate the data to different
components in the system under study, a model is required. In ellipsometry a
multi-layer model is used to represent the different optical properties in a
layered sample. The stiffness of DNA can be related to its persistence length,
which is a parameter of worm-like chain theory. To calculate a contact angle
from a video image, a curve has to be fitted to the outline of the sessile drop.
And, as a last example, in impedance spectroscopy an equivalent circuit is
required to assign the change in overall impedance to the various physical
components in the measurement set-up. It goes without saying that apart from
careful sample preparation and meticulous measurements, the choice of model,
the fitting of data to this model and interpretation of the outcome is of utmost
importance, irrespective of the applied technique.
Now, an overview is given of the techniques that proved to be useful for the
study of diamond-based biosensors (see also Chapter 2, Table 2.1).
Fluorescence microscopy in buffer solutions (thus in physiological conditions) can
be applied to image the global structure of DNA layers (homogeneity and
possible patterns), as well as to investigate their biological functionality by
allowing unlabelled probes to hybridise with fluorescently labelled strands
[Vermeeren 2008]. Impedance spectroscopy, also in buffer fluids, allows in situ
hybridisation measurements with sensitivity down to point-mutations
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[Vermeeren 2007]. With spectroscopic ellipsometry in the IR and UV range
vibronic and electronic transitions of DNA can be detected, respectively. With
ellipsometry not only layer thicknesses can be measured accurately, but also the
DNA orientation can be discovered for dry samples, leading to a typical
molecular tilt angle [Wenmackers 2008]. Besides this, we have employed AFM
[Wenmackers 2008], SEM [Wenmackers 2008; Vermeeren 2007], XPS
[Wenmackers 2005a], and wetting measurements [Wenmackers 2005a;
Wenmackers 2008]. We verified the functionality of immobilised DNA by PCR
combined with gel electrophoresis [Wenmackers 2005b; Christiaens 2006], and
we adapted the protocol for another bioanalytical technique, ELISA, as to make
this applicable for the detection of DIG-modified DNA on diamond [Wenmackers
2005a].
5.1.2. Characterisation of organic linker layers and DNA brushes
covalently attached to CVD diamond surfaces
Although we tried to transfer a DNA-functionalisation method reported for
diamond powders to the surface of micro- and nanocrystalline diamond films
[Wenmackers 2003; Wenmackers 2005a], the results were rather disappointing.
Therefore, we moved on to a photo-chemical activation of CVD diamond surfaces
with sub-band gap UV illumination. All further preparations of DNA brushes on
diamond were done by this protocol. Now the main results presented in this
thesis will be summarised.
Method to couple DNA covalently to CVD diamond: photo-attachment of
fatty acids and carbodiimide crosslinker
In 2002 the covalent attachment of DNA onto diamond, using the photochemical reaction between a H-terminated diamond surface on the one side and
a linker molecule with a terminal, unsaturated carbon bond on the other, was
achieved for the first time [Yang 2002a]. This results in a very stable carboncarbon link between the surface and the organic top layer. Within the scope of
my PhD-research, a more simple variation of this scheme was developed in 2005
(section 3.2) [Wenmackers 2005b; Christiaens 2006]: in the first step a layer of
UA molecules is introduced on the surface, and in the second step aminomodified DNA is coupled to the carboxyl groups on the surface by a carbodiimide
crosslinker. With this method, the DNA remains available for hybridisation with
its complement and possible denaturation thereafter (for at least 30 subsequent
cycles).
Compared to other procedures for the attachment of biomolecules to diamond
surfaces, this method has several important advantages. First of all, no deprotection step is required after the introduction of the initial linker layer.
Instead, carboxyl groups are directly introduced on the surface by using ω-
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unsaturated fatty acids as linker molecules. Others, who could successfully
reproduce our results, and proved that the photo-attachment of UA does not
improve by the use of a F3 protection group [Zhong 2007]. Thus our method is
very convenient, since it only requires two reaction steps. Secondly, the initial
termination consists of a well-defined H-termination, which is preferable over a
chemically oxidised surface, consisting of various functionalities. Thirdly, the
method provides a short and simple link between the DNA and the diamond
surface, since no part of EDC remains in the molecular chain between the
surface and the DNA after reaction. Therefore, EDC is called a zero-length
crosslinker. For comparison, in the SSMCC-approach of [Yang 2002a] part of the
crosslinker does remain in the final molecular scaffold. Therefore, the EDC-based
method can better prevent unwanted side reactions. This approach also
maintains the proximity-to-the-surface criterion, which is required for the
electrical detection sensitivity during impedance measurements. In our case, the
linker length is tuneable: if desired, an ω-unsaturated fatty acids with a shorter
or longer carbon-chain may be applied (although this may require additional
optimisation). The versatility of the method is the fourth advantage: there are
many biomolecules containing NH2-groups that can all be covalently attached to
UA-functionalised diamond surfaces using EDC. Proteins (e.g. enzymes,
antibodies) contain NH2-groups both at the amino-terminus, as well as at some
amino acid residues. When using the EDC crosslinker with these molecules
however, internal linking should be prevented by using the N-hydroxysuccinimide (NHS) reagent in a two-step reaction. Moreover, the initial photoreaction allows the use of shadow masks to pattern the linker layer, and thus
the DNA layer, as was shown in the follow-up study.
In short, the two-step protocol was advantageous in theory and adequate in
practice to couple DNA to diamond surfaces. Meanwhile, it has been repeated
successfully by others [Zhong 2007].
Optimisation of the preparation of DNA layers by the fatty acid and
carbodiimide approach
Although in the first study it was already clear that the EDC-mediated
attachment of dsDNA to NCD works, it was not optimal yet. The binding capacity
and/or the denaturation/rehybridisation efficiency of functionally active DNA was
too low in the first version of the method to be applicable for DNA sensing, and
some non-covalently adsorbed DNA could be detected. Thus, further
adjustments to the method were evaluated in an ensuing study (section 3.3)
[Vermeeren 2008], in order to increase the binding capacity, to improve the
denaturation/rehybridisation efficiency and to reduce the non-specificity.
Two crucial changes were made to the attachment protocol: the washing steps
after introduction of the UA layer and after DNA attachment of have been
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optimised, and instead of 250 bp dsDNA, we started to work with a probe layer
consisting of shorter, ss oligos.
After optimisation, no adsorption of DNA was observed on H-terminated
diamond. This surface functionality-dependent DNA attachment efficiency is an
important observation: it can become very useful to array the sensor surface,
which is a prerequisite for high throughput biosensors. Indeed, it turned out to
be very easy to control the location of the ssDNA probes by previously photopatterning of the linker layer, leaving the not-to-be-functionalised areas Hterminated. Although the H-terminated regions can suffer from oxidation in
several processing steps, leading to an increase in the alternative, internal,
attachment of DNA probes to O-terminated regions. However, this will not lead
to an increased background signal, since these probes are not functionally
active.
Not only the immobilisation protocol, but also the imaging of the resulting layers
by confocal microscopy has been optimised: we found that Alexa Fluor 488 was
a much brighter and stable label for our application than FITC. Moreover,
imaging the DNA layers in buffer solutions was found to be a crucial
improvement: due to better reflective index matching fluorescence emission
towards the detection side is increased and hindering reflection is reduced. In
addition, this is also beneficial for the DNA probe layer.
Regarding the functionality of the obtained DNA layers, also the hybridisation
conditions have been optimised. It was possible to see the difference in
fluorescence signal due to hybridisation with the perfect complement and a
point-mutation. In the next step, we tried to measure this difference in real-time
by taking impedance spectra.
Real-time, label-free impedimetric
detection with SNP sensitivity

hybridisation

and

denaturation

Real-time electronic detection of hybridisation was reported using impedance
spectroscopy (section 3.4) [Vermeeren 2007]. This allows discriminating clearly
between the hybridisation with complementary and 1-mismatch DNA, even
within the first 5 min after addition of target ssDNA, demonstrating SNP
sensitivity. Furthermore, blocking reagents to prevent non-specific adsorption of
DNA to the NCD surface [Ingebrandt 2007] are not required in this approach.
Analogous to the real-time hybridisation, denaturation can discriminate between
complementary and 1-mismatch DNA. During real-time denaturation, differences
can be observed within 5 min in the lower frequency region (100 Hz to 15 kHz)
where the impedance increases. In contrast, the impedance decreases at the
highest frequency (1 MHz): this effect is caused by the addition of negative
charges in the buffer solution. The most stable dsDNA molecules are those
formed by completely complementary strands, while the duplexes are less stable
in case of one or more mismatches. Mismatched DNA also exhibits lower melting
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temperature for instance, and in the impedance set-up, where the temperature
is the kept same during the denaturation of complementary and mismatched
DNA, the melting is observed to happen faster for the latter.
The possibility to observe denaturation dynamically may be applied to identify
new DNA mutations. It is possible that even the type of defect can be inferred
from the detailed analysis of the temporal behaviour. Since in this case the
solution impedance is the relevant parameter, it is not necessary to measure
through the diamond and organic layer. Instead, only the solution impedance
has to be monitored.
The use of IMO-grown NCD and commercially available UNCD samples gave
consistent results. Blocking reagents to prevent non-specific adsorption of DNA
to the diamond surface appeared to be unnecessary with our approach. The ionic
content of the hybridisation buffer used was crucial to allow efficient
hybridisation, the most suitable being the MicroHyb hybridisation buffer at 80°C
and the 10× PCR buffer at 30°C. The suitability of the 10× PCR buffer facilitates
the lab-on-a-chip integration of DNA extraction, PCR, and real-time impedance
measurements; we suggest the combined use of real-time hybridisation as well
as denaturation spectra as complementary methods, giving important
information on the type of target DNA/mRNA and applicable for reliable
identification of target DNA/mRNA, possibly allowing SNP identification in the
future.
Label-free orientation study of DNA layers on diamond
We studied the orientation of DNA molecules attached to NCD and UNCD,
prepared by the fatty acid and carbodiimide protocol, with spectroscopic
ellipsometry in the IR and UV range (section 3.5) [Wenmackers 2008]). The
signature of DNA in IR SE was first recorded on a sample containing a multilayer
of 250 bp dsDNA (0.2 µm thick); the same spectral features could be identified
for a monolayer of 250 b ssDNA on NCD, where the DNA layer thickness was
found to be 40 nm, or about one fourth of the stretched-out length of the
molecules. For these highly flexible single strands coiling is expected. Due to the
complexity of the bands in the ‘amide I’ region, the orientation could not be
deduced based on IR SE alone.
Therefore, a more detailed analysis has been carried out in the VUV spectral
range. The orientation calculation is achieved by a method originally developed
for guanine films on silicon [Silaghi 2005b]: from the VUV spectra, the
components of the refractive index and the extinction coefficient can be
calculated for directions in- and out-of-plane of the diamond surface. Based on
the electronic transition observed at 4.74 eV (261 nm), originating from the π-π*
transition dipole moments of the individual DNA bases, the average orientation
of the bases can be calculated, and, perpendicular to that, the average tilt angle
of the DNA molecules. The ellipsometry measurements are performed in close
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collaboration with ISAS, Berlin. Because measurements on thin, biological layers
in the far UV require a synchrotron excitation source, we have successfully
applied for beam time at BESSY II, Berlin for two times already.
For the layer of 250 b ssDNA on NCD no preferential orientation is to be
expected, and indeed the DNA layer is found to be isotropic. The layer thickness
is four times the gyration radius of the molecules. For covalently attached layers
of shorter DNA on UNCD, some directional preference is likely, and we confirm
the layers to be optically anisotropic. For the best fit simulation of the 3.7 nm
thick 8 b ssDNA layer we find an average tilt angle of 45° with respect to the
surface plane, for the 7.6 nm thick 36 b ssDNA layer an angle of 49°, and for
the 10.8 nm thick 29 bp dsDNA (connected to an A7-ss-tail) layer an angle of
52°. The mean square error in the best-fit simulation was a factor 3 better for
these anisotropic conditions in comparison to an isotropic fit.
The values found here are comparable to those reported for 15 bp dsDNA on Au
surfaces, for which an average tilt angle of 55°-60° with respect to the surface
plane is found [Anne 2006], while our values are larger than those obtained by
nano-shaving AFM experiments: 30°-37° for 16 bp dsDNA on top of a 15 b
ssDNA-tail for dense layers on single crystalline diamond [Rezek 2006; Shin
2006; Nebel 2007; Rezek 2007]. If we apply the same geometrical analysis as in
those articles, where the tilt angle is estimated as Arcsin(T/L) with T the DNA
layer thickness and L the stretched-out DNA length, we get 50° for 29 bp dsDNA
connected to an A7-ss-tail. For the flexible ssDNA of 8 and 36 b, the assumption
that the molecules are straight does not apply; the layer thickness is equal to
two times the gyration radius of the molecules.
The reported tilt angles represent the average DNA orientation towards the
plane of the surface on a macroscopic scale, but they are influenced both by the
intermolecular arrangement, and the topography of the underlying UNCD
surface. The initial UNCD surface with the UA-linker layer has an RMS roughness
of ~16 nm, which is in the same order or larger than the stretched-out DNA
lengths. To elucidate the influence of the surface roughness, additional
measurements on atomically flat SCD and Si surfaces are required. We have
already shown that our fatty acid and carbodiimide attachment protocol does
indeed also work on Si (100). Also the analysis of mapping SE spectra of DNA
layers on UNCD remains to be done.
Thus, while the obtained tilt angles are not the final answer regarding the DNA
orientation on CVD diamond surfaces, the analysis based on UV ellipsometry has
proven to be a very elegant way of probing the DNA orientation directly. It was
verified that the UV dose during the measurements did not influence above
results by unintended degradation of the DNA layers.
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5.2. Outlook
The work presented in this thesis is only the first step towards understanding
the interaction between biomolecules and a diamond surface. The good
biocompatibility of diamond is well-known [Tang 1995]. Yet, each specific
application requires research to identify which type of surface treatment is the
most effective: a hydrophilic surface, obtained from oxidation, a hydrophobic
surface, after treatment in an H-plasma, or a more precisely tuned termination,
via a photo-reaction with linker molecules.
Further research can be done in three directions. The most direct continuation is
a further study on diamond surfaces covalently functionalised with DNA,
applicable in an in vitro biosensor. Also DNA-fragments that are specifically
sensitive to other (non-DNA) molecules, aptamers, are an interesting option. A
second direction is to study different biomolecules on diamond, such as
antibodies, or the absorption of phospholipids [Tamm 1985] as a model for cell
growth on diamond surfaces. The third direction is to translate the experience of
bio-functionalisation to a different (carbon) platform. Since graphene is
considered to be the rising star of carbon electronics at this moment, the DNAfunctionalisation of this fullerene is considered to be a promising route.
The biomolecular layers can be characterised by FM, AFM in physiological buffers
(bio-AFM) and SE. Other surface sensitive techniques can also be explored,
while comparative experiments on reference materials such as glass, silicon and
mica are advisable. In sum, this research is an essential step towards future bioapplications of diamond.
5.2.1. Further research on DNA layers on CVD diamond: a typical
example of a functionalised platform using covalent attachment
The preparation of covalently anchored DNA layers has already been optimised
and can further be performed by this protocol [Vermeeren 2008]. It remains to
be elucidated whether an augmentation in functionality can be achieved by
mixing the UA linker layer with lateral spacer molecules, of the form
CH2=(CH2)n-R, where the length n and the end group R can be varied. So far,
we found no further increase in signal by using spacers with an alcohol group
instead of the carboxylic acid functionality. We also tried an alkene (methylterminated), but this molecule was too volatile. Yet, different functionalities
remain to be tested (e.g. amino), as well as different carbon chain lengths.
Alternatively, when longer probe ssDNA is used (e.g. 100 b), these probes can
be mixed with shorter DNA chains that only act as spacers (e.g. AAAAAAA-NH2).
Also the research on the orientation of DNA molecules can be extended, by
clarifying the influence of multiple parameters on the tilt angle. The hypothesis
is that the order in the DNA layer is enhanced by decreasing the DNA length, by
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increasing the density of the DNA layer, and by hybridisation; also the influence
of linker layer composition on the DNA conformation is an interesting issue.
Further UV ellipsometry measurements
The aforementioned questions can – in part – be answered by additional
spectroscopic ellipsometry measurements in the UV range on dry samples. This
is a very elegant method, only available for DNA (and possibly RNA), which,
however, depends on the choice of the optical model (succeeding layers,
possibly with surface roughness) and fitting procedures. So, the interpretation of
the results requires some caution. Therefore, reference measurements on silicon
are relevant: this supporting material is atomically flat, which allows a more
straightforward interpretation of the results. Measurements on atomically flat,
single crystalline diamond are thought to be even more revealing. To confirm
the presence of DNA before the diamond and silicon samples are analysed by
ellipsometry at BESSY II, fluorescence microscopy is the technique of choice.
Additional surface sensitive techniques
When working with ‘vacuum UV’, the samples inevitably have to be dried, a
process that in all likelihood will influence the molecular orientation. In order to
study the DNA-layers also in physiological circumstances, two complementary
methods can be applied.
Firstly, an alternative method to elucidate the DNA orientation, yet indirectly
from the determining layer thicknesses, is provided by ‘nano-shaving’
experiments with tapping mode (or intermittent contact mode) bio-AFM in buffer
solutions [Rezek 2007; Nebel 2007]. In such an experiment, first the DNA layer
is removed locally by scanning it in contact mode; subsequently, the DNA layer
thickness is measured by scanning in tapping mode over the edge of the
created, DNA-free region.
Secondly, to perform real-time measurements of hybridisation and denaturation,
IR ellipsometry can be applied: the DNA-functionalised diamond surface can be
embedded in a flow cell, and measured using a linearly polarised IR beam from
the back side, analogously to the work of [Mikhaylova 2007]. Also for these
techniques in fluid, DNA layers on silicon can serve as a reference, since this
material is both flat and transparent for IR. Alternatively, non-ellipsometric IR
spectroscopy may be performed using an ATR-crystal coated by a thin NCD
layer. As was indicated in Chapter 2 (section 2.1.2), diamond has a high
Brewster angle and measurements have to be performed under higher angles
still, to obtain a high enough reflection of p-polarised light. A commonly used
mid-IR ATR crystal is germanium (Ge), with a refractive index of 4.0 [Gregory
1997]. Best results are expected when the Ge ATR crystal coated with NCD is
cut under the Brewster angle of diamond.
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To gain surface sensitivity, also a combination of evanescent waves and nonlinear optic effects can be employed [Shen 1984]. One such approach is sum
frequency generation (SFG). Intense IR and green VIS beams produced by
pulsed lasers are directed to a sample surface, where the sum frequency, a
weak, blue VIS beam, is created. Typically the wavelength of the IR beam is
varied and vibrational spectra can be obtained be monitoring the blue SFG
signal. Since the generation of the sum frequency beam is forbidden inside the
symmetric diamond lattice, this technique is highly surface sensitive. In the
past, it has been applied to H-terminated SCD samples [Chuang 1993; Anzai
1995; Seki 2003] and to organic layers, such as DNA on platinum [Sartenaer
2007]. Its application to organic linker and DNA layers on diamond may yield
new insights.
As a last promising alternative, defocused single-molecule fluorescence
measurements are suggested. In our earlier attempts the contribution of
fluorescence coming from the quartz or glass substrate on which the CVD
diamond layer was deposited, was found to be too high (Chapter 3, section
3.5.1). To circumvent this, it is now possible to measure with focused excitation,
which makes it possible to reduce the background fluorescence. Once it is
possible to obtain clear defocused images of the fluorescent DNA labels, the
orientation of the dye dipole can be deduced [Böhmer 2003], and related to the
molecular orientation of the DNA strand. An important advantage is that during
the measurements, the DNA layers can be kept in buffer solution (unlike vacuum
UV ellipsometry), while it is a non-destructive characterisation technique (unlike
nano-shaving).
The ultimate goal would be to obtain a crystal-clear picture of the conformation
and functionality of DNA strands end-tethered to CVD diamond surfaces, by
combining all these complementary techniques.
Employing DNA to detect other molecules: aptamers
To develop diamond-based affinity-sensors that are sensitive to a whole range of
molecules, antibodies can be attached to the CVD diamond surface. Antibodies
are less stable than DNA probes, making it much harder to regenerate the
surface after target-binding without damaging the probe layer. However, there
exists a promising alternative: aptamers are DNA sequences that can be used as
specific receptors for non-DNA target molecules, such as proteins [Balamurugan
2008]. They are ssDNA fragments of typically 30 – 60 bases long, evolved in
vitro, starting from a random sequence DNA library [Spiridonova 2002] (e.g. by
‘Systematic Evolution of Ligands by Exponential enrichment’ (SELEX) [Tuerk
1990]). The function of these receptors is similar to that of antibodies, with the
benefit that DNA brushes are generally more robust and stable than receptor
layers consisting of antibodies, facilitating the regeneration when applied in a
sensor. For FET sensors, the small size of the aptamers is beneficial, bringing
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the binding effect closer towards the surface than is possible with antibodies.
Hence, there is much attention for aptamer-based biosensors [Balamurugan
2008]. Since we already have a method at hand for the covalent binding of DNA
to CVD diamond surfaces, we could develop biosensors directed against a whole
range of targets in a relatively straightforward way, by using aptamer receptors.
5.2.2. Other biomolecules on CVD diamond
Apart from DNA, in current literature there exist routes for attaching other
biomolecules to diamond surfaces as well: immunoglobulines (IgG and IgM)
[Yang 2007], RNA [Popov 2007], and enzymes such as catalase [Härtl 2004],
urease and glucose oxidase [Song 2004], as well as horse radish peroxidase
[Hernando 2007]. In principle, the fatty acid and carbodiimide can also be
applied to covalently couple various biomolecules to diamond surfaces, provided
that these molecules have an amino-group. In this paragraph however, the
emphasis lies on adsorption of self-assembled model membranes.
Membranes: model system for applications involving cells
Although there are some articles focusing on adhesion of and electric interfacing
with whole cells on diamond [Tang 1995; Ariano 2005; Halpern 2006; Chong
2007; Popov 2007], we are not aware of any work done on lipid-membranes
alone. Yet, cells are surrounded by a membrane mainly composed of
phospholipids (for the most part phosphatidylcholine): amphiphilic molecules
that spontaneously form bilayers, when present in an aqueous environment in a
sufficient concentration, so as to screen off the hydrophobic ‘tails’ (two carbon
chains) from the surrounding water [Boron 2003]. The research on supported
membranes has, as compared to working with cells, the twofold advantage of
being easier sample preparation and characterisation. Therefore, the study of
the interaction between separate lipid bilayers with the diamond surface should
be considered as an important prerequisite for working with integral cells.
Moreover, supported membranes are being used to investigate processes in the
membrane itself – such as domain formation due to segregation of the different
lipids in the membrane, lipid rafts and caveolae [Dietrich 2001; Rinia 2001;
Tong 2004; Seu 2007] –, or to attach further biomolecules to it, such as DNA
[Wagner 1997], (membrane) proteins [Seifert 1993; Puu 2000; Wagner 2000;
Sinner 2001], and antibodies [Timbs 1990; Pisarchick 1992; Sinner 2001].
Furthermore, supported membranes are being applied in biosensor systems
[Sackmann 1996; Worsfold 2004].
Because there is currently no experience with the preparation of lipid
membranes on diamond – not even in literature –, initially two routes can be
followed: Langmuir-Blodgett (LB) deposition and fusion of liposomes (vesicles
surrounded by a lipid bilayer), in which the membranes form by self assembly.
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Both methods are commonly used on other materials and require a hydrophilic
surface [Rezek 2007], which can easily be obtained in case of diamond by
oxidizing the surface (in boiling sulphuric acid [Wenmackers 2005a]), or via the
photo-attachment of fatty acid molecules [Christiaens 2006], giving rise to a
hydrophilic, carboxylic acid-terminated surface. In a later phase, hybrid bilayers
can be investigated [Plant 1994; Castellana 2006]: either by introducing a first,
closed monolayer covalently tethered to the diamond surface (e.g. by photoreaction of linker molecules with a terminal methyl group), on top of which a
second, free monolayer would be deposited by LB deposition; or else by
introducing a limited number of anchoring molecules in a covalent way, and
letting a bilayer form between these anchors through self assembly.
For later in vivo applications of diamond-based sensors, the goal will be
opposite: to prevent the adsorption of biomolecules. Therefore, surface
modifications should also be designed to efficiently block the attachment of
phospholipid membranes. H-terminated diamond has a markedly hydrophobic
surface [Wenmackers 2005a], but it remains to be investigated whether it meets
this requirement. Partially hydrophilic and hydrophobic diamond surfaces can be
applied to make the membranes attach only onto well-defined areas; this can be
achieved for instance using patterned fatty acid linker layers [Vermeeren 2008].
This can later be applied to guide cell growth over the diamond surface.
First of all, the homogeneity of the obtained membranes should be monitored
and possible patterns visualised using commercially available, fluorescently
labelled lipids and fluorescence microscopy. To exclude the possibility that the
lipid molecules are adsorbed flat on the surface, the lateral fluidity should be
monitored: that should be clearly visible for a bilayer, since in an adsorbed
model-membrane the phospholipids are not pinned to a specific location on the
surface. This can be imaged using fluorescence recovery after photo-bleaching
(FRAP) [Cherry 1979; Timbs 1990; Pisarchick 1992; Elender 1996; Sackmann
2000; Wagner 2000; Baumgart 2002; Rosetti 2004; Worsfold 2004]: local
photo-bleaching of the fluorescent labels (i.e. exposing them to a high laser
intensity, that changes their chemical structure irreversibly, after which they do
not fluoresce anymore), followed by the monitoring of the fluorescence in the
bleached area, which will increase due to diffusion of nearby lipids with nonbleached labels.
Next, the structure and homogeneity of the lipid layers on a smaller scale can be
investigated by tapping mode AFM measurements in buffer solutions [Tamm
1985; Müller 1997; Rinia 2001; Benz 2004; Green 2004; Atanasov 2005;
Volinsky 2007]. To follow the formation of a membrane out of liposomes in situ
and to compare the rate of this process for different surface modifications (oxide
layer, hydrogen, fatty acids or other linker molecules), ellipsometry
measurements can be applied. Since the drying of membranes is more
destructive than in case of DNA layers, in this case we IR ellipsometry
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measurements in a flow cell (as described higher) are better suited than a UV
study in vacuum. From literature, studies on supported membranes are known
for both IR spectroscopy [Citra 1996; Heyse 1998; Seitz 1998; Silvestro 1998;
Brockman 1999], and ellipsometry [Wagner 1997; Puu 2000; Sackmann 2000],
but not the combination as suggested here. Because there is an extended
literature available on the preparation of lipid membranes on supporting
materials other than diamond, glass [Tamm 1985; Plant 1994; Wagner 2000;
Baumgart 2002], mica [Heim 1995; Müller 1997; Rinia 2001; Benz 2004; Green
2004] and silicon [Tamm 1985; Groves 1997; Brockman 1999; Rinia 2001],
purchased from commercial sources, can be applied as reference materials for
the experiments with fluorescence microscopy, bio-AFM and ellipsometry,
respectively.
Finally, to be able to follow the temporal behaviour of lipid layer formation in
situ as well, two alternatives for the IR ellipsometry measurements are
suggested. The first is impedance spectroscopy, using again silicon for reference
[Plant 1994; Hillebrandt 1999; Purrucker 2001; Volinsky 2007]: the fewer
defects present in a membrane, the more pronounced its insulating properties.
In an equivalent circuit, a lipid bilayer can be represented as a capacity in
parallel with an Ohmic resistance; this combination is connected in series on one
side to the resistance of the top electrolyte, and on the other side to the
underlying diamond, that should be doped (p-type) for this application. On the
other hand, the WBGM-group is currently investigating the possibility to develop
a diamond-based microbalance, working completely analogous to the existing
quartz crystal microbalance (QCM) [Rosetti 2004]: by following the damping of
an applied vibration due to increased mass on the surface.
5.2.3. Biomolecules on non-diamond substrate materials: graphene
In Chapter 1, it was indicated that while diamond, sp³-bonded carbon, is
electrically insulating, graphite is electrically conductive along the sheets of sp²bonded carbon. The separate sheets of hexagonally arranged carbon are called
graphene, and this two dimensional conductive material is the new rising star of
carbon electronics [Katsnelson 2007].
The theoretical modelling of graphene is less demanding than for diamond,
precisely due to the 2D character of the former, and has long been regarded as
a starting point for calculations of other fullerenes. The study of graphene in its
own right has a much shorter history, starting in 2004, when separate graphene
sheets were obtained in practice for the first time. Where earlier attempts at
synthesising graphene bottom-up had failed, this was achieved by a simple topdown approach, called “micromechanical cleavage of bulk graphite”: basically
using Scotch tape to transfer flakes consisting of one or a few graphene layers
to SiO2, and relying on classical microscopy to select the monolayers [Novoselov
2004]. Meanwhile, also epitaxial growth of graphene has been achieved on SiC
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[Berger 2004]. Theoretically it was predicted that electrons in graphene should
behave as dictated by the Dirac equation for massless relativistic fermions
[Semenoff 1984]; experimentally it was confirmed that the charge carriers in
graphene indeed have a Dirac-like gap-less energy spectrum [Dresselhaus
2002]. The presence of Dirac fermions in graphene should also lead to an
anomalous quantum Hall effect (with half-integer quantization of the Hallconductivity instead of an integer one): also this behaviour was experimentally
verified, as reviewed in [Katsnelson 2007]. Also bilayers of graphene exhibit
special electronic properties [Novoselov 2006]: like a monolayer, they have no
band gap, but under influence of an electric field they do exhibit a tuneable band
gap. Due to quantum confinement, cutting of graphene monolayers into small
strips also leads to a band gap in the material, which is inversely proportional to
the width of the strip. Creation of graphene-based p-n junctions is possible: ptype doping can be achieved by exposing the graphene to water vapour, while
n-type doping can be realised by exposure to NH3 [Novoselov 2004]. Thus, apart
from being relevant for fundamental research, graphene can also be used for
FET-like devices. A graphene-based gas sensor has already been developed
[Schedin 2007], and most likely biosensor applications will follow. Currently,
Hasselt University, University of Antwerp and University of Leuven are involved
in an FWO project aimed to achieve this: “Structural and electronic properties of
biologically modified, graphene-based layers”. Although diamond is sp³-bonded,
while graphene is sp²-bonded, so that the chemistry involved in functionalising
these materials may be different, both materials share the advantage that
covalent bonds can be established based on the very stable carbon-carbon bond.
Of course, graphene cannot be used as a freestanding material, but has to be
deposited on a carrier. Although I am not aware of any attempts to deposit
graphene layers on CVD diamond so far, the combination might be a very
attractive one. Moreover, the functionalisation of carbon nanotubes or
buckyballs can occur along the same protocols, since these fullerenes can be
considered as rolled-up graphene sheets.
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Appendix 1:
Technical specifications
techniques

of

surface

sensitive

“How profound that mystery of the Invisible is! We cannot fathom it with our miserable
senses, with our eyes which are unable to perceive what is either too small or too great,
too near to us, or too far from us.”
Guy de Maupassant [de Maupassant 1887]

In this technical appendix the specifications of the surface sensitive techniques
introduced in Chapter 2 are given: the details on the experimental set-ups and
the practical procedures are listed.
Confocal laser-scanning fluorescence microscopy (CLSFM, CFM or FM)
The inverted laser-scanning confocal fluorescence microscope set-up was a
“Zeiss LSM 510 META” Axiovert 200M from Carl Zeiss (NV/SA, Zaventem,
Belgium). Like in a classical microscope, a CLSFM set-up requires of a
combination of lenses to obtain a magnified image of the sample. A Plan
Neofluar 10× objective lens with 0.3 numerical aperture and working distance of
5.6 mm was used for imaging in air. The emphasis of the explanation given
below lies on the differences with classical microscopy.
A first important difference is that in CLSFM the light source is a laser. The laser
excitation is guided to the sample by a single mode optical fibre, acting as a
pinhole. This first pinhole is confocal with the point of interest at the sample
surface, where the laser light is absorbed and fluorescence emitted, as well as
with a second pinhole in front of the detector (Figure 2.5) [Webb 1996]. The
detector consists of a photomultiplier tube (PMT) and electronics, sending a
digital signal to the measurement computer where the image is displayed. The
confocal set-up implies that very little light from out-of-focus points or stray
light can reach the detector. As such, with CFM very clear fluorescence images
can be obtained: with a smaller pinhole, the contrast is enhanced and the
background (as well as the overall brightness) is lowered. By using a beam
splitter (or dichroic mirror), the microscope is made epitaxial [Webb 1996]: the
excitation passes through this beam splitter, while the fluorescence will reflect at
it and be directed towards the detector.
To obtain an image, the object is kept fixed while the scanning mirrors make the
laser beam scan the surface line-by-line. All CLSFM images in this thesis consist
of 512 × 512 pixels, corresponding to an area of 900 µm × 900 µm (unless
stated otherwise), and the fluorescence intensity is indicated by the intensity of
the green colour in the pictures. To scan a vertical stack of confocal slices, the
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sample itself is moved up or down; with this option a three dimensional (3D)
image can be constructed. The lateral resolution of the confocal microscope is
typically ~200 nm, while the depth resolution is ~600 nm. (Irrespective of the
technique, resolution is loosely defined as the smallest distance at which two
objects can be apart from one another and still be recognized as being separate
objects [Webb 1996]. For optical techniques this comes down to the Rayleigh
criterion.) Images were processed with the Zeiss supplied software (software
package V.3.0).

Figure A1.1: Schematic illustration of the CFM set-up, indicating the Ar-ion laser
for 488 nm excitation of the Alexa Fluor 488-, ATTO 488- or FITC-label of DNA
layers on diamond. In the inverted set-up, the sample is supported by a
microscope slide with 1 mm wide hole, filled with buffer solution and sealed with
glass cover slip.
For the experiments with the thymidine and ligase route for DNA-immobilisation
(section 3.1), the detected emission spanned all wavelengths between 535 nm
and 590 nm. The samples were measured dry.
For the first experiments with the fatty acid and carbodiimide route (section
3.2), an additional 488/10 nm excitation interference filter was inserted before
the excitation fiber optics to guarantee spectral purity. The samples were still
being measured dry.
Apart from better refractive index matching resulting in a significantly brighter
fluorescence signal, measuring biological layers in buffer solution allows to study
them under relevant conditions. To this end, in later experiments (section 3.3
and following) the samples were placed on the stage of the inverted microscope
as indicated in Figure A1.1: the functionalised side facing downwards, supported
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by a 1 mm thick, glass microscope slide, with a 1 cm wide opening, sealed with
a thin cover glass below. The resulting compartment was entirely filled with
buffer solution, avoiding formation of air bubbles at the sample surface. We
applied a pinhole of 150 µm, a pixel time of 25.6 µs, and a band pass emission
filter of 500 to 550 nm.
To obtain graphs of relative fluorescence intensities as presented in Chapter 3
Figure 3.24-26, one needs a series of confocal images taken with precisely the
same settings. The intensity of the images is determined using ImageJ software
(v. 1.37c, National Institute of Health, Bethesda, MD, USA) [Rsb web]. To this
end all parameters were kept identical for different recordings, apart from one
parameter: the detector gain. However, during the measurement of one sample
it is not always clear what is the best setting for the detector gain for the whole
series of samples. Thus, sometimes one ends up with two sub-series of images
collected with different detector gains. In order to present these data in one
graph, one has to calculate the relative fluorescence intensity one would have
obtained for one certain detector gain. This can be done with the help of the
graph in Figure A1.2: it represent the same physical signal measured at different
detector gains. For a stronger or weaker physical signal the corresponding curve
would have the same form, only shifted to the left or the right, respectively.
Thus, for any measured relative fluorescence intensity (preferably between
~15% and 90%), one can construct the corresponding curve that goes through
it, and calculate the relative fluorescence intensity one would have obtained for
an arbitrary detector gain. If the measured image is either almost dark (< 15%)
or almost saturated (> 90%), the curve is not well-defined and the above
calculation is not reliable.

Figure A1.2: Measured fluorescence intensity dependence on the detector gain.
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Spectrofluorimetry
Although a spectral decomposition of the fluorescence signal can be obtained
with the CLSFM set-up, the resolution is limited to 10.7 nm. A better set-up to
obtain fluorescence spectra is a photon-counting spectrofluorimeter
(QuantaMaster™ model QM-6/2005 of Photon Technology International,
Lawrenceville, NJ, US) apparatus with the FeliX32™ Advanced Fluorescence
Analysis Software Package. Instead of laser excitation, white light from a Xelamp is used in combination with a monochromator.
Either the samples themselves can be measured or supernatant fluids. In the
first case, best results are obtained when the sample is placed in a cuvette and
thus immersed in buffer solution. Of course for non-transparent samples,
fluorescence can only be collected at one side of the T-format set-up.
Fluorescence emission spectra are collected using 460 nm excitation rather than
488 nm (in order to have less stray light due to the excitation beam in the
region where fluorescence emission is expected). The emission is monitored
starting from 480 nm till 800 nm. An additional interference filter (470/40 nm) is
used for the incident light.
After collection, the data can be corrected in this sense: the tail of the spectrum
is put to zero at 800 nm, i.e. a constant value is substracted from all measured
intensities in one spectrum, although a different value for each spectrum. Of
course, then the strong Rayleigh peak of elastically scattered excitation light is
still present (proportional to 1/λ4). Therefore, we have chosen to present
difference spectra, representing the signal of a positive sample with covalently
attached fluorescently labelled DNA minus the signal of a sample exhibiting less
fluorescence due to adsorbed labelled DNA. In this way, the Rayleigh peak is
removed from the spectra.
Fluorescence measurements of supernatant fluids
The presence of FITC-labelled DNA in supernatant fluids, collected during
denaturation or washing steps, can also be checked with the fluorescence
module of the LightCycler (Roche Diagnostics). A 530/20 nm full width at half
maximum (FWHM) emission filter is used. All measurements are performed at
30°C with fluids of neutral pH.
A sensitivity calibration of the fluorimeter used for FITC detection was carried
out by measuring the fluorescence signal in a dilution series of FITC-labelled
dsDNA. FITC-labelled 250 bp dsDNA was prepared as described in section 3.2 in
a concentration of 40 ng/µl. A dilution series was prepared in triplicate;
concentrations were 1.5, 0.8, 0.4, 0.2 and 0.1 ng/µl and DI water was used as
blank. 10 µl of each dilution was analysed with the LightCycler. From the
sensitivity calibration curve in Figure A1.1, we conclude that the detection limit
for the FITC-label is about 2 ng (0.2 ng/µl ×10 µl). The fluorescence
measurements are expressed as relative values.
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Figure A1.1: Sensitivity curve of LightCycler fluorimeter for FITC detection.
Fourier transform infrared (FTIR) spectroscopy
For a NIR measurement, the applied source is a quartz-halogen lamp containing
a heated tungsten wire that emits white light: a continuum of VIS and IR
wavelengths. In principle the measurement could be done by scanning the IR
excitation wavelengths using a monochromator, analogous to spectrofluorimetry
in the visible range. However, it is faster to let all wavelengths pass
simultaneously and extract the spectral information afterwards.
Therefore, an important part in an FTIR set-up is the Michelson interferometer
[Schrader 1995]: first, the IR excitation beam hits a beam splitter (or dichroic
mirror) dividing it in two beams. One of the resulting beams is reflected at a
fixed mirror, while the other hits a mirror that is constantly moving over several
mm. Then, the beams are brought together again. The interference pattern of
the transmitted beams, missing some IR frequencies due to absorption by the
sample, is recorded, resulting in a so-called interferogram, which is sent
digitalised to the measurement computer.
Based on the equivalence of data in the temporal and frequency domain, here a
‘fast Fourier transformation’ (FFT) is applied, a computer algorithm that
performs a Fourier transformation to convert the interferogram into a graph in
the frequency (or rather wavenumber) domain. One infinite cosine signal as a
function of time corresponds to exactly one peak in the frequency spectrum. An
arbitrary periodical signal can be considered as a sum of cosine functions with
different frequencies: it corresponds to multiple peaks in the frequency
spectrum. For a more complete discussion of the Fourier transform, one is
referred to textbooks, e.g. [Woolfson 1970].
For FTIR transmittance measurements of diamond and organic linker molecules,
the Nicolet 8700 FTIR-spectrometer with EZ OMNIC™ software was used
(Thermo Scientific, Belgium). The spectra were recorded with a KBr beam
splitter and a deuterated triglycine sulfate (DTGS) detector, between 500 and
4500 cm-1, taking 8480 scan points; 64 background scans and 32 sample scans
were measured, using Boxcar apodisation and Mertz phase correction.
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Infrared spectroscopic ellipsometry (IR SE)
IR ellipsometric measurements combine the information of FTIR spectroscopy
with an ellipsometry measurement. They were performed on a photometric
ellipsometer, attached to a Bruker 55 Fourier Transform spectrometer, as
described in detail elsewhere [Röseler 1993; Röseler 2001]. The spectra were
obtained with a resolution of 4 cm-1 using a Mercury Cadmium Telluride (MCT)
detector, model “KV104-1”, from Kolmar Technologies (Newburyport, MA, USA).
Data analysis was performed as follows. The radiation propagation through the
system consisting of Air/DNA/NCD (Figure 2.11) was simulated in a 4×4 matrix
formalism [Azzam 1977]. The simulation of the dielectric function was based on
the isotropic Lorentz oscillator model [Röseler 2001].
Ultra-violet and visible spectroscopic ellipsometry (UV-VIS SE)
The UV ellipsometry measurements were performed under an incidence angle of
~68° to 69° at the Berliner Elektronenspeicherring-Gesellschaft für
Synchrotronstrahlung (BESSY) synchrotron facility (Berlin, Germany) using a
home-built rotating-analyser ellipsometer operating in the 4.0–9.0 eV spectral
range [Johnson 1989; Barth 1991; Wethkamp 1998].
X-ray photoelectron spectroscopy (XPS)
The XPS measurements were performed at the Laboratoire Interdisciplinaire de
Spectroscopie Electronique (LISE), Facultés Universitaires Notre-Dame de la Paix
(FUNDP), Namur. Two XPS instruments were used: a Hewlett-Packard 5950A
ESCA spectrometer (in which only small samples can be mounted, with 0.6 eV
energy resolution, and no lateral resolution) and an SSX-100 ESCA spectrometer
from Surface Science Instruments (allowing to study larger surfaces, with 0.65
eV energy resolution, and an analysis spot of 150 µm). Both have a high
resolution and the collection angle can be varied. The higher the incident photon
energy, the higher the sampling depth; in our studies it was about 5 to 10 nm.
X-ray diffraction (XRD)
In a practical XRD experiment, the angle θ is varied over a certain range and the
intensity of the diffracted X-rays is measured under the same angle (Figure
2.14). Thus the intensity (e.g. the square root of diffracted X-ray photon counts
per second) is plotted against a 2θ-scale. The spectrum is compared to the XRD
signal of a randomly oriented powder of the same material.
XRD measurements were performed on a Siemens D5000 diffractometer. The
incident beam used is the CuKα1 line of a Ge(111) monochromator, having a
wavelength of 0.154056 nm.
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Scanning electron microscopy (SEM)
The SEM set-up we used was a “QuantaTM 200 FEG-SEM” (FEI Europe, Brussels,
Belgium), with an optimal resolution of ~1 nm. It uses a Schottky field emission
source, allows for environmental imaging with chamber pressures up to 40
mbar, elemental analysis (EDX module), and electron beam lithography. All SEM
images in this thesis were obtained on H-terminated diamond surfaces (unless
stated otherwise), because the emission of secondary electrons is enhanced on
conductive samples and charging effects are prevented, which can cause
deteriorated images.
Atomic force microscopy (AFM)
In this thesis, AFM was performed on dry samples under ambient conditions with
two different set-ups. The images in sections 3.1, 3.2 and 3.6 of Chapter 3 were
obtained with an Autoprobe CP from Park Scientific Instruments in contact and
non-contact mode (NSC11/15 A tip, MicroMash). The tapping-mode images
shown in section 3.5 were taken with a Veeco Multimode microscope (Veeco
Instruments, Santa Barbara, CA US) equipped with the Nanoscope III controller
extended with the Quadrex module (phase signal imaging); high spatial
resolution measurements (sub 10 nm) were ensured by the use of etched Si tips
attached at the extremity of a standard non-contact mode cantilever
(Nanosensors, Neuchâtel, Switzerland).
Contact angle (CA) or wetting measurements
The CA measurements were performed at the Cel Kunststoffen, Departement
Industriële Wetenschappen en Technologie, Katholieke Hogeschool Limburg
(IWT - KHLim) in Diepenbeek. The set-up available there is a video based optical
contact angle measuring device, ‘OCA 15+’ from Data Physics (Eynesbury, UK).
The instrumentation consists primarily of a sample stage, a syringe, a light
source, and a camera coupled to a computer for analysis of the data.
For each sample the initial, static CA of a 10 µl drop of DI water was measured
on ~5 spots under ambient conditions. The CAs were determined ‘live’ on a
standard PC by the Data Physics-software (‘SCA 20’).
As can be seen in Figure 2.17 the CA is the angle between two straight lines.
The first is called the ‘baseline’: the tangent to the surface of the solid support,
i.e. the liquid-solid-vapour interface line. The baseline has to be determined by
the operator. Here some subjective error might enter the determination of the
CA. Since different users might make different judgments on this matter, all
measurements should preferably be performed by the same operator to increase
the reproducibility (as was indeed the case for this thesis). The second is a
tangent to the drop shape, calculated on a least-square fit of the optical contour,
at the place where it touches the baseline. Therefore, the obtained value for the
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CA depends not only on the actual drop shape, but also on the curve that is
fitted to this contour; in other words: it depends on the model. For sessile drops
the most common model curves are a circle, an ellipse and a Laplace-Young
curve. It was found that choosing an elliptical fit in the operation software
resulted in the most stable and reproducible results.
The spot-to-spot variation (and the even higher sample-to-sample variation)
remains the most important cause for variation in CA values. A typical spread of
± 3° for different spots on one sample is sufficiently low for qualitatively
discriminating the hydrophilicity after different surface treatments.
Polymerase chain reaction (PCR) and gel electrophoresis
Firstly, supernatant fluids are collected e.g. from a denaturation or a washing
step; in case of control experiments on paramagnetic beads, the beads
themselves are used.
The DNA in these fluids is amplified using PCR in a GenAmp PCR System 9600
(Perkin-Elmer, Massachusetts, USA). Standard 100µl-PCR reactions contain 200
nmol of each dNTP, 50 pmol of each primer, 5U Taq-DNA polymerase (Roche
Diagnostics, Vilvoorde, Belgium), genomic template DNA and PCR buffer (Roche
Diagnostics) [Sambrook 2001]. The PCR consists of 27 cycles (15 in case of
beads), each comprising a denaturation phase at 95°C of 20 s, an annealing
phase at 52°C of 20 s and an extension phase at 72°C of 30 s. The PCRamplicon is purified using phenol–chloroform extraction (ultrapure phenol–
chloroform–isoamylalcohol from Invitrogen Life Technologies, Merelbeke,
Belgium) and is precipitated with ethanol (analytical grade, from VWR
International, Zaventem, Belgium). The PCR amplicon is purified using
extraction and was precipitated with ethanol. DNA is dissolved at a concentration
of 40 ng/µl. Subsequently, 1 µl of each PCR-amplicon is loaded on a 2% agarose
gel and analysed with a gel documentation system, using the Quantity One
Analysis Software 4.5 (BioRad). DNA-lengths are compared to a mixture of DNA
fragments of well-defined length (SMART Ladder from Eurogentec, Seraing,
Belgium).
Electrochemical impedance spectroscopy (EIS)
The set-up for diamond-based impedance measurements was reported
previously in [Vermeeren 2007]. A diamond sample functions as the working
electrode. It is mounted on an Al back-contact using Ag paste. A rubber O-ring
with a diameter of 7 mm and a Teflon lid containing a circular opening of equal
size is pressed onto the sample to create a reaction well on top of the diamond
surface. The well is filled with 100-200 µl of reaction fluid. As a counterelectrode, a Au wire is used, placed ~1 mm above the diamond surface in
contact with the reaction fluid. The working and counter-electrode are connected
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to the impedance analyser with shielded cables. To measure the hybridisation
and denaturation of two different DNA targets simultaneously (e.g. the perfect
complement and a 1-base mismatch) and under identical conditions, a doublecell sensor set-up was constructed (Figure A1.1). In this case, a larger diamond
sample is mounted onto a Cu plate, while two separate Au counter electrodes
are being used.
Impedance spectroscopy was performed using a Hewlett-Packard 4194A
Impedance/Gain-Phase Analyser (Agilent, Diegem, Belgium). The impedance
was measured by applying an AC potential of 10 mV to the measurement setup. The complex impedance was determined by measuring the AC current for 50
frequencies, equidistant on a log scale, in a frequency range from 100 Hz to 1
MHz. The duration of one frequency sweep was 8 s. For the simultaneous
measurements, a Keithley 7001 switch card (Keithley Instruments, B.V., SintPieters-Leeuw, Belgium) was used to switch between the two channels after
each frequency sweep. The sensor set-up was put in a humidity-controlled
hybridisation oven, also providing EM shielding. The measured changes in the
impedance were modelled using the ZSimpWin software from Princeton Applied
Research (Zele, Belgium).

Figure A1.1: The set-up for diamond-based impedance sensing.
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Appendix 2:
List of symbols and abbreviations
Below, the physical symbols and abbreviations introduced in this thesis are
listed. SI units and their prefixes are not included; neither are chemical
elements and molecules.

Greek symbols
α
α(t)
β
γ
δ
Δ
ε
εmax
ε(∞)
φ0
φf
Φ
λ
μ
ν
χ
χ²
ρ
σ
θ
θBrewster
θc
θeq
θtilt
τ
ω
tan(ψ)

absorption coefficient
angular position of rotating analyser
film phase thickness
interfacial free energy (surface tension)
phase angle
phase shift
molar extinction coefficient; complex, effective dielectric function
molar extinction coefficient at absorption maximum
limit of the effective dielectric function for ω to infinity
incident angle
fluorescence quantum yield
work function
wavelength
electric dipole
frequency
empirical parameter for polymer-solvent interactions
mean square error
complex reflectance ratio
wavenumber
angle
Brewster angle
critical angle for total internal reflection
equilibrium contact angle
average tilt angle of end-tethered DNA with respect to surface
fluorescence life time; wetting tension
angular frequency
amplitude ratio
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Roman symbols
a
a0
A
A2, B2

r
B

c
C
d
D
E

r
E

Eb
EBG
Ekin
EFermi
Evacuum
F
FE
h
H
I
k
kB
kf
knf
L
lp
m
M
M1, M2
n
N
Δp
P
PCauchy
Q
r
R

length of separate segments in a polymer
edge length of a lattice unit cell
absorbance
normalised Fourier coefficients
magnetic flux density vector
concentration; speed of light in vacuum
capacitor
optical path length; spacing between the lattice planes
polymer spacing
energy
electric field vector
binding energy
band gap
kinetic energy
Fermi level
vacuum state energy
force
free energy
Planck’s constant
height
beam intensity; electrical current
force constant of a spring; extinction coefficient
Boltzmann’s constant
fluorescence decay rate
non-fluorescence decay rate
polymer contour length
persistence length
non-zero integer
4×4 Mueller matrix
mass
refractive index
complex refractive index; number of atoms in a molecule;
number of separate segments in a polymer,
capillary pressure
degree of polarisation
Cauchy primary value
constant-phase element
complex reflection coefficient
reflectivity; resistance

List of symbols and abbrviations
R1, R2
RG
RRMS

r
S

S1
S2
S3
T
U
v
W
Δx
Z
Zp

principal radius of curvature
radius of gyration (Flory radius)
root-mean-square end-to-end distance of polymer
Stokes vector
horizontal linear dichroism
linear dichroism at π/4
right circular dichroism
absolute temperature; thickness; relative transmittance
electrical potential
speed of light
width
distance from equilibrium position
impedance
partition function

Subscripts
0
0-1, 1-2
+π/4, -π/4
i, o
p, s
r, l
x, y, z
L, S, V

initial
interface between numbered phases
linear polarisation rotated by +π/4 and -π/4 in the xy-plane
incident and reflected (out)
parallel and perpendicular polarisation
right-handed and left-handed circularly polarised
Cartesian coordinates
liquid, solid, and vapour phase

Abbreviations
2D
3D
9-DO
A
AC
AEAPS
AES
AFM
a.m.u.

two dimensional
three dimensional
9-decen-1-ol
adenine; absorption process
alternating current
Auger electron appearance potential spectroscopy
Auger electron spectroscopy
atomic force microscopy
atomic mass unit
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anti-PSA
AOTF
APECS
AT
ATR
a.u
b
BEN
BESSY
BIOMED
bp
C
CA
CB
CBM
CFM
CLSFM
ConCap
CVD
d
DC
DI
DIG
DNA
DMF
DREAMS
ds
DTGS
dTTP
dUTP
EA
EDC
EDIS
EDX
EELS
EIS
ELISA
EM
ENFET
ESCA
F
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antibody against prostate-specific antigen
acousto-optical tuneable filter
Auger photo-electron coincidence spectroscopy
absolute threshold
attenuated total reflection
arbitrary units
base
bias enhanced nucleation
Berliner Elektronenspeicherring-Gesellschaft für
Synchrotronstrahlung
Biomedical Research Institute
base pair
cytosine
contact angle
conduction band
conduction band minimum
confocal fluorescence microscopy
confocal laser-scanning fluorescence microscopy
constant capacitance
chemical vapour deposition
denaturation
direct current
de-ionised
digoxigenin
desoxyribonucleic acid
dimethylformamide
diamond to retina artificial micro interface structures
double stranded
deuterated triglycine sulfate
2’-deoxythymidine 5’-triphosphate
2’-deoxyuridine 5’-triphosphate
electron affinity
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
electrolyte–diamond–insulator–semiconductor
energy dispersive X-ray analysis
electron energy loss spectroscopy
electrochemical impedance spectroscopy
enzyme-linked immunosorbent assays
electromagnetic
enzyme field-effect-transistor
electron spectroscopy for chemical analysis
fluorescence

List of symbols and abbrviations
fcc
FET
FFT
FIR
FITC
FLIM
FM
FRAP
FRET
FTIR
FUNDP
FWHM
G
GATR
GC/MS
HF CVD
HOMO
HPHT
HREELS
HRP
IDE
Ig
IGFET
IMO
IP
IR
IR SE
ISAS
ISFET
IsoCap
KHLim
KFM
LB
LEED
LEEM
LFM
LISE
LUMO
µCD
MCT
MCXD
MES

face-centred cubic
field-effect-transistor
fast Fourier transformation
far infrared
fluorescein isothiocyanate
fluorescence life time imaging
fluorescence microscopy
fluorescence recovery after photo-bleaching
Förster resonance energy transfer
Fourier transform infrared
Facultés Universitaires Notre-Dame de la Paix
full width at half maximum
guanine
grazing angle attenuated total reflection
gas chromatography-mass spectrometry
hot filament chemical vapour deposition
highest occupied molecular orbital
high-pressure high-temperature
high resolution electron energy loss spectroscopy
horseradish peroxidase enzyme
interdigitating electrode
immunoglobuline
ion gated field-effect transistor
Institute for Materials Research
ionisation potential
infrared
infrared spectroscopic ellipsometry
Institute for Analytical Sciences
ion sensitive field-effect-transistor
constant capacitance
Katholieke Hogeschool Limburg
Kelvin force microscopy
Langmuir-Blodgett
low-energy electron diffraction
low-energy electron microscopy
lateral force microscopy
Laboratoire Interdisciplinaire de Spectroscopie Electronique
lowest unoccupied molecular orbital
microcrystalline diamond
mercury cadmium telluride
magnetic circular X-ray dichroism
2-[N-morpholino]-ethanesulphonic acid
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MIP
MIR
MFM
MO
MOSFET
MSE
MW
MW PE CVD
NCD
NHS
NIR
NMR
NR
NSOM
nt
P
PAES
PAH
PBS
PCD
PCR
PE
PEA
PEEM
PKU
PMT
QCM
r
RICS
RMS
RT
SAM
SAW
SBH
sccm
SCD
SDS
SE
SEM
SEMPA
SFG
SIMS
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molecularly imprinted polymer
mid infrared
magnetic force microscopy
molecular orbital
metal-oxide-semiconductor field-effect-transistor
mean square error
microwave
microwave plasma-enhanced chemical vapour deposition
nanocrystalline diamond
N-hydroxy-succinimide
near infrared
nuclear magnetic resonance
non-radiative process
near field scanning optical microscopy
nucleotide
phosphorescence
positron annihilation AES
phenylalanine hydroxylase
phosphate buffered saline
poly crystalline diamond
polymerase chain reaction
plasma enhanced
positive electron affinity
photo emission electron microscopy
phenylketonuria
photomultiplier tube
quartz-crystal microbalance
re-hybridisation
raster-scan image correlation spectroscopy
root-mean-square
room temperature
scanning Auger microscopy; self-assembled monolayer
surface acoustic wave
Schottky barrier height
standard cubic centimetres per minute
single crystalline diamond
sodium dodecyl sulphate
spectroscopic ellipsometry
scanning electron microscopy
scanning electron microscopy with polarisation analysis
sum frequency generation
secondary ion mass spectrometry

List of symbols and abbrviations
SNOM
SNP
SPM
SPR
ss
SSC
SSMCC
carboxylate
STM
T
Taq
TEM
THF
Ti
TIRF
TMB
TOF-SIMS
UA
UAF
UDD
UNCD
UPS
US
UV
UV SE
V
VASE
VB
VBM
VIS
VIS SE
VIS-UV SE
VUV
w
WBGM
WLC
XPS
XRD

scanning near field optical microscopy
single nucleotide polymorphism
scanning probe microscopy
surface plasmon resonance
single stranded
saline sodium citrate
sulfosuccinimidyl 4-N-maleimidomethyl cyclohexane-1scanning tunnelling microscopy
thymine
Thermus aquaticus (bacterium)
transmission electron microscope
tetrahydrofuran
titanium
total internal reflectance fluorescence
tetramethylbenzidine
time-of-flight SIMS
10-undecenoic acid
10-undecenoic acid (2,2,2-trifluoro-ethyl)-amide
ultra-dispersed detonation
ultra-nanocrystalline diamond
ultra-violet photo-emission spectroscopy
ultra-sonic
ultra-violet
ultraviolet spectroscopic ellipsometry
vacancy
variable angle spectroscopic ellipsometry
valence band
valence band maximum
visual
visual light spectroscopic ellipsometry
visual and ultra-violet spectroscopic ellipsometry
vacuum ultra-violet
washing
wide band gap material
worm-like chain
X-ray photo-electron spectroscopy
X-ray diffraction
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Appendix 3:
List of related publications and presentations
“A humouristic definition of an expert is ‘someone from out of town with slides’.
So there I went.”
Leo Vroman [Vroman 1994]

International publications
2008
“Structural and optical properties of DNA layers covalently attached to diamond
surfaces”
Wenmackers, S.; Pop, S. D.; Roodenko, K.; Vermeeren, V.; Williams, O. A.;
Daenen, M.; Douhéret, O.; D’Haen, J.; Hardy, A.; Van Bael, M. K.; Hinrichs, K.;
Cobet, C.; vandeVen, M.; Ameloot, M; Haenen, K.; Michiels, L.; Esser, N.;
Wagner, P.
Langmuir (2008, accepted for publication).
“Topographical and functional characterisation of the ssDNA probe layer
generated through EDC-mediated covalent attachment to nanocrystalline
diamond using fluorescence microscopy”
Vermeeren, V.; Wenmackers, S.; Daenen, M.; Haenen, K.; Williams, O. A.;
Ameloot, M.; vandeVen, M.; Wagner, P.; L. Michiels, L.
Langmuir (2008, accepted for publication).
2007
“Towards a real-time, label-free diamond-based DNA sensor”
Vermeeren, V.; Bijnens, N.; Wenmackers, S.; Daenen, M.; Haenen, K.; Williams,
O. A.; Ameloot, M.; vandeVen, M.; Wagner, P.; Michiels, L.
Langmuir 23 (2007) 13193.
2006
“EDC-mediated DNA attachment to nanocrystalline CVD diamond films”
Christiaens, P.; Vermeeren, V.; Wenmackers, S.; Daenen, M.; Haenen, K.;
Nesládek, M.; vandeVen, M.; Ameloot, M.; Michiels, L.; Wagner, P.
Biosensors & Bioelectronics 22 (2006)170.
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2005
“DNA attachment to nanocrystalline diamond films”
Wenmackers, S.; Christiaens, P.; Daenen, M.; Haenen, K.; Nesládek, M.;
vandeVen, M.; Vermeeren, V.; Michiels, L.; Ameloot, M.; Wagner, P.
physica status solidi (a) 202 (2005) 2212.
“Head-on immobilization of DNA fragments on CVD-diamond layers”
Wenmackers, S.; Christiaens, P.; Deferme, W.; Daenen, M.; Haenen, K.;
Nesládek, M.; Wagner, P.; Vermeeren, V.; Michiels, L.; vandeVen, M.; Ameloot,
M.; Wouters, J.; Naelaerts, L.; Mekhalif, Z.
Materials Science Forum 492-493 (2005) 267.
2003
“Covalent immobilization of DNA on CVD diamond films”
Wenmackers, S.; Haenen, K.; Nesládek, M.; Wagner, P.; Michiels, L.; vandeVen,
M.; Ameloot, M.
physica status solidi (a) 199 (2005) 44.
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Oral presentations
2008
Keynote lecture
Congress Biosensors 2008 – 10th World Congress on Biosensors,
“Optical conformation studies on DNA layers covalently bound to diamond-based
sensors”,
S. Wenmackers, V. Vermeeren, K. Roodenko, S.D. Silaghi, N. Esser, P. Wagner,
et al.,
14 – 16 May 2008, Shanghai International Convention Centre, Shanghai, China.
Invited talk
ISAS seminar
“DNA brushes on nanocrystalline diamond: probing the surface”,
S. Wenmackers, V. Vermeeren, S.D. Pop, K. Roodenko, C. Cobet, K. Hinrichs, N.
Esser, M. vandeVen, M. Ameloot, K. Haenen, L. Michiels, P. Wagner
7 April 2008, Institute for Analytical Sciences, Berlin, Germany.
Congress Hasselt Diamond workshop 2008, SBDD XIII – Surface and Bulk
Defects in CVD Diamond Films XIII,
“Orientation of short DNA strands end-tethered to UNCD”,
S. Wenmackers, V. Vermeeren, S.D. Silaghi, K. Roodenko, C. Cobet, N. Esser, K.
Haenen, L. Michiels, P. Wagner,
25 – 27 February 2008, Cultuurcentrum Hasselt, Hasselt, Belgium.
2007
Invited talk
Congress 3. Jahrestagung des Arbeitskreis Microsysteme für Biotechnologie und
Lifesciences (AK-BioMST) e.V.
"Synthetische Diamantschichten als Plattform für den elektronischen Nachweis
der DNA-Hybridisierung"
S. Wenmackers, N. Bijnens, K. Haenen, P. Wagner, V. Vermeeren, M. vandeVen,
M. Ameloot, L. Michiels, S. Silaghi, K. Roodenko, K. Hinrichs, N. Esser,
19 June 2007, Technologie Zentrum Dortmund, Dortmund, Germany.
Interregio-meeting Limburg-Brabant – Regional developments in the area of
(bio-)medical devices,
“Towards DNA-sensors based on diamond thin films”,
S. Wenmackers, V. Vermeeren, K. Haenen, M. vandeVen, M. Ameloot, L.
Michiels, P. Wagner,
5 June 2007, Technische Universiteit Eindhoven, Eindhoven, The Netherlands.
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Finalist Young Scientist Award
Congress International Scientific Meeting – Belgian Physical Society (BPS),
“Microfluorimetry and UV ellipsometry on DNA-fragments immobilized on
synthetic diamond films”
S. Wenmackers, V. Vermeeren, S. D. Silaghi, K. Haenen, M. vandeVen, M.
Ameloot, N. Esser, L. Michiels, P. Wagner
30 May 2007, Universiteit Antwerpen, Antwerpen, Belgium.
2005
Congress DIAMOND 2005 – 16th European Conference on Diamond, Diamondlike Materials, Carbon Nanotubes, and Nitrides,
“DNA attachment to nanocrystalline CVD diamond for biosensor development”,
S. Wenmackers, P. Christiaens, V. Vermeeren, L. Michiels, M. vandeVen, M.
Ameloot, M. Daenen, M. Nesládek, K. Haenen, P. Wagner,
11 – 16 September 2005, Centre de Congrès Pierre Baudis, Toulouse, France.
Symposium I3S 2005 – 3rd International Symposium on Sensor Science,
“Tethering of DNA to nanocrystalline diamond films for biosensor applications”,
S. Wenmackers, P. Christiaens, M. Daenen, K. Haenen, M. Nesládek, M.
vandeVen, V. Vermeeren, L. Michiels, M. Ameloot, P. Wagner,
18 – 21 July 2005, Forschungszentrum Jülich, Jülich, Germany.
2004
Congress FGM2004 – Multifunctional and functionally graded materials 2004,
“Surface sensitive techniques for the study of DNA immobilized on CVD
diamond”
S. Wenmackers, P. Christiaens, W. Deferme, K. Haenen, M. Nesládek, P.
Wagner, L. Michiels, M. vandeVen, V. Vermeeren, M. Ameloot, J. Wouters, Z.
Mekhalif,
12 – 14 July 2004, Leuven, Belgium.
2003
BioMed lunchseminarie,
“CVD diamond as a platform for DNA”,
S. Wenmackers, K. Haenen, M. Nesládek, P. Wagner, L. Michiels, M. vandeVen,
M. Ameloot, C. Pirlot, Z. Mekhalif,
22 December 2003, Limburgs Universitair Centrum, Diepenbeek, Belgium.
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“Biosensors based on CVD diamond”,
S. Wenmackers, K. Haenen, M. Nesládek, P. Wagner, L. Michiels, M. vandeVen,
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Young Speakers Award
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