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Chapter 1l

Introduction and

background

1.1 With 3000 publications a year, and still

growing, biosensors cannot be ignored

Back in the 50’s, when TV’s only had black and white screens, science
took its leap forward. Watson and Crick unraveled the structure of the
DNA helix, polio was cured, NASA was founded and Leland Clark discov-
ered the Clark electrode which allowed real-time oxygen monitoring in pa-
tients [1]. All of these discoveries were the inspiration and driving engine
for new technologies. Nobody ever suspected in the beginning years of
semiconductors and the first electronic devices, that they would also play
an important role in the everyday human life. Now, electronics are avail-
able everywhere, from power and logic devices for communications, to
computers for work, entertainment and safety. When electronics become
more accessible, they can provide the backbone for healthcare applica-
tions for everyday by everyone [2].

Up till now, silicon is the material that gets all the glory. However, the
limits of the material have already been reached, and new material sys-
tems are needed to provide suitable platforms for power electronics or

1



2 CHAPTER 1. INTRODUCTION AND BACKGROUND

biochemistry. For these reasons, science is seeking for new materials,
which would open novel possibilities and would model new standards.
Among the new materials currently under study, diamond is certainly one
of the most exotic and hopeful resources. When "non-science" people
ask: "What is your research topic?", and | say: "l try to develop biosen-
sors on diamond!", their eyes start to sparkle like real diamonds and they
do not understand why diamond? Diamond possesses unique properties,
which have attracted the interest of both women and scientists. Research
in diamond spreads from mechanics (with tool coating) through electron-
ics (with micro-electromechanical- and electronics devices) to biochem-
istry/biosensing (with electrochemical and biochemical sensors). Again,
when the 'non-science’ people ask: How do you get the diamond? and |
say "well, you can grow it in a microwave", they are again puzzled by the
idea.

For electronic applications, the use of synthetic diamond is not completely
established and does not yet match the requirements needed, but for elec-
tro chemistry it is gaining field everyday! To make a contribution to the
science for diamond applications in healthcare, we focus in this disser-
tation on the combination of synthetic diamond with components of the
human immune system to develop and understand the possibilities for
a diamond based biosensor platform for cardiovascular risk assessment
markers.

1.2 Biosensors

A biosensor is defined as a device incorporating a biological recognition
component such as an antibody (Ab), a receptor protein, an enzyme,
a cell, single stranded DNA or even tissue, connected to a transducing
element, which translates binding/recognition events between the ana-
lyte and the recognition element into a signal that is proportional to the
concentration of the analyte being sensed (Figure 1.1) [3, 4].

The class of biosensors that is most growing involves the affinity-based
biosensors, which are defined as devices incorporating biological receptor
molecules that can reversibly detect receptor-ligand interactions with a
high differential selectivity and in a non-destructive fashion. Only biosen-
sors based on a bio-affinity element such as an antibody, a receptor pro-



1.2. BIOSENSORS 3

tein, a DNA molecule and since recent aptamers are covered by this de-
scription [3, 5]. The most popular and standardized sensing system is
the enzyme linked immunosorbent assays (ELISA). These biosensors are
employed within healthcare, environmental, food and drug testing. These
assays are often complex, require multicomponents and multistep assay
configurations. The new generation biosensors have the potential to make
assays that are inherently complex and time-consuming, more rapid, ver-
satile, cost-effective and accessible for a wide range of applications. As
mentioned before there are a number of structural and design features
necessary that determine the typical characteristic of a certain biosensor.
These properties are shown in Table 1.1.

Table 1.1: Overview of the main characteristics of a biosensor.

Structural/design considerations Various types
Assay format Direct vs indirect,
Assay time,
Reversibility
Bio-affinity element Natural or synthetic receptors
Transducer and Optical, electrical,
read-out Gravimetric,...
Analyte Proteins,

Low molecular weight molecules (LMW),

Deoxyribonucleic acid (DNA),...

In this work we have chosen for a direct assay with natural receptors, anti-
bodies, immobilized on a nanocrystalline diamond transducer that allows
an optical and electronical readout. The target of interest is a cardiovas-
cular risk assesment protein: C-reactive protein (CRP). In the following
sections we will discuss each element of the immunosensor of interest in
this thesis.



Figure 1.1: Cartoon of a typical biosensing principle. A biosensor detects analytes, this can be done by different receptors
such as (a) antibodies, (b) DNA, (c) enzymes, (d) molecular imprinted polymers, (e) cells. The read-out technique
is most of the time electrical (impedimetric, amperometric,...) or optical (microscopy, colorimetry,...) and the

signal is allowed to transfer via a transducer layer. (Image contribution to Cahier Mens 2.0)
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1.3 Analyte

A broad variety of substances exist that require analysis to diagnose/assess
a certain patient/product/situation. Food- and environmental agencies

and authorities are interested in low molecular weight molecules such

as histamine (canned fish decay), herbicides, pesticides, drugs (caffeine,

tetrahydrocannabinol (Cannabis), benzoylmethylecgonine (cocaine), etc...).
Gene and forensic research require rapid assessment and screening of

DNA/RNA. Healthcare is more interested in certain protein markers in pa-

tients samples. Current techniques require at least half a day to detect

and quantify the concentration. Of course time is a luxury physicians do

not have, thus rapid screening is key and essential to proper diagnosis.

The analyte of interest in this research is C-reactive protein (CRP). The

structure, properties, phylogeny and incidence will be discussed in the

following sections.

1.3.1 C-Reactive Protein

C-reactive protein was discovered in 1930 by Tillet and Francis. They
found the presence of a certain protein in patients who responded to the
C polysaccharide of pneumococcus. It was only afterwards they realized
that CRP was not a foreign secreted protein, but was synthesized in hep-
atic cells [6, 7].

1.3.2 Structure and phylogeny

The CRP gene is located on the first chromosome (1g21-g23). The human
CRP molecule (115 kDa) (Dalton is g/mol) is composed out of five iden-
tical non-glycosylated polypeptide subunits (£23 kDa), each containing
206 amino acid residues. It belongs to the pentraxin family of calcium-
dependent ligand-binding plasma proteins. The protomers are non-covalently
associated in an annular configuration with cyclic pentameric symmetry
(see Figure 1.2).

1.3.3 (Patho)physiology

C-reactive protein belongs to the acute phase proteins. They develop in
a wide range of acute and chronic inflammatory conditions. During in-
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(a) (b)

Figure 1.2: (a) Space filling model of a CRP protein and (b) the same structure

shown in a ribbon diagram (source of (a) and (b): [8]).

flammation, various cytokines are secreted, amongst which IL-6, which
triggers CRP synthesis in hepatic cells [9, 7]. In the acute phase, CRP
increases rapidly of the acute insult (within 2 hours), reaching a peak in
48 hours. Such a rapid increase of CRP occur when inflammation, infec-
tion, trauma and tissue necrosis, malignancies, and autoimmune disorders
arise. Because there is a large number of disparate conditions that can in-
crease CRP production, an elevated CRP level does not diagnose a specific
disease but only provides support for the presence of an inflammatory dis-
ease [6].

Plasma CRP is produced only by hepatocytes. The hepatic synthesis starts
very rapidly after a single stimulus, serum concentrations rising above
5 ug/ml by about 6 hours and peaking around 48 hours. The plasma half-
life of CRP is about 19 hours and is constant under all conditions of health
and disease, so that the sole determinant of circulating CRP concentra-
tion is the synthesis rate, which thus directly reflects the intensity of the
pathological process(es) stimulating CRP production.

1.3.4 CRP and cardiovascular disease

There is a prognostic association between increased CRP production and
outcome after acute myocardial infarction [10] and in acute coronary syn-
dromes. In the mid 1990’s research revealed that the presence of CRP in
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plasma became an indicator for future atherothrombotic events, includ-
ing coronary events, stroke, and progression of peripheral arterial disease
[11, 12, 13]. These findings triggered widespread interest, especially
because clinical use of CRP measurements had been largely ignored for
about 30 years. However, CRP values can never be diagnostic on their
own and can only be interpreted at the bedside, in full knowledge of all
other clinical and pathological results. CRP is also an interesting parame-
ter for continuous monitoring next to blood pressure and heart rate. Other
acute-phase proteins include protease inhibitors and coagulation, comple-
ment, and transport proteins. However, the only molecule that displays
sensitivity, response speed, and dynamic range comparable to those of
CRP is serum amyloid A protein. In healthy young adult volunteer blood
donors, the median concentration for CRP is 0.8 ug/ml, the 90th centile is
3.0 ug/ml, and the 99th centile is 10 ug/ml (depending on the age) [14]. In
case of mild inflammation the concentration increases up to 10-40 ug/ml,
during active inflammationm it raises up to 40-200 ug/ml, whilst during
severe inflammation, levels can reach up to 500 ug/ml [12, 13].

1.4 Recognition layer

The classification of a biosensor is based on the receptor layer which is
chosen. The layer may consist of enzymes, antibodies, nucleic acids, syn-
thetic receptors or living organisms such as cells. These receptors bind
with great affinity and specificity to their analyte as is shown in Figure 1.1.

1.4.1 Immunosensors senses with antibodies

The human body is able to produce more than 108 distinct antibodies.
These range over specific classes and subclasses. The immunoglobulins
have 5 members in their superfamily i.e. Immunoglobulin G (IgG), IgA,
IgM, IgD, IgE with each member specified according to their heavy chain
type [15]. Within the subclass of IgG there are very similar heavy chain
constant region amino acid sequences with only small variations. Another
aspect of antibodies is their mono- or polyclonal nature which is briefly
discussed in Table 1.2. Further we will only focus on the IgG’s because it
is the most relevant to this work.

ImmunoglobulinG consist of hundreds of individual amino acids arranged
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in a highly ordered sequence. These polypeptides are produced by the
immune system cells (B-lymphocytes) when exposed to an antigenic sub-
stance. Antibodies contain in their structure 2 binding sites for a spe-
cific molecular structure of the antigen. Each binding site interacts in a
highly specific way with its unique antigen. The interaction is based on
electrostatic forces, hydrogen bonding, hydrophobic and Van der Waals in-
teractions. This feature is the key to many immuno-chemical techniques
and thus also to immunosensors. The advantage of antibodies is that
they can be synthesized against a broad range of antigens, ranging from
large macromolecular proteins to small, low molecular weight molecules
[15, 16, 17]. In addition, antibodies have homogeneity in their structure,
which allows standardization of procedures such as immobilization of the
receptor molecules onto the biosensor surface.

However, antibodies also have their drawbacks and limitations. The pro-
duction and screening of Ab’s is time consuming and expensive. Also the
detection of an antigen withholds no intrinsic catalytic activity that could
amplify a signal (such as with enzymes), this means that a single antibody
can detect only up to two antigens (Ag’s). Because antibodies are bio-
logical structures that undergo a very specific protein folding that results
in 'the quaternary structure’. This makes them very susceptible for small
environmental changes that could lead to (partially) loss of their specific
folding pattern and therefore resulting in the loss of their unique binding
capabilities. Such changes can be due to slight alterations in tempera-
ture, ionic concentration, pH, solvent,... . Finally, the strong interaction of
the Ab-Ag complex limits its use since it makes the regeneration of sensor
systems troublesome [18].

Table 1.2: Overview of the main differences between mono- and polyclonal anti-

bodies.

Polyclonal Monoclonal

Inexpensive Expensive
Immunization synthesis Single cell line synthesis
Short synthesis time Long synthesis time

Multiple epitopes of antigen  One epitope of antigen
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1.4.2 Structure of antibodies and antibody fragments

Antibodies are glycoproteins with a molecular mass of about 150.000 Da
consisting of 2 identical heavy (H) and two identical light (L) chains, linked
together by disulfide bonds. Actually each chain of an antibody can be
divided into domains. The amino-terminal domains of the heavy and the
light chains are highly variable (the Fy region in Figure 1.3 (a)). Thus, the
light chain consists of one variable domain (V. and one carboxyl-terminal
constant domain (C.), and the heavy chain consists of one variable (Vy)
and three or four constant domains (C3 2 3). Together, the variable do-
mains form the antigen binding sites.

(a) (b)

Figure 1.3: (a) Schematic representation of an IgG protein and the possible
fragments that can be used as bio-affinity elements to devise im-
munosensors. (b) Space filling/ribbon diagram of the IgG molecule.
(Source (b): [19])

Besides full size antibodies, other affinity binding parts can exist. Four
other types of antigen-binding antibody fragments are also interesting as
bio-affinity elements for immunosensors: the F(ab’); fragment, the Fab’,
Fab and single-chain Fv fragment.

1.4.3 Antigen-antibody systems used in this thesis

The choice of the antibody-antigen system for immunosensor develop-
ment is mainly determined by the actual application of the sensor. In this
work a monoclonal mouse anti CRP antibody was used for the detection of
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the CRP antigen with the application in the field of healthcare diagnostics.
Besides the anti-CRP antibody other antibodies were used for characteri-
zation. A polyclonal Goat anti-mouse antibody labeled with an Alexa-488
(or 555) fluorophore served as a fluorescent tracer. For impedance sensing
also a colloidal-gold (5 or 40 nm) labeled antibody was used.

1.5 Transducer

Synthetic diamond is used as a transducer material for the immunosensor.
This is not only a good material which allows optical measurements but
can also be used in electrochemical measurements when it is doped. The
following sections will give a brief overview in the world of diamond and
its possibilities.

1.5.1 Diamond: just carbon

Carbon (C) is the backbone of all organic material. It has three isotopes
that occur naturally: C12, C13, and the radioactive C14. The carbon atom
has 6 electrons which can be placed in its atomic orbitals. The main bond-
ing types of carbon are sp? or sp3 hybridization. When carbon binds to only
three neighboring atoms it forms the sp? bonds which consist of three o
bonds in a plane distributed evenly with 120° angles between them and a
1 bond which is delocalised and can switch as a double bond between the
three existing o-bonds. The diamond unit cell consists of sp3 hybridized
carbon atoms. In this case carbon binds to four neighboring atoms. The
four orbitals of one carbon atom take as much space as possible which
results in the formation of a tetrahedron. Each orbital points towards one
corner of the tetrahedron and the positive carbon core is placed in the
center.

Carbon can appear in various allotropes (Figure 1.4). More than half we
encounter nearly every day! The most widely spread allotrope is graphite
(b) which can be found in pencils and electric motor brushes. (a), (b)
and (c) are the crystal lattice structures of diamond, graphite which is a
stacked layer of graphene sheets, and lonsdaleite (hexagonal diamond)
respectively. Graphene at the moment is one of the newest emerging al-
lotropes of diamond that make high ranking journals and breaking science
topics [22]. The fullerenes, (d), (e) , (f) and (h) were discovered some



1.5. TRANSDUCER 11

(a) (b)

Figure 1.4: (a) Eight allotropes of carbon. a. diamond b. graphite, composed of
graphene sheets, c. lonsdaleite, d. Cgg, €. Cs40, f. C70, g. armor-
phous carbon, h. single walled carbon nanotube [20]. (b) A diamond

unit cell of the sp3 carbon atoms [21]

longer time ago. All these interesting carbon materials have led to many
new advances in electronics and nano-science.

In contrast to all other carbon allotropes, diamond is the only allotrope
where all carbon atoms are fully hybridized so all bonds form tetrahedral
structures around the sp3 carbon. This leads to the diamond crystal struc-
ture which is a double face-centred cubic (FCC) lattice with rigid o bonds

Table 1.3: The superiorty of diamond.

Material property Value
Young's Modulus 1050 GPa
Hardness (Mohs’ scale) 10

Thermal conductivity > 2000 W/(m-K)

Chemical inertness in air > 5000°C
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which partly explains some of the remarkable properties of diamond (Ta-
ble 1.3). The cubic unit cell of diamond is shown in Figure 1.4 (b) [23].

1.5.2 Chemical vapor deposited diamond materials

Most natural diamonds are formed at high-pressure high-temperature con-
ditions, typically at depths of 140 to 190 km in the Earth’s mantle. Their
formation takes billions of years. There is also a synthetic way to mimic
this: the high-pressure-high-temperature (HPHT) technique. This yields
in the purest form of synthetic diamond but it is not used in this work.
An alternative, invented by the back than called Soviets, is to work on
low pressure by growing diamond from a vapor phase. This technique is
called chemical vapor deposition (CVD) and can be found in Figure 1.5 as
metastable CVD diamond.

Figure 1.5: Overview of carbon phases possible with certain pressure versus tem-

perature relation (source: [24]).

For CVD three components are required: a substrate, a seed layer and
a growing mechanism. The substrate is a very important parameter be-
cause it serves as the carrier to provide stability for the brittle diamond
film. It can be Silicon (Si), Silicondioxide (SiOx) or a metal such as Ti-
tanium (Ti), Tungsten (W), Platinumlridium (Ptlr), etc. In order to grow
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diamond it is necessary that the substrate temperature is at elevated tem-
peratures (typically above 500°C). This requires matching of the temper-
ature expansion coefficients of the substrate and the diamond layer to
avoid any cracking of the film upon temperature changes during and after
growth. Also the substrate must be capable to hold on to the adhered det-
onation nanodiamonds (DND), also called ultra-dispersed diamonds (UDD)
that serve as a seed layer. The UDD can be added by mechanical abra-
sion [25], ultrasonic particle treatment [26, 27], bias enhanced nucle-
ation [28, 29], and nano-particle seeding of UDD powder immersed in
water or alcohol. When a substrate is immersed in this colloidal suspen-
sion the diamond particles adhere to the surface by Van der Waals forces
forming a layer of roughly 5 nm particles with a seeding density +1011
seed/cm? [30, 31].

The seeded surface provides a point of origin for diamond growth. This
is done in a microwave with a carbon containing process gas (typically
methane CH,) under low pressures (+ 30-200 mbar) and increased tem-
peratures (700 £ 200°C). As mentioned before, these conditions give rise
to the metastable growth phase. A side effect of this growth condition is
the continuous formation of sp? graphite which must be selectively and
continuously etched (because graphite is the most favorable phase of car-
bon with the lowest energy). Therefore, besides methane, also hydrogen
gas (H,) needs to be added to the gas phase to promote the graphite
etching. From this it makes sense that when there is more hydrogen dur-
ing growth, the quality of the diamond improves because there is more
sp? etching resulting in a diamond with a high sp3 content with respect
to sp? (for instance a C/H-ratio of 0.5% results in higher quality diamond
than a C/H ratio of 5%).

The diamond used in this work was grown in a Microwave Enhanced Plasma
Chemical Vapor Deposition (MWEPCVD) ASTEX reactor in which the gas-
phase was activated by a microwave plasma [32]. Other activation mech-
anisms such as Hot Filament (HF) reactors can coat larger surfaces (more
uniformity during growth) whilst CVD is the prize winner of all the tech-
niques which can grow on medium surfaces (ideally 2" wafers) with a rel-
ative fast growth speed (6 = 5 nm/min) resulting in very pure diamond
films [31]. The microwaves, operating at 2.45 GHz ignite the gases into
a plasma that causes diamond to grow from the seeds in a columnar way
by a reaction of atomic hydrogen with methane which in turn react with
the diamond seeds at the surface. When diamond is doped, impurities
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are incorporated by adding an extra gas to the mixture. For boron incor-
poration, Trimethylborane (TMB) gas is used in various concentrations to
achieve different doping levels ranging from semi-conductive to metallic
properties. In Figure 1.6 a schematic representation of the growth mech-
anism is shown. The final result (shown in Figure 1.7) is a closed polycrys-
talline diamond film in which diamond crystallites are interconnected by
grain boundaries. The cross section from panel (b) shows the columnar
orientation of the crystallites.

Figure 1.6: Schematic representation of the diamond growth in a MWEPCVD re-

actor with the role of CH; as growth species.
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These deposited diamonds are widely available and exist in various types.
The most common forms are monocrystalline, polycrystalline, nanocrys-
talline and ultrananocrystalline diamond.

(a) (b)

Figure 1.7: SEM recording of nanocrystalline diamond: (a) top-view (b) cross-
section of a freestanding diamond film by breaking a sample and
accidental delamination. The columnar structure of the diamond film

can clearly be seen).

The different properties of these diamond specimens enable different ap-
plications, i.e. monocrystalline diamond is not necessarily the best op-
tion for all applications. Several parameters can be used to identify the
suitability of the diamond material depending on the application. Among
them, surface morphology, electrical conductivity, capability of device fab-
rication, substrate nature, dimensions, electrochemical properties (influ-
enced by the sp?/sp3 ratio), possibility of surface conductivity (surface
termination), cost, etc [33].. In the following sections the most relevant
properties of different diamond species are briefly discussed

Monocrystalline diamond (MCD)

Monocrystalline diamond, especially when polished are ideal for micro- or
nanopatterning, and for the study of structural properties of organic mono-
layers because extreme small roughnesses up to 0.13 nm can be obtained.
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Monocrystalline diamond also exerts the lowest sp? content of all diamond
materials, which results in its excellent electrochemical performance such
as large electrochemical potential window and low background current
[34]. Besides the cost, the main disadvantages of single-crystalline di-
amond are the small size (typically 5 x 5 mm?) and the limited availability
for high boron doping which makes it difficult to handle for biosensing ap-
plications.

Microcrystalline diamond (. CD)

Either intrinsic or highly boron doped (B-doped) uCD films are available
on large substrates or as freestanding films. 500 nm and larger is the
accepted grain size threshold to determine uCD. Due to its polycrystalline
nature, and depending on the thickness, as-grown uCD films exhibit a very
high surface roughness (~ um) which hampers their use for those appli-
cations in which micro-/nano-patterning is important. Polishing is possible
albeit a higher cost. Due to the availability of metal-like B-doped diamond
films, and together with relatively low sp? content (mostly located at the
grain boundaries), this material is widely used commercially for electro-
chemical applications.

Nanocrystalline diamond (NCD)

Nanocrystalline diamond thin films have grain sizes below 500 nm. As
mentioned before they can be grown on different substrates, mainly quartz
and silicon. It was shown that NCD can be B-doped very efficiently, so
that metal-like films can be obtained [35], thus paving the way for sev-
eral electrochemical applications [36, 37]. Compared to uCD the surface
roughness is much lower (in the order of 10 to 20 nm). Compared to
MCD and uCD there is a larger amount of sp2-bonded carbon present in
the grain boundaries which not favors superb electrochemical properties
[38]. Because of the low surface roughness and its relatively good elec-
trochemical properties as compared with other carbon-based materials,
B-NCD electrodes are very promising for bio-electrochemical applications
[39].
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Ultrananocrystalline diamond (UNCD)

Ultrananocrystalline diamond films arise from an Argon-rich plasma and
have grain sizes below 10 nm [40]. UNCD films, with a roughness down to
5 to 10 nm, are available on standard substrates like Si and quartz, as well
as on metals. UNCD films are expected to have the largest sp2/sp3 ratio
of all the diamond materials discussed here, thus influencing the electro-
chemical properties largely because the grain boundary content makes up
of 10% of the film. Just as NCD, UNCD films have clear advantages com-
pared with other carbon-related materials: UNCD-electrodes still exhibit
a larger electrochemical potential window and lower background elec-
trochemical current than do electrodes such as highly oriented pyrolytic
graphene (HOPG).

(a) (b) ()

Figure 1.8: SEM recording of (a) u-crystglline diamond, (b) nanocrystalline dia-

mond and (c) ultrananocrystalline diamond. (note the scale bar).

1.5.3 Doping of diamond

The four valance band electrons involved in bond formation cause pure
diamond to be an insulator with a bandgap, Egg, of 5.47 eV. The large
band gap originates from the small size in carbon atoms causing the spa-
tial overlap between molecular orbitals of adjacent C atoms to be rela-
tively large. This causes a large band gap between the valence band (VB)
and the conduction band (CB). To decrease this band gap it is possible
to perform in situ doping during CVD growth. The doping can be done
by introducing low concentrations of either phosphorus (group V, electron
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conduction) or boron (group lll, hole conduction).

The gap induced by the boron serves as an acceptor that gives rise to
a hole, or missing electron. The hole acts as a positive charge that can
move through the crystal [41]. In this thesis all the work has been done
on p-type diamond doped with boron in a concentration range from 800 to
9000 ppm TMB during the growth phase.

Figure 1.9: Schematic band energy diagrams for bulk diamond that is undoped
(a) or p-type doped (at T > OK) (source: [41]).

1.5.4 The surface of diamond

At the end of the bulk, there is a new interface with another material pos-
sible such as a metal, another semiconductor or even the air or liquid. At
this interface the diamond lattice stops and has unsaturated bonds that
dangle in ‘free space’ (dangling bonds). These can be put to use for
chemical treatment to (bio-) functionalize the surface. The surface of dia-
mond is completely dependent on the bulk properties meaning that the di-
amond crystals facing the interface have certain crystal orientations (100,
110, 111). Depending on which orientation, a different amount of dan-
gling bonds is available per crystal. Also the roughness plays a important
role because an increased roughness causes the surface area to increase
and therefore also the availability of additional dangling bonds. The occu-
pation of dangling bonds by other atoms/molecules is dependent on the
sterical hindrance that arises from two neighboring dangling bonds, indi-
cating that a perfect coverage of the surface by chemical modification is
not possible. For diamond surfaces a lot of research has been performed.
The chemical modifications can range from elemental changes (such as
oxygen, hydrogen or fluorine) but also larger molecules can be tethered
for specific bio-functionalization [42, 43].
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Hydrogenated diamond

At the end of the CVD growth the diamond is in contact with the H-plasma
causing the dangling bonds to be saturated with monovalent hydrogen.
The hydrogenated surface is very stable and results in a hydrophobic layer
with high surface free energies. The hydrogen termination can always
be regenerated by re-exposure of the diamond to a hydrogen plasma. In
addition the C%~ - H%+ dipoles at the surface cause upward band bending in
a thin, near-surface layer inside the diamond, together with the adsorption
of a thin atmospheric water layer that is essential for the p-type surface
conductivity [44, 45].

Oxidized diamond

By exposing the diamond surface to an oxygen plasma, ultraviolet induced
ozone (uv-ozone) or wet chemical acid treatments an oxidized diamond
surface is achieved. The surface has a variation of oxygen groups such as
ketones (=0), hydroxyl (C-O-H), carboxyl (O=C-0-H) and/or ether (C-0-C)
groups. These groups have a high polar character and cause the diamond
to become very hydrophilic. Since oxygen has a higher electron affinity
than carbon, the surface dipoles on oxidized diamond are oriented oppo-
site as compared to H-termination: Cé* — 0%-. This results in a downward
band bending [46]. The conduction band minimum (CBM) is below the
vacuum level, corresponding to a positive electron affinity. Consequently,
oxidized diamond is not surface conductive, even if the same adsorbed
species are present as on H-terminated diamond.

1.5.5 The diamond liquid interface

Figure 1.10 represents the hydrogenated surface of a metallic-like B-doped
diamond and single crystal diamond in an aqueous solution. The H-termination
is known to induce a negative electron affinity, with a value of -1.3 eV mea-
sured in vacuum [45]. The presence of water molecules screening the C-H
surface dipole is expected to reduce the value of the electron affinity (x)
towards less negative values. Therefore an approximation of x ~ - 1.0 eV
is used. The metallic nature of the B-doped NCD (B-NCD) is represented
by the position of the Fermi energy (Ef), which is below the valence band
maximum (at 4.45 eV assuming x = -1.0 eV). Under these conditions, the
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B-doped diamond electrode can be described as a normal metal electrode.
It is important to consider the following reactions because when immersed
in an aqueous solution, the Fermi level of H-terminated diamond is in ther-
modynamic equilibrium with the electrochemical potential determined by
these redox reactions [44, 47, 48].

02+ 2H0+4e™ «— 40H™ (1.1)

and
Hy + H;0 e« H30" + e~ (1.2)

The band diagram in case of a single crystal H-terminated surface has sev-
eral differences as compared to the B-NCD electrode. The H-termination
of the diamond surface induces the same negative electron affinity, x =
-1.0 eV, which fixes the value of the valence band maximum at the same
position, 4.45 eV. In the case of the metallic-like BNCD, the Fermi level
lies below the valence band maximum as a result of the very high doping
level. However, in the case of the undoped H terminated single crystal
in an aqueous electrolye, the position of the Fermi level at the surface
can be determined by the electrochemical potential energy of a redox
reaction occurring in the solution assuming thermodynamic equilibrium,
and the electrochemical potential determined by the reference electrode.
Thus, an accumulation of holes is induced at the diamond surface. With
the Fermi level within the valence band, the surface conductive diamond
electrode behaves like a metal electrode.
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Figure 1.10: Schematic representation of the energy band diagram of the inter-
face between an aqueous electrolyte and H-terminated (a) B-NCD
and (b) a single crystal diamond. Both cases show negative elec-

tron affinity as a result of the C - H surface dipole.
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Besides the band bending an additional effect is observed when diamond,
or any other electrode, is immersed in an electrolyte. Here the transfor-
mation from electronic to ionic conduction occurs.

Electrostatic interactions between the ions in the solution and the elec-
trode surface result in a charge density at the electrode surface that arise
from either an excess or deficiency of electrons, here electron transfer is
the key process whereby the electrode exchanges charges with the arriv-
ing ions or ionizes neutral substances. Without electron transfer there is
no chemical electrode reaction, no direct electrode- and Faradaic current.

As soon as the electrode is wetted a double layer is formed to keep the
interface neutral by a redistribution of ions close to the surface to balance
the charges (Figure 1.11). In all the interfaces there is a non-uniform distri-
bution of charges. First, there was the Helmholtz model which stated that
the double layer is a molecular capacitor, where one plate is represented
by the charges in the electrode and the other plate by equal counter-ions
in the electrolyte. The charge separation is small (£ 0.5 nm) so the capac-
itance is enormous. Yet, this model is only valid for rather high concentra-
tions of electrolyte solutions. However, this simple model states that the
double layer is depleted of charges, but the transition is not this abrupt
and Gouy-Chapman took the exchange of counter ions between the dou-
ble layer and the bulk solution due to thermal motion into account. Both
Coulomb forces and thermal motion influence the equilibrium distribution
of counter ions in their model for the diffuse double layer. The assumptions
for this theory state that the surface charge is continuous and uniform and
secondly the ions in the solution are point charges. Finally, both models
were combined by Stern who takes the finite size of ions and their binding
properties at the surface, into account. In this way the best approximation
for the electrode/electrolyte interpretation was made. The Stern modified
Gouy-Chapman diffuse double layer model states that ions have a finite
size, so they cannot approach the surface closer than a few nm. Also he
stated that it is possible that ions are specifically adsorbed at the elec-
trode and this layer has become known as the Stern layer which has a
stern potential (¢s). Therefore, the potential will drop linearly over the
molecular condenser (i.e. the supposed Helmholtz plane). Subsequently
the potential will then decrease exponentially through the diffuse layer
($q) in which the zeta potential () is reached at the Debye length k=1, A
scheme to clarify this is shown in Figure 1.11. To comprehend these theo-
ries in a simplified way we state that the Stern modification is essentially
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a combination of the Helmholtz and Gouy-Chapman models. It assumes a
‘plane of closest approach’ where a portion of the excess ions reside and
attaches to a Gouy-Chapman type ’'diffuse layer’. The combined result is
that the concentration of counter ions is the highest near the solid surface
and decreases as the distance from the surface increases, whereas the
concentration of determining ions change in the opposite manner. Such
inhomogeneous distributions of ions in the proximity of the solid surface
lead to the formation of so-called double layer structure described above.
In this thesis we use the Stern model for double layer approximations.

Figure 1.11: Schematic model of the double layer formed at an electrode im-
mersed in an electrolyte. Different layers and planes can be distin-

guished depending on the behavior of the ions.

The thickness of the Gouy-layer is defined by the Debye screening length,

which can be calculated by:
2Npe?l
Ap = {] ——— (1.3)
€,—€()I<BT
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with the ionic strength

I=Zzi2Ci (1.4)
i

With Ny Avogadro’s constant, e is the elementary charge, €g is the per-
mittivity of the vacuum and kp is Boltzman’s constant. T is the absolute
temperature and €, is the relative permittivity. The number to use for €,
where mostly €,=78 is assumed at room temperature for aqueous elec-
trolytes, is not always clear since the relative permittivity in a region of
hindered mobility decreases. z is the charge carried by the it" specimen
and c is the concentration. With physiological salt concentration (150 mM)
the double layer thickness is less than a nanometer (0.84 nm), but it can
reach up to more than a micrometer for distilled water.

1.6 What kind of immunosensors exist?

In Section 1.1 we have shown that biosensors became an independent re-
search branch on the junction of different disciplines. In the following Ta-
ble 1.4 an overview is given of some recent immunosensors. As the name
implies, immunosensors use antibodies as a recognition element against
a large variety of analytes (heavy and low molecular weight molecules).
Also the transducer element, which is in this thesis diamond, can vary a
lot with most commonly gold serving as electrode. The read-out technique
and the detection limit are also widespread depending on the research.
The literature is overwhelmed with other types of sensors that do not use
antibodies but instead have DNA, cells, aptamers, imprinted polymers etc.
We will not discuss any of these because it would bring us out of focus re-
garding the immunosensors.

1.7 State of the art CRP detection systems

In Table 1.4 we focussed on the antibody based recognition element. In
Table 1.5, the variety of sensors that are directed against the C-Reactive
Protein are summarized, as this is the target molecule in this project.



Table 1.4: Literary overview of a variety of immunosensors up to date.

Analyte Electrode/transducer read-out detection range Reference
Casein Gold-nanoparticles Cyclic voltammetry (CV) 10-7 to 10> mg/ml [49]
anti-biotin 1gG Gold-nanoparticles cv 5 to 500 ng/ml [50]
a-fetoprotein Gold-nanoparticles Ccv 1.25 to 200 ng/ml [51]
PFHP-2 Nano-/microparticles cv 31 ng/ml [52]
BMP-7 Quantumdots Fluorescence 1 ng/ml [53]
CFP-10 Gold Surface plasmon resonance 100 ng/ml to 1ug/ml [54]
Benzopyrene Gold InfraRed 5uM [?]
P24 antigen (HIV) Carbon nanotubes Amperometric 0.01 to 60 ng/ml [55]
Atrazine XXXXX Amperometric XXXX [56]
H-1gG Graphene Electrochemical 0.1 to 100 ng/ml [57]
Myoglobin Gold Impedance 10 ng to 650 ng/ml [58]
ABA Gold Impedance 0.5 to 5 ng/ml [59]
Azidothymidine Diamond Amperometric / [60]
CA-125 (cancer) Gold SPR 50 nmol/ml [61]
Troponin-I Gold SPR 1-160 ug/mi [62]
Tetrodotoxin Gold SPR / [63]
Cortisol Gold SPR 10ug/l [64]
Influenza A Gold Quartz Crystal Microbalance (QCM) 103 pfu/ml [65]
Dioxin Gold QCM 0.1 to 0.01 ng/ml [66]
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Table 1.5: Literary overview current CRP detection methods

Label-free? Electrode/transducer Read-out Detection range Reference
Fe-Nanoparticle CNT Amperometric 0.16 ug/l [67]
Competitive assay Gold D-QCM 1 ng/ml to 10ug/ml [68]
Cystein tag Gold Field effect 2 to 20 pg/ml [69]
Magnetic beads Gold Aptamers/SELEX 12.5 ug to 10 mg/I [?]
Secondary Ab Gold SPR 2 to 5 ug/ml [70]
Secondary Ab Dendrimers Optical 0.1 to 100 ng/ml [71]
Secondary Ab / immunochromatographic 0.5 to 20 ug/ml [72]
? Automated system RXL analyzer 1 to 60 ug/ml [73]
Magnetic nanoparticle / Optical 1.2 to 310 ug/ml [74]
Yes! Diamond Impedance spectroscopy 10nMto 1 uM [75]
Chemical reaction / Turbidimetry 1.7 ug/ml [76]
Chemical reaction / Nephalometry 1 to 400 ug/mil [?]
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1.8 Aim and focus of this work

In this work we focused on different aspects of the biosensor. The main
goal was to realize a label-free electrochemical immunosensing platform
on diamond films for the detection of cardiac markers. The platform was
a boron doped nano-crystalline diamond film on which immunoglobulins
were immobilized. In the following points a brief summary is given of the
aims proposed in this work:

1. In chapter 3 the characterization and optimization of the morpho-
electrochochemical properties of diamond films serving as electrodes
were studied. Here different growth conditions were compared and
an optimum was determined. In addition, we also studied the coat-
ing of metal electrodes with high quality microcrystalline diamond
to improve the electrochemical properties. The main characteriza-
tion techniques used here were impedance spectroscopy and cyclic
voltammetry.

2. Chapter 4 deals with the understanding of biofunctionalization of the
diamond surface. Different surface terminations have different ef-
fects on protein behavior, and in turn also on the electrochemical
response. In addition there is also the need for various functionaliza-
tion routes to tether biomolecules on the diamond surface.

3. Chapter 5 discusses the immunosensing of proteins. Here buffer so-
lutions and human serum samples were spiked with CRP and the de-
tection was monitored label free with impedance spectroscopy. Ad-
ditionally we tried different optimization efforts to improve the signal
intensity .

4. The final goal, discussed in chapter 6, was to miniaturize diamond
electrodes for micro-array applications. Here the construction and
interfacing is shown. We also show a secondary route to create di-
amond structures with high throughput and great accuracy. Finally,
we show some proof of principle measurements on protein adsorption
and DNA denaturation.
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Chapter 2

Materials and Methods

This chapter gives an overview of the standardized protocols and mate-
rials used in the following chapters. The techniques that are performed
on individual basis are discussed in more extent whilst the techiques op-
erated by experts are briefly summarized. Experiments that were done
with different approaches will therefore be described in the corresponding
chapters.

2.1 Physiological solutions and chemicals

Phosphate buffered saline Nearly all measurements or sample prepa-
rations were performed in physiological buffer solutions. The standardized
buffer was phosphate buffered saline which is an agueous-based salt so-
lution. The buffer helped to maintain a constant pH. The osmolarity and
ion concentrations of the solution usually match those of the human body
(isotonic). The recipe for a 10 x PBS solution was: 1.29 M NaCl, 0.05 M
Na,HPO, -2H,0, 0.015 M KH,PO,, pH 7.4). Next the stock was sterilized
by autoclaving (20 min, 121°C) and afterwards stored in a refrigerated en-
vironment (4°). Concentrated stock solutions may precipitate when cooled
and should be kept at room temperature until the precipitate has com-
pletely dissolved before use. The stock was diluted to 1 x PBS with MilliQ
water (ddH20) (Sartorius, Diegem, Belgium). After aliquots were made of
1 x PBS, the pH was re-adjusted to 7.4.

29
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CRP buffer The purchased antigen, C-reactive protein, was dissolved in
CRP buffer. This consisted of 20 mM tris(hydroxymethyl)aminomethane
(TRIS) -buffer at pH 8, containing 0.28 M NaCl, 0.09% NaN; and 5 mM
CacCl,).

MES buffer When DNA was used, instead of proteins, the supporting
buffer was always 2-(N-morpholino)ethanesulfonic acid-buffer (MES) at pH
6.2 (Sigma, Bornem, Belgium). MES buffers ensures optimal coupling con-
ditions when used with the carbodiimide procedure.

EDC/NHS Covalent coupling of biomolecules was done by the conven-
tional EDC/NHS protocol. EDC or 1-Ethyl-3-[3-dimethylaminopropyl] car-
bodiimide hydrochloride is a zero-length crosslinking agent used to couple
carboxyl groups to primary amines (amide bond). EDC reacts with a car-
boxyl to form an amine-reactive O-acylisourea intermediate. If this inter-
mediate does not encounter an amine, it will hydrolyze and regenerate the
carboxyl group. In the presence of N-hydroxysulfosucciminimide (Sulfo-
NHS), EDC can be used to convert carboxyl groups to amine-reactive Sulfo-
NHS esters.

Sodium chloride/sodium citrate (SSC) and Sodium dodecyl sul-
fate (SDS) Washing steps after DNA coupling was performed in SSC/SDS
buffer. The SSC consists of 3 M NaCl together with 0.3 M citrate C4HgO- - 3Na
at pH 7.5. SDS is an anionic surfactant with amphiphilic properties. The
total buffer was composed of 2 x SSC buffer + 0.5 % SDS and the washing
took 2 hours at 60°C.

'"The diamond cleaning juice’ Diamond cleaning and diamond oxi-
dation have a different meaning regarding biosensor substrates. The wet-
chemical oxidation of diamond was done in an aggressive cocktail of sul-
furic acid (H,S0,) and potassium hydroxide (KOH) at 180°C for 2 hours
(or more). After this boiling step the samples were 3 times washed thor-
oughly with deionized water under thermal (120°C, 5 min) and ultrasonic
agitation for 5 min (US). However this harsh treatment is not good (even
worse when done frequently) for the health of the diamond film, espe-
cially regarding microstructures discussed later. Therefore the standard
cleaning of diamond was done as follows: The samples were washed with
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acetone (15 min, US) in case there were some silverpaint (eutectic) re-
mainders. Next a washing step in Norvanol (15 min, US) followed by a
short acid dip which was a less concentrated mixture as described above
(5 min, 180°). If necessary piranha etch could be used to remove any or-
ganic residues. It consisted of a 3:1 mixture of sulfuric acid H,SO, and
hydrogen peroxide H,0,. Because the mixture is a strong oxidizer, it will
remove most organic matter, and it will also hydroxylate most surfaces
(adds -OH groups), making them extremely hydrophilic (water compati-
ble). To remove desorbed metal ions a 'base piranha’ was used by mixing
ammonium hydroxide NH,OH with hydrogen peroxide (3:1).

2.2 Biological materials

Primary antibody The pirmary antibody was an affinity purified mon-
oclonal immunoglobulin G (IgG) synthesized in a mouse host against the
human target (CRP) (Scipac, Kent, UK). The stock solution has a final con-
centration of 20 uM and was stored in small aliquots to avoid excessive
freeze thaw cycles. Storage was always at -18°. The IgG’s have a molecu-
lar weight of 150 kDa with an iso-electric point between pH 6.2 and 6.4.

Secundary antibody To visualize the primary antibody, a secondary
goat-anti mouse antibody with an Alexa-488 or -555 label was used (Sigma,
Bornem, Belgium). The affinity was chosen in such a way that an immuno-
logical recognition between the primary and secondary antibody could
take place. A single labeled antibody has an average of 6 Alexa dye
molecules bound to its quaternary structure. XPS quantification was done
with a goat-anti-mouse antibody labeled with a Bodipy FL fluorescent dye
(invitrogen, Gent, Belgium).

Bovine Serum Albumin Lysophylized Bovine Serum Albumin (BSA) was
used as a blocking layer. The dried powder was diluted in 1x PBS to a final
concentration of 6 w%. Blocking of the immunosensor was done overnight
at 4°C or 2 hours at room temperature (22.5°C). The molecular weight is
66.7 kDa and the iso-electric point is around pH 4.7.

C-reactive protein (CRP) C-Reactive Protein was bought in its pen-
tamer form from Scipac (Kent, UK). The proteins were stored at 4°C in
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a TRIS buffer and were >96% purified.

8bp single stranded probe DNA Characterization of different func-
tionalized diamond surfaces was done by DNA strands with an 8 basepair
(bp) sequence (5'-CCC CTG CA-3’). At the 5" end there was a 6 carbons
spacer followed by the functional group -NH, or -COOH. At the 3’ end
there is a fluorescent dye molecule (Alexa-488) (Eurogentec, Luik, Bel-
gium).

2.3 Characterization techniques

2.3.1 Contact angle goniometry (CA)

Wetting behavior and surface free energies (SFE) of diamond films are
of special importance for biosensor-research. To probe these properties
contact angle goniometry is used. Here, a droplet of test liquid is dropped
on a surface and the resulting contact angle between the tangent to the
fluid curvature and the tangent to the surface of the solid support (also
called the 'baseline’) is measured (see Figure 2.1). The wetting behavior
of the surface depends on the adhesive and cohesive forces between the
liquid and the surface. Adhesive forces between a liquid and a solid cause
a drop to spread across the surface. Cohesive forces within the liquid
cause the drop to ball up and avoid contact with the surface [77]. 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 gases and vapor 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 favorable. Young derived an equation
which makes a relation between a certain contact angle (6) of a droplet on
a surface and the accompanying surface energy (SE):

Ysv = Yst+ YivCOSO (2.1)

Where the three coefficients y are the surface energies at the solid/gas
(Ysg), solid/liquid (ys)) and liquid/gas (yig) interfaces, respectively. SE is
expressed in J/m? or N/m. In order to calculate the Ysg, when knowing
the g and missing the value of yg different techniques can be employed
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like the combining rule of Girifalco-Good-Fowkes-Young, the Zisman criti-
cal wetting tension, Owens-Wendt-Rabel-Kaelble (OWRK) geometric mean,
the Wu harmonic mean and the acid-base theory of Lewis.

Figure 2.1: A cartoon of the droplet/gas/solid interface. The surface energies and
contact angle are represented as 0 for the CA, g for the liquid/gas
interface, ysg for the solid/gas interface and vy for the liquid/solid

interface.

Surface free energy (SFE) values can be extracted from contact angle
measurements by the OWRK method. They described that the surface
energy of any solid or liquid phase can be split up into two components: A
dispersive ¥ and a polar y” part.

y=7P++° (2.2)

The ¥P results from non-polar interactions of molecules, e.g. induced
dipole-dipole interactions and the ¥ depends of polar groups interactions
e.g. hydrogen bonding and dipole-dipole interactions. This means that the
liquid and the solid can also be split up:

Ys=Y2+7VE (2.3)

S

Yi=v)+7v] (2.4)

Only the polar parts of the liquid can interact with polar parts of the solid
and vice versa for the disperse components the following formula is ob-
tained:

'Ysg='Ysl+'Ylg—2(\/'Y?g°'Y@+\/'Ygg"Y[F;,) (2.5)
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When Eq. 2.1, 2.3, 2.4 and 2.6 are combined a linear equation is obtained
by the OWRK theory.

Yig(1 + cose)
=/, +4/75, (2.6)
Yl

Test liquids have known 7y, yg and yfg, the contact angle can be mea-
Yig(1+c0s6)

2y/7%

P
Y—’E‘,’. In Figure 2.2 an example is shown of such a plot and the intercept
lg
and slope of the regression line can be extracted.

sured and the SFE can be interpolated by plotting the versus the

The square of the slope results in the polar component y?g and the in-

tercept gives the disperse component, y?g of the surface. The sum of
these parameters results in the total surface free energy.

Figure 2.2: An illustration of the use of the 'OWRK’ method in determining the

surface energy.

Contact angles were measured with a dataphysics OCA 15+ goniometer.
Contour ellipse fitting of the droplets was done by the SCA 1.0 software for
obtaining the mean values. The droplet size was 1 ul dispensed at 1 ul/sec
for all experiments. When dropping a liquid on a surface, fluid settling and
evaporation should be left out to obtain the best approach to the correct
contact angle. Therefore, an extrapolation of the recorded curve is done.
Fitting with a linear and extracting the intercept is the generalized value
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for the most correct contact angle. In Figure 2.3 an example is given with
the obtained, correct, contact angle from the intercept "102.36°".

Figure 2.3: An example of how to deduce the mean contact angle from time re-

solved sessile drop measurements.

2.3.2 Optical microscopy (OM)

Optical characterization of all the diamond substrates were performed
weekly to investigate the macro/microscopic quality of the diamond films
or synthesized structures. The optical microscope that has been used in
this work is an inverted Axiovert 40MAT microscope from ZEISS, equipped
with 5x, 10x, 20%x, 50x and 100x objectives. A dual light source setup
allows transmission and reflection measurements. With respect to the
structures of interest either a Dark field, Bright field or dichroic mirror was
used.

2.3.3 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a local scanning probe microscopy method.
A sharp AFM tip (£ 10nm radius) scans over a sample surface to gener-
ate high lateral resolution profiles in a localized area. The atomic inter-
actions between the tip and the surface also cause shifts in phase and
amplitude providing not only topographical but also morphological (den-
sity, hardness) information. The best mode for scanning diamond films
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is the tapping mode in which intermittent contact is between the AFM tip
and the surface, other modes such as contact and non-contact are not
very applicable with these films.

(a) (b) (c)

Figure 2.4: Typical output of an AFM measurement. The topography (a) provides
height information, the phase (b) shows dampening of different ma-
terial properties and (c) is the phase on topography that provides a

realistic 3D image of the surface. Amplitude result is not shown.

In Figure 2.4 (b) an example of a typical height, phase and phase on topog-
raphy image is shown of a NCD surface (The amplitude plot is not shown).
AFM measurements in this work were performed with a Veeco Multimode
microscope combined with a Nanoscope llla controller from Veeco Digital
Instruments. Images were recorded in tapping mode. Measurements were
performed by Dr. H. Yin.

2.3.4 Scanning Electron Microscopy (SEM)

SEM is a broad area scanning electron microscopy technique compared to
AFM. The SEM has a significantly improved spatial resolution compared to
light microscopy due to the use of electrons, which have smaller wave-
lengths than photons. Another great advantage is the higher depth of
focus, making it especially suitable for studying surfaces with high rough-
nesses such as an unpolished titanium electrode shown in Figure 2.5 (a)
Recordings in this thesis were made on a field emission gun environmental
scanning electron microscope (FEG-ESEM) FEI Quanta 200F FEG-SEM (FEI
Europe, Eindhoven, The Netherlands) equipped with energy-dispersive x-
ray (EDX) and an electron backscatter diffraction (EBSD) detection. The
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(@) (b)

Figure 2.5: Examples of a SEM recording on a rough titanium surface (a) and a

typical 'smooth’ NCD surface.

EDX add-on makes use of x-rays (generated by the electron beam) that
allows element fingerprinting. The samples have to be conductive in or-
der to observe them by SEM. If not, the examined surface will be charged
with electrons and eventually this charge will cause drift of the electron
bundle. This could cause additional problems when using photoresists for
e-beam lithography. Typical recordings vary between magnifications of 10
to 200.000 times yielding in a maximum resolution of 5-10 nm. In this the-
sis, SEM is applied to obtain topographic information based on secondary
electrons (an example of a SEM recording of a NCD surface is shown in
Figure 2.5 (b)). Recordings were always made by Dr. ). D’'Haen and B.
Ruttens.

2.3.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a (semi)quantitative, surface
sensitive, technique that provides information about elemental composi-
tion, chemical- and electronic state. XPS is based on the photoelectric
effect, meaning that electrons are emitted from the surface by incident
X-ray photons. The kinetic energy of these escaped photoelectrons were
measured by an electron energy analyzer. Each and single element has its
characteristic binding energy that allow fingerprinting of the surface. The
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amount of detected electrons is counted for each specific energy value of
the measured spectrum. The XPS device was a 5600 LS electron spec-
trometer from Physical Electronics (Chanhassen, MN, USA). X-rays were
monochromatic (1486.6 eV), and produced by an AlKy source. XPS mea-
surements were performed by Prof. Dr. H.-G. Boyen and Drs. M. Saitner.
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2.4 Biological Characterization techniques

2.4.1 Covalent DNA coupling

The coupling of DNA was already a well established technique, it could
even be used as a benchmark technique to identify the presence of cer-
tain chemical groups at a surface. The carbodiimide coupling technique
forms an amide bond between a carboxyl (-COOH) and amine (-NH3) group
(Figure 2.6). If a short DNA strand with for instance 8 basepairs is used
with on the 5" end a carboxyl or amine group and on the 3’ a fluorescent
label. Than it is possible to couple such DNA strands to either an amine or
carboxy terminated surface respectively. The fluorescent label in combi-
nation with (confocal) fluorescence microscopy not only provides evidence
if the DNA is on the surface but also provides a qualitative view that allows
intensity comparison up to a certain extent.

Figure 2.6: DNA coupling used as a benchmark technique for optical character-
ization (fluorescent label Alexa 488). Via the carbodiimide pathway
it is possible to create an amide bonds. 2 different possibilities are

shown with either the amine or carboxyl group on the DNA strand.

2.4.2 Confocal fluorescence microscopy

Fluorescence is a relaxation process of an excited molecular singlet state
through the emission of a photon [78]. To explain fluorescence, a Jablonski
diagram can be used (Figure 2.7 (a)) [79]. If a fluorescent active molecule
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absorbs a photon with a specific energy, it is excited from the singlet elec-
tronic ground state Sp to an excited electronic state, e.g. S1, and a certain
vibrational substate. The excited state is unstable and the molecule re-
laxes back to the ground state via radiative and non-radiative processes.
The emitted photon has a longer wavelength (smaller energy) than the ab-
sorbed photon, due to the vibrational relaxation it undergoes. The differ-
ence between the adsorption and the emission peak of such a fluorescent
molecule is a red shit, also called the Stokes shift.

Fluorescing molecules contain delocalized electrons that readily switch be-
tween the molecular energy states. Therefore, they are most often aro-
matic or conjugated molecules. Some molecules are auto-fluorescent and
can be used as such in fluorescence-based techniques, while others are

(a) (b)

Figure 2.7: (a) Fluorescence principle according to the simplified Jablonski dia-
gram with VR the vibrational relaxation and IC the intersystem cross-
ing (non-radiative) in (b) the molecular structure of the Alexa 488

fluorphore.
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labeled with a fluorescent dye in order to be able to detect them. The
aforementioned Stokes shift is a very convenient property of fluorescence
because it allows fluorescence-based techniques to differentiate between
excitation light and emission light. The molecular structure of the fluores-
cent molecule of interest, Alexa-488, is shown in Figure 2.7(b).

For fluorescence measurements the samples of interest were mounted on
an adapted microscope slide and placed on the stage of a Zeiss LSM 510
meta confocal microscope (Jena, Germany). Confocal microscopy offers
major advantages over conventional wide-field fluorescence microscopy.
It eliminates/reduces the background information from above the focal
plane. This allows a high signal to noise ratio and creates high-quality
fluorescent images. The detection pinhole blocks most of the light that
is not coming from the focal plane. This leads to sharper images com-
pared to traditional fluorescence microscopy (Figure 2.8 ) and allows one
to obtain images at various z-axis planes (i.e. a z-stack) of the sample.

Figure 2.8: An example of a typical confocal image of a surface covered with
fluorescent labeled biomolecules, the black line is a bleach line which

proves fluorescence and provides a useful tool for normalization.

In Figure 2.9 a schematic representation is shown of the confocal setup.
This CFM is equipped with a 30 mW air cooled argon ion laser, which was
set at 45% of its maximum power (this corresponds to a tube current of 5.7
A). The fluorescent labeled molecules were excited with the 488 nm line
of this laser (selected by a 488 10 nm interference-based laser cleanup
filter, Omega Optical, Brattleboro, VT, USA) under the control of an AOTF.
After passing a 0.6 neutral density filter (25% transmittance), the excita-
tion light was directed to the sample via a dichroic mirror (DIC) (HFT 488)
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and a Zeiss EC Plan-Neofluar 10x/NA objective. The DIC separates the
light mixture by reflecting the laser light and only allowing the emitted
fluorescence light to go through.

Figure 2.9: Schematic representation of the confocal fluorescence microscopy.

Note the microscope is inverted so the sample faces downward.

The fluorescence collected by the objective was transmitted through the
DIC and through a LP505, BP535-565 or BP500-520 nm emission filter to
a photomultiplier tube. 2 detectors were used, one for the fluorescent
signal and another to image the background by recording the reflection.
Images were collected using the AIM Zeiss software. The zoom factor
was set to 1 or 4 resulting in 920 x 920 um?2 and 220 x 220 um? images
respectively. Photomultiplier gain and signal amplification were adapted in
order to have a sufficiently high signal. All images were recorded at 10%
of the acousto-optic tunable filters (AOTF) transmission (£30 uW at the
sample position) to avoid bleaching during the acquisition. For bleaching,
a rectangular ROl was defined. The bleaching was performed by 10 scans
of the region of interest (ROI) with the AOTF transmission set to 100%.
Out-of-plane fluorescence was reduced as much as possible by setting the
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detection pinhole to 1 airy unit (90 um diameter). If fluorescence was
quantized it was always using the same measurement parameters and
the signal was normalized versus the bleached line. The brightness of the
resulting image pixels corresponds to the relative intensity of detected
fluorescence light. Slower scans yield a better signal to noise ratio (S/N
ratio), which in turn leads to a better contrast.

2.4.3 Enzyme Linked Immunosorbent Asasy (ELISA)

ELISA, also known as an enzyme assay, is a biochemical diagnostic tech-
nigue mainly used in immunology to detect the presence of an antibody or
antigen in a sample. It also requires biofunctional activity of the receptors.
Typically an ELISA is performed in a 96 well polystyrene plate. For diamond
application an adapted ELISA protocol was developed. First, capture anti-
bodies were adsorbed (20 nM) at 37°C for 2 hours. Next they were blocked
overnight with 6w% BSA in 1 x PBS at 4°. After 2 x washing the CRP tar-
get analyte was added, this in various concentrations. The mixture was
left allow complex formation between the capture antibodies and the pen-
tameric CRP protein. Up to this point the procedure was label-free. ELISA
is based on a colorimetric reaction so a secondary antibody labeled with
an alkaline phosphatase (AP) was added. This 2"9-Ab-AP was added to
reach a concentration of 70 nM and incubated for an hour. The AP creates
an amplification system based on NADPH. This substance is transformed
by AP to NADH, which is the substrate for a secondary enzymatic redox
cycle. Diaphorase oxidizes NADH to NAD+ while reducing a tetrazolium
salt to an intensely colored formazan dye. Subsequently, while ethanol is
oxidized by alcohol dehydrogenase, NAD+ is again reduced to NADH, driv-
ing the cyclic behavior of the amplification reaction. After several minutes,
the reaction liquid was removed from the surface of the NCD samples with
a micropipette, and transferred into the wells of a microtiter plate. This
microtiter plate was subsequently placed inside an ELISA reader, and the
absorption of the colored product was measured at 405 nm.
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2.5 Electrochemical techniques

2.5.1 Electrochemical Impedance Spectroscopy (EIS)

The complex impedance spectroscopy (IS) was first applied in the field of
electrical engineering in the early 1880’s [80] because it allows studying
of electro(chemical) properties of materials. There are 2 main categories
of impedance spectroscopy : Electrochemical IS (EIS) and everything else!
EIS involves measurements and analysis of materials in which ionic con-
duction strongly predominates. Examples of such materials are solid and
liquid electrolytes, fused salts, ionically conducting glasses and polymers,
and non-stoichiometric ionically bonded single crystals, where conduction
can involve motion of ion vacancies and interstitials. The remaining cat-
egory of IS applies to dielectric materials: solid or liquid non-conductors
whose electrical characteristics involve bipolar rotation, and to materials
with predominantly electronic conduction.

In this thesis EIS is used for thorough characterization of electrode mate-
rials. Another important, and major employment of EIS is the label-free
readout of biosensors which is the main topic of this dissertation. The
advantages of EIS far surpasses the drawbacks. EIS allows careful signal
analysis via a non-destructive way about 'black-box’ systems containing
resistors, capacitors and (hopefully no) inductors. Also the technique is
straightforward, fast, easy to miniaturize, it allows real-time information
and can be applied in almost any sensor application. A minor drawback is
the signal interpretation, i.e. the smallest molecular events that occurs at

Figure 2.10: Schematic representation of an ELISA amplification assay on dia-
mond. In 1. the primary receptor is added, 2. is BSA blocking, 3. is
the addition of the antigen, 4. the secondary antibody and 5. the

conversion of NADH to NAD+ followed by the color reaction.
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an interface can cause changes in an impedance spectrum. Therefore, itis
of key importance to understand the basic principles of the technique and
the electrode behavior. There is also need for sensor optimizations before
conclusions can be made. Also one should always keep in mind that no
two systems are the same, and that EIS is sensitive to even the smallest
changes [81].

The power of time resolved impedance with the careful modeling of the
spectra at certain intervals can reveal and explain the events that take
place at the electrode/sensor interface. EIS can be used in simple lig-
uid cells with a 2 electrode configuration which represent the working and
counter electrode. This setup allows easiness of implementation for sensor
applications. However, as soon as there are charge transfers (faradaic cur-
rents) occuring it is of great importance that there should be an additional
reference electrode (Silver/SilverChloride (Ag/AgCl), Standard Hydrogen
Electrode (SHE) or Calomel electrode) for proper signal acquisition and in-
terpretation. It is also important to use noble electrode materials (such
as gold or platina) to avoid any Galvani potentials. When two electrodes
are submerged in an electrolyte, electrons will flow from the metal with
a lower work function to the metal with the higher work function until an
equilibrium is reached. This effect could cause an offset to the impedance
signal that leads to misinterpretation of data.

Figure 2.11: Voltage and current signals from an impedance measurement with

a difference in amplitude and phase shift.
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As mentioned before, a small alternating sinusoidal voltage Ug of a given
frequency and amplitude is applied to a system and the response current
lo is monitored (Figure 2.11). The resulting current through the system is
measured as a function of time, and the phase shift 0 relative to the input
signal is determined. This procedure is repeated at different frequencies,
and the impedance |Z| can than in accordance with Ohms law be calcu-

lated as:
U
z= (—0) (2.7)
Io

The excitation signal, expressed as a function of time, has the form:
U = Upsinwt = Uge/@t (2.8)

With U; the potential at time t, Ug is the amplitude of the signal, and
w is the radial frequency. The relationship between radial frequency (w)
(expressed in radians/second) and frequency (expressed in Hz) is:

w=2mnf (2.9)

In a linear system, the response signal, I; is shifted in phase (8) and has a
different amplitude, Ig

Ity = Ipsinwt = Ioe/(@tH+9) (2.10)

As mentioned in Eq. 2.7, Ohms law allows to calculate the impedance of
the system as:

Ut Ugsin(wt) sin(wt)
Z(W)=—=—"—"—"-=Z0—————
It  Ipsin(wt+ 6) sin(wt +06)
The impedance is therefore expressed in terms of a magnitude, Zg, and a
phase shift, 6.

By using Eulers formula:

(2.11)

exp(j6) = cos 6 +jsind (2.12)

It is possible to express the impedance as a complex function. The poten-
tial is described as:

Ut = Upexp(jwt) (2.13)

and the current response as:
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It =Ipexp(jwt — 0) (2.14)

The impedance is then represented as a complex number:
U
Z(w) = T =Zoexp(jO) = Zo(cosO + sinb) (2.15)

The impedance thus consists of a real part and an imaginary part where
the real part is:

Re(Z)=Z =|Z|cosb (2.16)
And the imaginary part is:

Im(Z) = Z = |Z|sin6 (2.17)

There are different ways to represent an impedance plot depending on the
property of interest. The most common ways are the Bode and Nyquist
plot. Besides those also the complex capacitance (C'/C”), complex admit-
tance and the Cole-Cole plot exist. The Bode plot represents 2 graphs with
the according frequency dependence. Here the phase (8) and logio of the
modulus (]Z|) are plotted against the logip of the frequency (Figure 2.12
(a)). From Eq. 2.16 and Eq. 2.17 can be seen that Z(w) is composed of a
real and imaginary part. When the real part is plotted (x-axis) against the
negative of the imaginary part (y-axis) a Nyquist plot is obtained, shown in
Figure 2.12 (b). Each point in the Nyquist plot is the impedance at a fixed
frequency. For the electrochemical impedance spectroscopy data, where
impedance usually decreases as frequency increases, low frequency data
are on the right side of the plot and higher frequencies are on the left. The
data can be represented as a vector of length |Z| and the angle between
this vector and the x-axis is 6.

The impedance spectra in the previous Figure show a frequency depen-
dent behavior. Depending on the frequency we focus on a different frac-
tion of the biosensor.

The measured spectra can be fitted with an equivalent circuit consisting
of the following components: resistors (R), capacitors (C), constant phase
elements (Q,n) in case of non-ideal capacitors, inductors (L) and a dif-
fusion limited resistance 'the Warburg’ component (W). These elements
and their impedance contribution are presented in Table 2.1. The cho-
sen model must have physical meaning to the system [82]. The fitting



48 CHAPTER 2. MATERIALS AND METHODS

(a) (b)

Figure 2.12: (a) Typical Bode plot for a Randles cell, R(QR), with the modulus
(]Z]) and phase (6) plotted versus the frequency. (b) Nyquist plot of
a typical R(QR) model. The length of the vector is modulus and the
angle with the real-axis is the phase shift. Note that w=2nf

was done by ZSimpWin V 3.21 (Princeton Applied Research, Tennessee,
USA) which was based on an iterative least square fitting of the spectra
using the chi-square (x?2) for the entire model and the percent error values
for each circuit component to determine the fit of a given model to the
experimental data. The quality of the fit is determined by the x2 which
represents the goodness of fit. According to literature a x2 of < 1073 is
acceptable for a given model. However, many circuits can be fitted result-
ing in good x?2’s, but this doesn’t mean that they are of application within
the concept. Also, the addition of an extra component to the model can
only be accepted if the x2 drops with one order of magnitude (Boukamp
Theorem). The algorithm shown in Table 2.2 shows the calculation of the
X2

The spectra shown in Figure 2.12 are from a typical Randles cell shown in
Figure 2.13 (b).The Randles cell consists of a series resistance (electrode,
wiring, solution, ...), Rs, a double layer capacitor, Cq;, and a charge trans-
fer, polarization or double layer resistance, (R¢t, Rpot,Rar). The physical
idea behind this theoretical model is the formation of a double layer at the
(diamond) electrode/electrolyte interface as described in section 1.5.5.
It is clear that if molecular events take place at this interface the dou-
ble layer properties will change and will therefore cause changes in the



2.5. ELECTROCHEMICAL TECHNIQUES 49

Figure 2.13: Cartoon of the equivalent circuit obtained on semiconducting dia-
mond (cross-section) immersed in an electrolyte solution. With Rs
the electrolyte resistance, Qg the double layer capacitance, Ry, the
charge transfer, polarization or adsorption resistance at the inter-
face, Qsc the space charge capacitance and Rsc the space charge

resistance.

impedance. In the case of diamond the Randles cell is only of application
for highly doped diamond films in contact with an electrolyte. When semi-
conductive diamond electrodes are used, an additional segment (QR) is
added (shown in In Figure 2.13 (a)) to compensate for the band bending
in the diamond film. Note, the band-bending is not influenced by mor-
phological changes, as the double layer, but is sensitive to charges (see
section 1.5.5).
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Table 2.1: Components for equivalent circuit fitting

Component Impedance Info
R ZR Resistor
L Z =jwlL Inductor
C Zc=(jwC)~1 Capacitor
Q Zcre =Qo~! (jw)™" Constant phase element
w Zw = Yo L(jw)~ %> Warburg component
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Table 2.2: Equivalent modelling algorithm

Datapoints and parameters

1. Experimental data point (frequency, Zreat, Zimag [ Wi, ai, bl
2. Parameters associated with model,p=(p1, p2,....Pm)

3. Calculated point ( w;, Z/( wi:p), Z»( wi:p))

4. Weighing factors[w;, W'r, W'r']

Application of statistics

The distance between experimental and calculated points,
d? = (ai- Z'(wip))? + (bi - Z"(wizp))?

The goodness of fit to model:

7 (i B))2 — 7" (i B))2 .
x2=yp  la=zleco) :z(b’ Z Wip)” \yhere n is the number of data-
i

points.
Weighting options:
Unity weighting, o;=f

Modulus weighting, oi=1/a? + b?

2.5.2 Cyclic voltammetry

Cyclic voltammetry (CV) is a potentiodynamic electrochemical measure-
ment. A typical experimental setup consists of the following electrodes: a
reference- (RE), working- (WE) and counter electrode (CE) (See Figure 2.14
(a)). In a CV the potential at the WE is ramped linearly versus the refer-
ence electrode, and the current is measured between the working and
the counter electrode. The WE serves as the surface at which the elec-
trochemical reaction takes place. It is of utmost importance that the elec-
trode area has a controlled surface area for interpreting and comparing CV
results. In any case it is best that the electrodes are inert conductive mate-
rials such as gold, platinum, etc. The supporting electrolyte needs to have
an adequate conductivity for allowing charge transport to observe any
electrochemical phenomena. The most common reference electrodes are
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the Saturated Calomel Electrode (SCE), the Normal Hydrogen Electrode
(NHE) and the Silver/Silver Chloride (Ag/AgCl) electrodes. The Silver/Silver
Chloride electrode (Ag/AgCl) can be easily miniaturized which makes it
the most favorite electrode for integration in sensor systems. The actual

(@) (b)

Figure 2.14: In (a) a schematic representation is shown of a cyclic voltammetry
setup and in (b) the principle of mass and electron transfer between

the redox species.

recording of the i/V curves is done by cycling the voltage in function of
time with a certain scanspeed. The resulting current is measured and also
plotted in function the corresponding voltage. Which means, that when a
redox-active species (such as K3Fe(CN)6+3/+4) is used, a reversible elec-
tron transfer process should occur. If the a succesfull reversible cycle has
taken place, a typical ‘duck’ like figure should arise as shown in Figure
2.15. Normally cyclic voltammetry is used to study the electrochemical
properties of an analyte in solution, but if a known analyte is used it can
also be a characterization technique for different electrodes.

The K;Fe(CN),*¥**) redox couple is a single electron transfer reaction
mechanism between the oxidized (O) and reduced (R) state.

O+e Xred g (2.18)

RX04e (2.19)
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The current flowing in either the reductive or oxidative steps can be pre-
dicted using the following expressions:

iR = —FAkoch (221)

For the reduction reaction the current ig is related to the electrode area
A, the surface concentration of the reactant Cp, the rate constant for the
electron transfer kreq and Faraday’s constant F. This is similar for the oxi-
dation. By definition the reductive current is negative and the oxidative is
positive. The total electrolysis is not only dependent on the rate constant
but also on the mass transport that is dominated by diffusion (Figure 2.14
(b)). The current that originates from the redox reactions can only be
maintained if the supply of 'fresh’ species from the bulk towards the inter-
face is maintained. So if larger concentrations are used, a larger entropic
force is present resulting in a larger diffusion coefficient and therefore also
in a larger anodic or cathodic current.

2.6 Diamond growth

Diamond growth was carried out in an ASTeX 6500 series (MPECVD) re-
actor on an electronic isolating fused silica or conductive Si (100) (1-20
Q- cm) substrate which was treated with a colloidal suspension of 5 to 10
nm detonation diamond. The temperature was monitored by a Williamson
Pro92 dual wavelength pyrometer. Growth was performed in a CH4/H2
plasma with methane concentrations between 0.5 to 5%. Doping was in-
duced by trimethyl boron gas (B(CH,),) with a 800-7000 ppm boron con-
centration for all samples. The substrate temperature was 700°C induced
by 3500 W of microwave power and a total pressure of 33 hPa. The growth
was stopped when the B:NCD layers reached a thickness of 150 - 200 nm
and cooling after growth was done under hydrogen. During growth the
thickness was monitored by a 20 mW laser based interferometer from Al-
techna operating at a wavelength of 473 nm. Diamond hydrogenation was
done in a Hy plasma (50 Torr, 800°C, power 4000 W, duration of 1 min)
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(b)

Figure 2.15: Working principle of a CV measurement. The potential is swept ver-
sus the time (a) and the according current is recorded. (b) shows the
typical 'duck-like’ voltammogram for a 10 mM (b) shows the typical
"duck-like’ voltammogram for a 10 mM K3Fe(CN){¥*4in 1 x PBS at
25°



Chapter 3

Diamond: an ideal

electrode material

3.1 Diamond as an electrode in aqueous so-

lutions

In the following sections the use of diamond as an electrode for electro-
chemical applications is discussed. First, a brief motivation is given why
diamond is interesting and further on improvements are shown of tradi-
tional metal electrodes. Pleskov et al introduced in 1987 doped-diamond
into electrochemistry [83]. Since then, the largest potential window mea-
sured in aqueous solution is up till now attributed to diamond [84, 85].

3.1.1 Diamond compared to other electrodes

In comparison to other electrodes, diamond has by far the most improved
electrochemical performance. In cyclic voltammetry it shows a minimal
background current, little ionisable or redox active groups on the surface
and stable electrode properties which make it an ideal candidate for elec-
trochemical applications. In contrast to diamond, many (metal) electrodes
cause early hydrogen and oxygen evolution to kick in, resulting in a small
potential window when measuring in aqueous solutions [83]. To further

55
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Figure 3.1: Cyclic voltammetric i-E curves of 4 different electrode materials i.e.
Palladium, Titanium, Gold and diamond. The Ti(-) reference had a
similar behavior as the other Ti electrode and is not shown. The
recordings were made in 1 x PBS at pH 7.4 with a scanspeed of 100
mV/s.

clarify this, a comparison was made between different electrode materi-
als (palladium (Pd), titanium (Ti) and gold (Au)). After metal deposition
and diamond growth, all of the electrodes were first 1 hour oxidized via
uv-ozone and immediately afterwards the i-E curves were recorded in 1 x
PBS. The results are shown in Figure 3.1. The palladium (Pd), titanium (Ti),
reference titanium (Ti-, no uv-oxidation) and gold (Au) all have multiple
large peaks caused by faradaic currents that are intrinsic to the material
itself and are therefore detrimental for electrochemical applications. The
diamond coated electrode stands out and resulted in a unique, extremely
uniform and symmetrical shape. No faradaic currents were observed in
the potential window of -1.75 to 1.75 V which is significantly larger and
better than the other electrodes proposed here. These results trigger the
interest to apply diamond coatings on various electrodes to improve their
electrochemical properties.
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3.1.2 Coating metal electrodes with diamond improves

electrochemical properties

Regarding the drawbacks of metal electrodes shown in Figure 3.1, there is
a need to create ideal electrodes for a whole range of applications ranging
from in vitro cell studies, nerve stimulation to pacemaker leads. In the
scope of these projects the following experiments were done:

e Coating of Platinumlridium (Ptlr) electrodes with B-doped uCD (B-
HCD) and monitor their electrochemical behavior for in vitro / in vivo
applications

e Coating of various thin metal wires for applications in cardiac stimu-
lation electrodes

Currently the Ptir electrodes were used for nerve stimulation but they have
the potential to become in vivo implants. Of course, there is first need for
in — vitro cell culture studies. Here it is important to have a broad po-
tential window without faradaic currents related to the hydrolysis of the
aqueous solution nor possible electrode oxidation. When oxygen or hy-
drogen is formed, the pH shifts to non-physiological conditions causing
cell death. Therefore, the Ptir electrodes were measured by EIS and CV
before and after diamond coating. In Figure 3.2 (a) a SEM recording is
shown of a Ptlr mini-electrode coated with a thick, heavily boron doped
polycrystalline diamond film (inset). The i-E voltammograms before and
after coating are shown in panel (b). It is clear that the bare PtiIr electrodes
have an improved behavior compared to the other metallic electrodes dis-
cussed in Figure 3.1, but still have increasing currents in a large poten-
tial window. The diamond coated electrodes behave as expected, with a
very low background current (nA) in a larger potential window. From fit-
ting EIS measurements (results not shown) with the typical Randles cell
an interface capacitance of 52.1 uF was obtained for the bare electrode
and 2.5 uF for the diamond coated electrodes. It was observed in all im-
pedimetric diamond measurements throughout the thesis that diamond
electrodes have a typical smaller double layer capacitance compared to
metallic electrodes.

The second was the electrochemical study of various wire electrodes coated
with diamond for biomedical applications. Here, only the result of a 0.25 mm
titanium wire is discussed. Figure 3.2 (c) shows a SEM recording of the
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wire tip and the inset focusses on the NCD film. Again the i-E curves be-
fore and after coating are recorded (panel d). The bare titanium electrode

(c) (d)

Figure 3.2: In (a) a SEM recording of the Ptlr microelectrode substrate coated
with B-uCD. The inset shows the morphology of the surface. In panel
(b) cyclic voltammetric i-E curves are shown of the Ptlr electrode be-
fore and after coating. Panel (c) a SEM recording of the thin Ti wire
electrode, also here the inset focusses on the NCD film. Panel (d)
shows cyclic voltammetric i-E curves before and after titanium coat-

ing. Recordings were made in 1 x PBS at a scanrate of 100 mV/s.
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has a clear cathodic shoulder at -0.9V which disappears completely after
diamond coating. EIS spectra (results not shown) revealed that the bare
titanium suffered from oxidation and that after coating these adverse ef-
fects disappear. Regardless the insulating properties of intrinsic diamond,
these electrodes and coatings find their interest in biomedical applications
rather than electrochemistry.
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3.1.3 Superior diamond electrodes for electrochemi-

cal sensing

Here high quality uCD electrodes were grown with a high boron doping
(5000 ppm). A SEM recording in Figure 3.3 (a) shows the large diamond
grains (> 500nm). When measuring with hydrogenated diamond in aque-
ous solutions and applying a large potential window (>3V) the surface
becomes anodically oxidized. In Figure 3.3 (b) a nice contrast is given be-
tween the hydrogenated surface and locally oxidized area. According to
literature even electrochemical hydrogenation can be performed in acidic
environments [86].

The surface termination and contaminations of diamond electrodes are
also important to take into consideration. In Figure 3.4, two different
voltammograms are shown with panel (a) recorded in 1 x PBS and panel
(b) recorded in 1 x PBS with 10 mM K3Fe(CN)6‘3/‘4. In both figures
there is a comparison made between "as-grown" (hydrogenated) and thor-
oughly oxidized diamond. In panel (a) the as-grown diamond shows an an-
odic peak peak around 1.1V resulting from the oxidation of non-diamond
carbon impurities at the surface presumably forming a variety of carbon-
oxygen functionalities. Also the as-grown result from panel (b) has addi-
tional (unwanted) peaks. It is clear that hydrogenated diamond favors the
electrode transfer and therefore resulting in larger anodic Ipq and cathodic

(a) (b)

Figure 3.3: In (a) a SEM recording of a uCD film is shown and in (b) the contact
angle of MilliQ water on the same film which is hydrogenated (left)

and (locally) anodically oxidized on the right by cyclic voltammetry
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currents Ipc. After oxidation the anodic peaks from panel (a) disappeared
and the voltammogram from panel (b) now only shows a typical single
electron transfer voltammogram. The oxidized surface however results
in a slightly less favorable electrochemical electrode due to the reduced
currents but it has still very stable and reversible voltammograms. From
this we learn that it is better to oxidize the diamond prior to use to reduce
surface contaminations as much a possible.

(a) (b)

Figure 3.4: Cyclic voltammetric i-E curves for (a) a high quality diamond recorded
in1 x PBS. In (b) the same diamond film as in (a) but now a K3Fe(CN)g
redox couple was added. Scan rate 100 mV/s

If not mentioned otherwise the standardized measurement conditions were
1 x PBS with 10 mM K3Fe(CN)g as a redox mediator at pH 7.4 at 30°C. The
electrochemical behavior of uCD electrodes was further studied by varying
the following measurement conditions.

e Concentration of the supporting electrolyte (0.1x to 10xPBS
e Temperature (20 to 40°)
e Concentration redox agent (1 uM to 0.1 M)

By increasing the ionic concentration of the supporting electrolyte (Fig-
ure 3.5 (a)) the charge transport originating from the redox species is also
improved. Two significant effects can be seen, the first is the increase
in anodic (ipa) and cathodic (ipc) peaks and the second is the decrease
in peak separation (AEp). Both effects indicate a positive effect on the
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charge transfer and electrode kinetics.
A perfect, reversible redox system fulfills the following requirements:

e The peak current ratio = ipa/ipc = 1
e The peak current function ip/v0-> has a linear relation (v = scan rate)

For the high quality diamond films we measured peak current ratio’s reach-
ing unity. A linear relation between the anodic and cathodic peak currents
in function of the scanrate was observed (Figure 3.5 (b)). Even peak sepa-
rations up to 80 mV for 10 x PBS were measured. From this we learn that
the supporting electrolyte is of utmost importance to improve the elec-
trochemical performances! In literature, CV experiments were done in a
wide variety of supporting electrolytes such as LiCl, KCIl, H,SO4 etc. These
result in even better voltammograms, but with the scope of biomedical
related applications it is of key importance to understand the behavior of
electrodes under physiological conditions and therefore our focus remains
on 1xPBS as supporting electrolyte.

(a) (b)

Figure 3.5: In (a) a dose response curve of the anodic current for various
K3Fe(CN)e concentrations. (b) shows cyclic voltammetric i-E curves
of different temperatures. The supporting electrolyte is 1xPBS with a

scanrate of 100 mV/s.

By using various concentrations of the redox couple in 1 x PBS, the cur-
rents vary largely and a dose response curve for the ia is obtained (Fig-
ure 3.9 (a)). The limit of detection for this outer shell single electron trans-
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fer redox couple Fe(CN)6‘3/‘4 was found to be in the range of 10 to 100
UM. The effect of increasing the temperature enhances the diffusion, and
therefore the transport of fresh redox species to and from the electrode
interface increases, resulting in higher anodic and cathodic peak currents
(Figure 3.9 (b)).

(a) (b)

Figure 3.6: Behavior of the voltammograms with different concentrations of sup-
porting electrolytes (a) and a dose reponse curve for the redox couple

concentration (b).

In addition, efforts were made to employ these uCD diamond electrodes
for immunosensing using cyclic voltammetry. In Figure 3.7 the i-E curves
are shown. The background was recorded in 10 mM Fe(CN),~~* with 1
x PBS as supporting electrolyte and after a stable signal was obtained,
20 nM antibodies were added. After addition, the anodic and cathodic
current dropped together with an increase in AEp. This indicates that
the adsorbed antibodies form a blocking layer at the electrode interface
which impedes charge transfer across the interface. The increase in AEp
is due to deterioration of the rate constant and therefore also loss in good
electrode kintectis. After 40 minutes of adsorption, 100 nM antigens, CRP,
were added. Hereafter, no additional changes were observed in either
the peak currents nor AE,. This indicates that when the entire surface
is blocked, the charge transfer and electrode properties were no longer
influenced by additional changes on the molecular layer, such as antigen
binding.
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Figure 3.7: Cyclic voltammetric i-E curves of the in situ measurement of the ini-
tial state (black), immobilization of the receptor layers (red) and the
addition of the CRP (green).

3.1.4 Conclusion

In the previous subsections we discussed the use of diamond as coat-
ing layer on metal electrodes to improve their electrochemical properties.
They were characterized by scanning electron microscopy, cyclic voltam-
metry and electrochemical impedance spectroscopy. Especially the use of
CV does not only provide usefull electrochemical information but serves
also as a benchmark technique to inspect the film quality. We also found
that surface contaminations are detrimental for electrochemistry and that
all diamond samples are hence forth oxidized prior to electrochemical
measurements.

The use of high quality boron doped uCD approaches an ideal reversible
reversible system. However, from biosensing point of view, cyclic voltam-
metry does provide information about protein adsorption and the blocking
of the surface impeding charge transfer but up till now, no evidence of
antibody antigen binding was measured.

Note, the cyclic voltammetry is a very easy setup when working with com-
mercial electrodes, but when custom made electrodes with different ge-
ometries were used, it became an engineering challenge for the succesfull
packaging to obtain a correct and noise-less read-out. As additional infor-
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mation we devoted an appendix on different solutions to these read-out
problems, they can be found in Appendix 2?
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3.2 Electrochemical properties of variations
in [C/H]-ratio.

In the following section different nanocrystalline diamond samples were
used, grown under different conditions. The boron/methane ratio ([B/C]-
ratio) was kept constant (5000 ppm) whilst the methane/hydrogen ratio
was varied systematically between 1 and 5% ([C/H]-ratio). Janssen et
al proved that small variations in grain size causes significant changes
in mobility and resistivity [87, 31]. Therefore, we used the same dia-
mond substrates to study if there was a relation between the morphologi-
cal variations and the electrochemical behavior of these electrodes using
impedance spectroscopy and cyclic voltammetry.

3.2.1 Experimental

All the diamond samples were grown with a boron content of 5000 ppm
and the [C/H]-ratio was varied between 1 to 5%.

(@) (b)

Figure 3.8: Photographs (a) of the contacts on the diamond samples. The blue
color originates from the high boron content. In panel (b) the elec-
trochemical setup is shown. With a Pt wire as counter electrode (CE),
Ag/AgCl as a reference electrode (RE) and the diamond film as the

working electrode (WE)
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Afterwards the samples were provided with ohmic Ti/Al contacts (20/150
nm) as shown in Figure 3.8 (a). Next the samples were thoroughly oxidized
for 2 hours in an uv-ozone system. Afterwards they were packaged in a
PGA socket (Global Chip Materials, USA) and wirebonded. A fluid cell was
mounted on top with a capacity of 130 ul. Figure 3.8 shows in panel (a) the
diamond samples with Ti/Al contacts and in panel (b) the packaged sample
in the electrochemical setup. Electrochemical measurements were mea-
sured with an electrochemical potentiostat capable of measuring cyclic
voltammetry and electrochemical impedance spectroscopy (lvium, Eind-
hoven, Netherlands). Measurements were carried out with a conventional
three-electrode setup, which included a Pt wire (Goodfellow, England) as
a counter electrode (CE) and an Ag/AgCl reference electrode (RE) (Dryref,
Precision Instruments, USA). The diamond film served as the working elec-
trode (WE). EIS and CV were done with the lviumstat Electrochemical
impedance analyzer (lvium, Netherlands). EIS measurements were per-
formed between 10 mHz and 100 kHz with a Vosc of 50 mV in 1 x PBS at
pH 7.4 as the supporting electrolyte. Cyclic voltammetry was performed
with a 10 mM KsFe(CN)gs redox mediator in 1 x PBS in a potential window
of -0.8 to 0.8 V with scan rates of 10, 20, 50, 100, 200 mV/s. All mea-
surements were performed in a temperature controlled incubator (Binder,
Germany) at a constant temperature of 30°C if not mentioned otherwise.

3.2.2 Results

Electrode characterization

All of the used NCD films had an uniform film thickness of 150 nm %+
15nm and were all grown with the same Boron/Carbon-ratio [B/C]-ratio
(5000 ppm). The only parameter that changed between the samples was
the [C/H]-ratio.

The samples were grown by linearly increasing [C/H] from 1% to 5% in or-
der to create grain sizes of decreasing dimensions. The average grainsize
decreased from 67 nm for the 1% to 47 nm for the 5% respectively. The
samples will therefore also be denoted according to their [C/H]-ratio, i.e.
1%, 2%, 3%, 4% and 5% respectively. Figure ?? shows only the 1% and
5% sample. With the scale bar at 1 um, clear differences can be seen in
the size of the diamond crystallites.

In Figure 3.10, Raman spectra of the 5 different diamond samples are
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(a) (b)

Figure 3.9: SEM recordings of (a) the 1% NCD sample with an average grain size
of 67 nm and in panel (b) the 5% sample with an average grainsize

of 47 nm.

shown. Because Fanon resonance is a problem with boron doped diamond,
exactly the same diamond samples were grown without boron to indicate
the relation between the sp?/sp3 content. The clear and sharp peak at
1332 cm~1 s related to the sp3 carbon contribution (P3); the peak at 1582

Table 3.1: Summary of the main morphological characteristics of the B:NCD films
as a function of the C/H-ratio. The grain sizes are calculated from XRD
spectra and the roughnesses are calculated from AFM measurements

(results adopted from [31].

C/H-ratio Resistivity Grain Size Roughness

(%) mQ cm (nm) (nm)
1 4.6 67 18.4
2 5.1 61 15.3
3 6.4 50 13.2
4 6.7 54 12.0
5 7.5 47 8.2
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cm~1 can be attributed to the graphite G-band (P6). At last, the broad
peak appearing as a 'shoulder’ at 1350-1360 cm~! can be attributed to
the disordered sp? carbons which give rise to the graphite D-band peak.
The point of interest is the ratio between P3 and P5,P6. The larger

Figure 3.10: Raman spectra of NCD samples with different [C/H]-ratio. The
ratio between P3 and P5 is a measure for the sp?/sp3 content.
Source:[31]

Non-Faradaic processes

With impedance spectroscopy the current response of an electrical circuit
to an alternating potential input is measured. The system was composed
of the working electrode (B-NCD:O), the electrolyte solution (1 x PBS at
pH 7.4 and 30°C), a platinum wire serving as a counter electrode and an
Ag/AgCl as reference electrode. First, a control experiment is shown that
serves a starting point for further understanding of the diamond electrode
behavior. Here, a sputtered platinum film electrode was used, with the
same dimensions as the B-NCD films. Figure 3.11 shows a typical Bode
plot of a platinum film serving as a working electrode (note: WE: Pt, RE:
Ag/AgCl and CE: Pt). The experimental data was fitted with the Randles
model (Figure 3.12 (a)) and a good x?2 of 1.4 x 10~% was obtained, indicat-
ing a proper fit between the theoretical model and the physical system.
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Figure 3.11: Bode plot of a Platinum film serving as a working electrode in the
electrochemical setup. The experimental data was fitted with the
Randles model R(QR). The spectrum was decomposed into three

regions to serve as a starting point for further understanding.

To further understand the model the Bode plot will be divided into 3 re-
gions i.e. the low (< 1Hz), middle (1 Hz to 1 kHz) and high frequencies (>
1kHz). Each domain is dominated by a certain component of the equiv-
alent model. In the high frequencies, the modulus mainly represents the
series resistance (Rs), only when the phase approaches 0°. When the fre-
quency decreases, the phase starts to drop and directly proportional the
modulus starts to slope upward to reach a higher impedance value corre-
sponding to the polarization resistance (Rpo() located in the low frequen-
cies. The decrease of the phase angle in the middle frequencies, indicates
a capacitive behavior that originates from the electrode/electrolyte inter-
face (see section 1.5.5). However, the applied circuit deviates slightly
from the original Randles model. Here, the perfect capacitor is replaced
by a Constant Phase Element (CPE). In nearly all electrolyte/electrode sys-
tems the CPE is used to account for frequency dispersion of the double
layer capacitance.
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Figure 3.12: Equivalent models for electrode/electrolyte systems. (a) the typical
Randles model and in (b) an adjusted model with a Warburg compo-

nent to compensate for diffusion and adsorption effects.



72 CHAPTER 3. DIAMOND: AN IDEAL ELECTRODE MATERIAL

(b)

Figure 3.13: Bodeplots showing the modulus (a) and the phase (b) of the 5 differ-
ent diamond samples. All of them were fitted with the model from
Figure 3.12 but only 2 are shown. Representation shows half of the

datapoints for clarity.
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The impedance response of a CPE is:

1
Z=— (3.1)
(QUw)™)

In which Q has units of S- s”/cmZ2. In the case of an ideal capacitive in-
terface, the exponent n = 1 and the CPE element is purely capacitive. If
the associated exponent (n) approaches zero, the impedance reduces to
an ideal resistor and if n = 0.5 than a Warburg impedance is obtained, in
which diffusion limited effects take place. It is known that the impedance
behavior reflects the electrical and electrochemical properties of the elec-
trode materials and electrolyte solution, as well as the microscopic mor-
phology of the interface. Since the electrolyte solution, counter electrode
and measurement conditions were kept the same, the only significant dif-
ferences were the morphological properties of the various samples (1-5%),
as was already shown by SEM in Figure ?? and Raman in Figure 3.10.

In Figure 3.13 the Bodeplots of the 5 different diamond samples are shown.
In total 15 datapoints per decade were measured but less are shown for
clarity, the fitting is represented by the full line. Panel (a) shows the mod-
ulus and (b) represents the corresponding phase. Within these 5 samples
there are specific frequency dependent characteristics that clearly stress
out the differences between each sample. Fitting the impedimetric data
with the classical Randles model from 3.12 (a) resulted in poor fits with x2
of 1072 and worse. According to literature at least a x2 in the order 103
or lower is acceptable for a given model with a proper physical approxi-
mation. When measuring at lower frequencies, adsorption and diffusion
phenomena come into play and the addition of a Warburg component (W)
is necessary to account for these effects. After addition of the Warburg
component in series with the Rpg, significantly better fits were obtained
for all the samples, for all frequencies ( x2 below 5 x 10~4). The updated
model R(Q(RW)) is shown in Figure 3.12 (b). By decomposing the spectra
and fitted results, a better insight into the electrochemico-morphological
differences was obtained.

The Rs can be extracted either mathematically or graphically from the
high frequency domain. Both the calculated and graphical results show a
direct proportional relation between Rs and the [C/H]-ratio. This also cor-
responds with the resistivities from Table 3.1. It is clear that Rs not only
comprises the electrolyte solution but also includes the resistance of the
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electrode itself (Eq 3.2).

Rs= Relectrolyte + Relectrode (3.2)

In this case there is a large contribution of the electrode resistance to the
total Rs because the diamond was grown on an insulating quartz substrate
and therefore relies on in plane conductivity, instead of perpendicular con-
ductivity in the case of conductive substrates. Figure 3.14 (a) represents
the relation between the calculated Rs and the [C/H]-ratio.

In the middle frequency domain the phase shifts to lower frequencies with
increasing [C/H]-ratio. Interestingly the Qg; was also directly proportional
to the [C/H]-ratio as can be seen in Figure 3.14 (b). By increasing the [C/H]-
ratio the double layer capacitance increases from 1.54e~° F for the 1% to
2.46e~° F for the 5% sample. From literature it is known that non-diamond
sp? carbon results in a larger interface capacitance [88]. From the Raman

(c)

Figure 3.14: Summary of the calculated values of the impedance spectra with
R(Q(RW)) model. The parameter of interest is plotted against the

corresponding sample.
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measurements in Figure 3.10 an increase in sp? carbon content was ob-
served with increasing [C/H]-ratio. Another clear difference was observed
in the low frequency regime. Especially the phase plot (Figure 3.13 (b))
indicates large differences. These changes are represented by a Raps and
Warburg component. The Warburg is a diffusion-related impedance ele-
ment (in the infinite-length approximation) with an impedance of:

1
"~ Qu(jw)o->
It is of utmost importance that for low frequency measurements the War-

burg component is present to fit the data that suggests a slow adsorp-
tion/desorption process dominates at low frequencies [48].

Zw (3.3)
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(a) (b)

(c) (d)

Figure 3.15: Bode plots of the 1 % diamond sample as illustration. In (a) the
modulus of temperature variation (20-30-40°C) is shown. Panel (b)
represents the corresponding phase. Panel (c) and (d) show the
modulus and phase plots of varying the ionic concentrations ranging
from 0.001 x PBS to 10 x PBS respectively.
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The gradual change of the Warburg is also positively correlated to [C/H]-
ratio which indicates, that depending on the morphology of the diamond
there are different physicochemical events occuring at the interface (Fig-
ure 3.14 (c¢)). This finding is also supported by the inverse relation of the
Raps (Figure 3.14 (a)).

To further identify these changes, 2 measurement parameters were var-
ied:

e Temperature was varied from 20-30-40°C shown in Figure 3.15 (a)
and (b)

¢ lonic concentration were varied between 0.001 and 10 x PBS shown
in Figure 3.15 (c) and (d).

Note, only the graphs of the 1% sample are shown as illustration but the
fit results for the 1 and 5% are represented in Table 3.3.

When temperature increases, the impedance spectrum showed significant
changes in the high and low frequencies. Remember, the high frequencies
were dominated by resistive changes, moreover the Rs. As mentioned be-
fore this Rs comprises electrode and electrolyte resistances. According
to Kohlraush — Onsager the resistance of an electrolyte decreases when
temperature increases. In addition, the grain boundaries also exert a tem-
perature sensitive conductivity in which the resistance decreases as tem-
perature increases [87]. Both effects contribute to the overall decrease in
Rs.

Table 3.2: Fit results obtained from modeling the various temperatures with the
R(Q(RW)) model. Only the 1 and 5% samples are shown with the dif-

ference between the two extremes.

1% 5%
Element  20°C 40°C 20°C 40°C
Rseries 224 177 680 645
Qui 1.03e-6 1.16e-6 1.93e-6 2.03e-6
Nt 0.95 0.94 0.93 0.93

Rads 9.86e5 2.15e5 9.86e5 1.63e5
w 1.21e-7 4.06e-7 5.22e-7 5.22e-6

The interface capacitance (Qg) shows a slight increase of £ 0.1uF in both
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cases. More important are the Rqqs and W. Both show a temperature sen-
sitivity. Rggs has more effect on the 5% compared to the 1%. Also the
Warburg quadruples in the 1% sample whilst for the 5% it increases a
tenfold. These results provide an early indication that the 5% diamond
sample is more susceptible for diffusion/adsorption effects.

Table 3.3: Fit results obtained from modeling the various ionic concentrations
with the R(Q(RW)) model. Only the 1 and 5% samples are shown with

the difference between the two extremes

1% 5%

Element 0.001 x PBS 10 x PBS 0.001 x PBS 10 x PBS
Rs 192 9.06e4 377 5.22e4
Qui 1.16e-6 1.28e-6 2.29e-6 2.91e-6
Nyl 0.94 0.93 0.88 0.87
Rads 3.02e6 1.32e6 3.66e6 5.36e5
w 1.55e-6 1.94e-6 1.79e-6 7.33e-5

The change in ionic concentration has mainly an enormous influence on
the Rs due to major ionic conductivity changes. Such low conductivities
results in large Rs values causing a strong upward shift in the modulus,
Figure 3.15 (c) and a left shift in the phase angle (Figure 3.15 (d)). Note,
when bio-measurements are conducted, such high resistivities ((Rs) from
electrode or solution) should be avoided at all cost, because they mask
certain parameters in a confined frequency range due to their large spec-
trum shift!

The Qg decreases with increasing concentration due to compression of the
diffuse layer near the electrode surface. The Rggs, Which is of important
interest, drops for the 1% from 3.02e6 Qcm? to 1.32e6 Qcm? whilst for
the 5% from 1.79e-6 Qcm? to 7.33e5 Qcm?2. In addition the Warburg con-
tribution is also concentration sensitive. It is positively correlated to the
concentration due to a higher number of ions that can participate in the
adsorption/diffusion processes. From the previous results we have shown
that the largest variations in Raps and W were found in the 5% sample.
To further investigate this adsorption process we applied a potential scan
during impedance sweeps to identify and study the capacitive origins. The
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potential range was between -0.8 and 0.8 V and spectra were taken from
100 kHz to 0.1 Hz.
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(b)

Figure 3.16: Comparison between AC capacitance (squares), measured at 10
Hz, and the values of the Qg; element (circles) derived from fit-
ting the impedance spectra at different potentials of the 1% sam-
ple.Comparison between AC capacitance (squares), measured at 10
Hz, and the values of the CPE4; element (circle) derived from fitting

of the impedance spectra at different potentials of the 5% sample.



3.2. ELECTROCHEMICAL PROPERTIES OF VARIATIONS IN [C/H]-RATIO. 81

In the 5% potentialscan (Figure 3.16 (b)) there are 2 clear peaks at 0V and
-0.6V in the AC capacitance from the system (circles). By comparing this
to the Qgi, obtained from fitting the spectra at all the potentials, only the
peak at OV remains and the peak at -0.6 V is shifted towards the Warburg
contribution as can be seen in the inset of Figure 3.16 (b). Above +0.2V a
similar trend is observed between the AC capacitance and the Qg;. More
interesting was the 1% diamond sample where no significant peaks were
observed in the spectrum (Figure 3.16 (a)). The rest of the 1% spectrum
showed a similar behavior between the AC capacitance and the Qg as the
5%.

By measuring the capacitance of the 1 and 5 % samples between 1 and
100 Hz, frequency dependent differences were observed. The observed
frequency dispersion in the 1% sample is lower than the 5% (Figures 3.17
(b) and 3.17 (a)) respectively (both scaled on the same axis)). The poten-
tial scans show at various potentials the adsorption behavior between the
two samples. The dispersion indicates that ion adsorption at the interface
is more pronounced at 0V for the 5%.

All of the results above provide the evidence that ion adsorption at the in-
terface is more pronounced at the 5% compared to the 1% diamond sam-
ple. The correlation between the Warburg and Rqygs to the [C/H]-ratio, the

(@) (b)

Figure 3.17: Frequency dispersion of the measured capacitance of the 1% O-
terminated B:NCD electrode (a) and for the 5% in panel (b). The
experiments have been carried out at 100, 16, 10, 5 an 1 Hz. Fre-
quency dispersion is observed in the potential range of the capaci-

tance peak.
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potential sweeps and frequency dispersions all indicate that the surface
morphology plays an important role in the selection of diamond as work-
ing electrodes for electrochemical applications. However, up till now we
only studied the non-faradaic processes. The next paragraph will discuss
the electrochemical dependent behavior on diamond morphology with a
potassiumferricyanide redox couple in the electrolyte.

Faradaic processes

When a redox agent, such as potassiumferricyanide (K3Fe(CN)Z"/4") is

added to the solution, reduction and oxidation occurs at the electrode in-
terface. In our case we used 10 mM KsFe(CN)g in 1xPBS at a pH of 7.4 at
30°C. Previously the impedance spectra only had a relative small Warburg
contribution, but with the addition of this redox mediator diffusion and
charge transfer dominate the spectrum. The Raps is in this case changed
to a charge transfer resistance Rcr, and as the name implies, faradaic cur-
rents take place due to redox reactions. The electron rate constant (k°), a
measure for efficiency, was calculated from the charge transfer resistance

using Eq. 3.4 and Eq. 3.5:
RT

" nFlo
with R the ideal gas constant, T the temperature, F as Faraday’s constant
and lp as the exchange current under equilibrium.

(3.4)

Ret

Io = nFAK®[S] (3.5)

Here A is the electrode area, [S] the concentration of the redox species and
n the number of electrons transferred per molecule of the redox probe. No
correction was made for double-layer or iR effects; therefore these are
only apparent rate constants.

The impedance spectra from which the Rcr were extracted are shown
in Figure 3.18 (a). They were fitted with the R(Q(RW)) model from Fig-
ure 3.12(b). The calculated rate constants k° are shown in Figure 3.18 (b).
Reports from literature on the k° for diamond electrodes vary from 10~°
to 10~2 cm/s for the ferri-ferrocyanide system [89, 90]. In our case, for
the lowest [C/H]-ratio B:NCD we find k% = 3.01 x 1073 cm s~1. Whilst for
the 5% we find k% = 3.51 x 107 cm s~1. Also the kO is related to the
[C/H]-ratio which indicates that a high quality morphology of the diamond
film is very crucial for obtaining fast electrode kinetics.
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We have to note that the obtained Qg, from fitting the redox-EIS spec-
tra (Figure 3.18), was in good agreement with the results obtained from
the non—faradaic section (Figure 3.14 (a)). Also the same trend was ob-
served but in a more refined interpretation we must remember that a con-
stant phase element is a distributed element. Physically, it can be under-
stood as the consequence of a distribution of the activation energies on
the whole electrode surface, which is correlated to the existence of a wide
variety of active sites, differentially activated within the potential [88].

To further focus on the electrochemical behavior of the diamond elec-
trodes, cyclic voltammograms were recorded at various scan rates (v) of
10, 20, 50, 100, 200 mV/s. In Figure 3.19 the background current at 0.1
V/s of the 1% (full line) and 5% (dashed line) sample in 1 x PBS solution is
recorded. No faradaic transfers take place indicating no side reactions or
impurities were present. The low background current density is in the tran-
sition range of nA-uA/cm?, typically for diamond electrodes. Only at slight
overpotentials above +0.6V an increase in anodic current is observed in
the 5% (dashed) voltammogram. This slight increase could be related to a
mild oxidation of non-diamond carbon impurities at the surface. The peak
did not increase with repeated cycling [91].

By adding the potassiumferricyanide agent, the following reaction takes

(@) (b)

Figure 3.18: Comparison of impedance spectra in the Nyquist plane in 10 mM
solution ferri/ferrocyanide in 1x PBS for the 1% and 5% sample, «©
in function of [C/H]-ratio in 10 mM K3Fe(CN)g
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place during potential cycling:
[Feur+(CN)613~ + e— = [Fem4+(CN)s1*~ (3.6)

K3zFe(CN)gs behaves anomalously on carbon and metal electrodes and does
not involve simple electron transfer, in which the electrode acts as a
source and sink for electrons. There are several factors known to in-
fluence the electrode kinetics. The surface cleanliness, the doping type
and level, the presence of sp? carbon and other carbon impurities [92].
The electrode kinetics are also influenced by the surface termination with
the smallest AE, observed at clean hydrogen terminated diamond. After
oxidation, the AEp increases drastically [91]. As discussed earlier (Sec-
tion 3.1.3) the reaction rate is also very sensitive to electrolyte composi-
tion, the choice for 1 x PBS as supporting electrolyte is not the most ideal
for voltammetric studies, but it is the most important biological buffer in
which diamond electrodes find a large field of application.

In voltammetry 2 different currents exist, the first is the background cur-
rent due to charging of the double layer capacitance at the interface and
the second is the faradaic current that emerges from electron transfer of
the redox species.

Figure 3.19: Cyclic voltammetric i-E recording of the 1% and 5% sample in 1 x
PBS at pH 7.4 at 30°C
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(b)

Figure 3.20: In panel (a) Cyclic voltammetric i-E curves of the 5 different [C/H]-
ratio’s are shown. They were recorded at a scanspeed of 50 mV/s.
Panel (b) shows the relation between the cathodic current versus the
square root of the scanrate. The inset provides a way to determine

a measure for the reversibility



86 CHAPTER 3. DIAMOND: AN IDEAL ELECTRODE MATERIAL

The various diamond samples were analyzed by the quasi-reversibility cri-
teria which states that: I increases with the square root of the scanrate
(v/2) but do not keep the proportionality, the peak separation (AEp) is
larger than 60/n mV and increases with the scanspeed (v), the cathodic
peak potential shifts to negative values with increasing v. In our diamond
samples the voltammograms indicate a decrease in reversibility with in-
creasing [C/H]-ratio. Also the cathodic peak potential, Epc shifts to more
negative values with the increase of the v. The voltammograms obtained
at 0.1 V/s are shown in Figure 3.20 (a). Ranging from 1 to 5% an increase
in peak shift (AEp) was observed. The obtained values are depicted in Ta-
ble 3.4. The relation of lpq/lpc is for reversible systems 1, but in our case
these values decrease depending on the [C/H]-ratio. The reversibility of
an electrochemical process results in a linear relation in the current ver-
sus the square root of the scanrate (v/2). This was only observed in the
1% diamond sample. To have a measure for the loss in reversibility and
to correlate this to the [C/H]-ratio, an unusual method was employed. The
current was plotted versus the scanrate v (not v/2) and using a single
order exponential fit, time constants were obtained. These T's were corre-
lated to the morphology i.e. the grain size. By using pearson correlation
statistics. A correlation parameter of 95.7% with a p-value of < 0.035 indi-
cated a strong relation between the 5 different samples and the obtained
results.

Table 3.4: Summary of the cyclic voltammetry parameters at a scanrate of 50
mV/s

Sample AEp lac/lpc

(%) \Y, n.a.
1 0.318 0.968
2 0.361 0.959
3 0.392 0.951
4 0.394 0.954
5 0.483 0.901
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3.2.3 Conclusion

In the previous section we studied the electrochemical properties of 5 di-
amond samples grown with linearly varied [C/H]-ratios (1-5%). Accord-
ing to SEM and XRD the size of the diamond crystallites decreases with
increasing methane concentration. Raman revealed an increase in the
non diamond sp? carbon content with increasing methane concentration.
The electrochemical properties were studied using cyclic voltammetry and
electrochemical impedance spectroscopy. Modeling of non-faradaic EIS
measurements indicated a positive correlation between the [C/H]-ratio
and the electrode resistance (Rs), double layer capacitance (Qq;) and War-
burg component. Only the adsorption resistance (Raps) had a negative
correlation. By combining potential scans and impedance sweeps, fre-
quency dispersions indicated that the 5 % diamond (largest sp? content)
was more prone to ion adsorption. In addition there was a good correlation
in the Qq; between the faradaic and non-faradaic results. Cyclic voltam-
metry also indicated that an increase in the sp? content is detrimental
for good electrode kinetics. Finally, we determined a measure for the re-
versibility of a CV scan and correlated this to the diamond crystal size in
which a significant correlation was found. These results provide the back-
ground knowledge for selecting the proper diamond electrode for electro-
chemical applications. To summarize, the higher the electrode quality, the
higher the electrochemical performances are.

3.3 Electrochemical properties of variations
in boron doping

In this section we will briefly discuss the influence of boron doping on the
electrochemical properties.

3.3.1 Materials

For this study diamond samples were grown with the same [C/H]-ratio but
with a varying [B/C]-ratio between 1000 and 9000 ppm. The samples
were prepared and measured in the same way as described in the section
above. When boron doping increases, the transparency decreases and the
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diamond becomes more blueish. A photograph of the diamond samples is
shown in Figure 3.21

Figure 3.21: A series of variously boron doped diamond between 1000 and 9000

ppm grown by S.D. Janssen

3.3.2 Results

In Figure 3.22 the non-faradaic characteristics of the diamond samples
are shown. Modeling was done with the extensively discussed R(Q(RW)
model. However, this model is only applicable for high doped diamond
that exerts metallic-like conductivity. For the lower doping concentrations
(< 3000 ppm) a shoulder appears in the middle frequencies giving rise
to an additional (QR) component. This additional (QR) component is as-
sumed to account for the band bending in the diamond film due to the
semi-conductive nature of the diamond film. In the previous section we
stated that the Rs value should not be to large to avoid loss of information.
Here, in these spectra, can be clearly seen that resistivity of the diamond
film dominates throughout the entire spectrum causing the phase maxi-
mum to shift to lower frequencies. Interestingly, even with large variations
in boron doping, all of the diamond spectra show a similar low frequency
behavior (except for the 2000 ppm). These findings support the assump-
tions made in the previous section.

Also the electrons transfer properties are greatly influenced by variations
in boron doping. The voltammograms in Figure 3.23 show the effects
of various boron doping concentrations. When boron doping increases,
the electrode performance also increases. Due to the high resistivity of
the material and the lack conduction properties in the diamond the ipq,ipc
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drops significantly depending on the boron dopant concentration. The
AEp also increases and when reaching 3000 ppm it was difficult to even
measure a voltammetric response, the 2000 ppm only showed a linear
behavior and is therefore not shown.
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(b)

Figure 3.22: Panel (a) shows the modulus of the different doping concentrations,
(b) represents the phase. Only 2 curves are fitted, the highest
dopant concentrations was fitted with the traditional R(Q(RW) and
the lowest dopant with R(QR)(Q(RW). Less datapoints are shown for

clarity.
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Figure 3.23: Cyclic voltammetric i-E curves from -1 to 1 V of diamond samples
doped with various concentrations of boron measured in 1x PBS
with 10 mM K3Fe(CN)e. Scanspeed was 100 mV/s.

3.3.3 Conclusion

The boron concentration, which is a key parameter in diamond electrode
choice was briefly discussed. We conclude that the increasing boron con-
centration decreases the resistivity of the electrodes. In the low frequency
part all of the spectra joined together. At the metal/semi-conductor tran-
sition range (around 3000 ppm) an extra consideration was made to the
equivalent circuit by adding an additional (QR) component in series with
the model described in the previous section. Also the electrode quality
increases with increasing boron concentration. Not only is this information
important for choice of diamond electrodes for various biosensing appli-
cations, it is also crucial for devising small, whole diamond coplanar elec-
trodes which will be discussed in Chapter 6.5.
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Chapter 4

The diamond interface

In this chapter we will only focus on the diamond interface, since it respon-
sible for housing and maintaining the biological functionality of the recep-
tors used for immunosensing. First, we will discuss the diamond interface
followed by two possible surface functionalities and their properties. Next
the capability and organization of the receptor layer is studied by vari-
ous characterization techniques. The behavior of the receptor proteins
is studied by real-time, in-situ impedance measurements. As concluding
section, different surface functionalizations are proposed for possible use
in biosensor constructs.

4.1 Morphology of the diamond interface

In this section the morphological characterization of diamond substrates
used for immunosensing is discussed. Since the growth parameters, as the
operator were the same throughout the thesis work, very homogeneous,
high-quality and comparable substrates were obtained.

The main characterization tools used for the interface study were SEM,
AFM, XPS and Raman. SEM showes a continuous, closed film without pin-
holes with individual crystal sizes ranging up to 100 nm, interconnected by
grain boundaries. Average film thicknesses of 200-300 nm were used re-
sulting in purple/greenish mirror-like samples (Figure 4.1 (a)). The overall
area roughness (R/™%) was measured by AFM and typically the NCD sub-
strates had an average roughness of 14+2 nm (Figure 4.1 (b)). It is clear

93
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(@) (b)

(c) (d)

Figure 4.1: In (a) a SEM recording of a NCD diamond surface, the inset shows a
photograph of a 2" diamond film diced in 1cm?2 samples. In panel (b)
an AFM recording of a NCD surface (Rg’”5= 1442 nm). In (c) an XPS
spectrum of a fresh grown hydrogenated NCD surface and in (d) a
Raman spectrum of the NCD and an UNCD sample.

that larger diamond grains result in a larger surface roughness. This in
turn favors the immunosensor because it not only increases the total sur-
face area but also creates possible adherence sites for receptor proteins
to settle. In Figure 4.1 (c) a smooth XPS spectrum of a freshly grown dia-
mond film shows a clear C-1s peak originating from the diamond, a small
0O-1s peak is present due to the adsorption of a thin atmospheric water
film, and (sometimes) a small fluorine peak was observed originating from
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the vacuum system. The carbon content and composition (sp?/sp3) was
identified by Raman spectroscopy shown in Figure 4.1 (d). As illustration
a comparison is shown between an NCD and UNCD surface. A typical di-
amond (sp3) peak is observed at 1332 cm~! for the NCD sample (red).
The UNCD also has a peak at this position but the ratio with respect to
the other observed peaks is largely reduced (black). The peaks that arise
at 1350 (P3) and 1550 cm~! (P5) correspond to micro- and/or nanocrys-
talline carbon phases, predominantly sp? in character. The broad band
in the 1490-1510cm~1 (P4) range is commonly attributed to amorphous
carbon. The peak at 1140 cm~! is possibly related to the acethylene C-H
chains but this topic is still under discussion in literature [93, 94, 95, 31].

4.2 Oxidized and hydrogenated diamond

In this section the NCD surface terminations were further studied. Here-
fore the NCD films were subjected to consecutive oxidation and hydro-
genation steps in order to obtain the best surface conditions for protein
studies. Herefore, the following characterization tools were used: the sur-
face free energy, contact angle and XPS measurements.

4.2.1 Experimental

Surface free energies of the diamond interface were determined by the
OWRK method described in section 2.3.1. In this experiment pure test
liquids were used to obtain insight in the polar and disperse properties
on oxidized and hydrogenated diamond. The following probe liquids were
used, listed according rising polarity: Diiodomethane (Diiodo), Benzyl Al-
cohol (Ba), Ethylene Glycol (Eg), Formamide (Forma), Glycerol (Gly) and
Water (MilliQ). The individual polar and disperse contributions of the test
liquids to the total SFE are listed in Table 4.2.

The following treatments were sequentially applied to six NCD samples to
obtain either a hydrogenated (NCD:H) or oxidized (NCD:O) surface:

After each step the surface free energies were measured with the six probe
liquids. This has been repeated for 3 times. The contact angles were
measured by the sessile drop technique with 1 liquid per sample to avoid
any memory effects of the previous liquid. Also, all the treatments were
done with the same samples to avoid discrepancies as much as possible.
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4.2.2 Results

In Figure 4.2 an example is given of the contact angles of 6 different probe
liquids on NCD:H.

Figure 4.2: Contourplots of the different probe liquids on a hydrogen terminated
NCD surface.

Taking the values of the probe liquids into account, together with the ob-
tained contact angles, the surface free energy could be calculated ac-
cording to the method described in section 2.3.1. The obtained SFE’s are
shown in Figure 4.3 (a). The results were averaged over 3 independent
measurements and errors less than £2% were obtained. The bar height
represents the total SFE, the filled and shaded part are the contributions
of the polar and disperse component respectively. The absolute values
are shown in Table 4.3. As can be seen from the figure the total SFE for

Table 4.1: Surface tensions, 7y, of the used test liquid, as well as the single contri-
bution to the surface tensions: dispersive (y?) and polar (yf) in units

of mJ/m?Z.

Diiodo Ba Eg Forma Gly Water

YP  mym? 485 39 29 39 34 21.8
Y mym? 23 87 19 19 30 51

y?*P mym? 508 39 48 58 64 72.8
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Table 4.2: Treatment steps for NCD substrates to obtain either hydrogenated or

oxidized diamond surfaces.

Treatment Procedure Properties
Hydrogenation H-plasma, 15 min, Hydrophobic
NCD:H 50 Torr, 800°C, 4000W
uv-oxidation 2 hr uv-ozone Very Hydrophilic
NCD:O (uv)

acid-oxidation 25 ml H,SO, +12.5¢ Hydrophilic
NCD:O (acid) KNO,, 180°C, 2 hr

(a) (b)

Figure 4.3: In (a) SEM image of NCD, (b) SEM image of UNCD, (c) AFM image of
NCD and (d) AFM image of UNCD.

NCD:H is 55.20 mJ/m?2 with the largest contribution from a large disper-
sive component and virtually no polar contribution, making the diamond
very hydrophobic. The hydrophobicity orignates from the hetero-polar C%-
- H%* groups causing the surface dipole to reduce, and therefore in turn
weakening the interaction between the polar water molecules and the film
surface. This allows the cohesive forces of the water to contract, forming
a well defined spherical shape.

The oxidized substrates exerted a completely different behavior. For the
uv-ozone treated diamond a SFE of 63.16 m)/m? was obtained and for the
acid treated sample 62.56 mJ/mZ. In general, a slight increase of the total
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SFE was observed whilst the polar contribution grew significantly. This po-
lar contribution originates from the oxygen groups at the surface induced
by the oxidation. These polar groups attract the electric dipoles of water
molecules, which in turn minimizes the interfacial energy between the sur-
face and the water, resulting in a wetting behavior [96]. The difference in
total SFE between the oxidation steps was within the error margin. How-
ever, the focus lies on the water contact angle because all biological appli-
cations are aqueous based. The hydrophobic NCD:H had a water contact
angle of 83° and dropped to 14.2° for the acid oxidized sample and non
measurable for the uv-ozone oxidation. So with respect to the similar SFE,
the hydrophilicity of the surface does show a significant difference. By cal-
culating the acid/base approach of van Oss (Figure 4.3 (b)) it shows that
the hydrogenated surface is mainly dominated by electron pair acceptors
(Lewis acids) whilst oxidized diamond is dominated by Lewis base inter-
actions (electron pair donors). The uv-oxidized surface results in a larger
Lewis base component indicating in a more electronegative surface. In
other words a better oxidized surface. Also XPS spectra were taken after
each treatment step and survey scans and high resolution recordings of
the C-1s peak are shown in Figure 4.4 (a) and (b). There is a clear dif-
ference between the hydrogenated and oxidized diamond surfaces. The
hydrogenated only shows a carbon (C-1s) peak whilst the oxidized sur-
faces have an additional oxygen peak (O-1s). High resolution recordings
of the C-1s show a shift to higher binding energies upon oxidation, and
depending on the treatment a further shift to the left was observed. This
also indicates a more electronegative surface when a diamond surface is
oxidized via the uv-treatment. Note, there is also an additional oxidation

Table 4.3: Surface free energy values for the hydrogenated and oxidized NCD

samples.

LA A

mjJ/m2  mj/m2 mj/m?

NCD:H 54.46 0.58 55.20
NCD:O (acid) 30.47 32.09 62.56
NCD:O (uv) 28.86 34.30 63.16
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(a) (b)

Figure 4.4: XPS survey scan of the hydrogenated, uv-oxidized and acid oxidized

surfaces. In panel (b) a high resolution of the C-1s peak is shown.

method shown in the XPS spectra based on exposing the diamond to an
oxygen-plasma resulting in an even better oxidized surface. However, this
also etches the diamond, so it is not applicable within this concept.

4.2.3 Conclusion

The surface termination facing the electrolyte has an enormous effect on
the surface free energy and hydrophobic/hydrophilic properties of the di-
amond film. The hydrogen terminated diamond is hydrophobic whilst the
oxidized were hydrophilic. The uv and acid treated samples had no clear
differences in SFE, but varied largely in their water contact angle. The
uv-treated samples resulted in a more electronegative surface which was
indicated via the Lewis Acid/Base and XPS recordings. This indicates that
uv-ozone treatment results in a more thorough oxidation. Another great
advantage of this technique is the non-aggressive nature towards the di-
amond compared to oxygen plasma or acid oxidation which both cause
etching and deterioration of the film quality. Therefore, in the future ex-
periments we preferred the uv-ozone treatment as the most favorable ox-
idation treatment.
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4.3 Adsorption of proteins at the diamond

interface

The most reproducible and straight forward method of receptor layer im-
mobilization, similar as in traditional ELISA experiments, is physisorption.
Different substrates were tested such as diamond, silicon, quartz and
silicondioxide but only the diamond surface was capable of protein ad-
sorption. The antibodies (IgG’s) adsorb on both the oxidized as hydro-
genated diamond. These proteins serve as the receptor layer in future
immunosensing experiments. In the end anti-CRP antibodies were used
as functional receptor layer, but to obtain visual and qualitative informa-
tion of IgG adsorption on diamond surfaces, we now used an anti-IgG la-
beled with an Alexa-488 fluorescent tracer. After adsorbing Alexa-488 flu-
orescent labeled antibodies (Ab-X), a qualitative visualization via confocal
fluorescence microscopy was obtained. The adsorption process was done
by dropcasting the diamond sample with 20 nM (30ug/ml) proteins in 1
x PBS at 37 °C for 2 hours. Afterwards the samples were rinsed for 2
times 10 sec in 1 x PBS and were also stored in PBS. In Figure 4.5 (a)
fluorescence recordings of antibodies incubated on a bare hydrogenated
substrate is shown. The fluorescence, originating from the proteins, result
in the (artificial) green color and the black line represents a photobleach-
ing line, which indicates that fluorescence originates from the proteins and
not from background reflection. In (b) a NCD surface was first blocked with
bovine serum albumin (BSA) and afterwards incubated with the same pro-
tein concentration as before. Here, no fluorescent signal was observed
because BSA blocks free binding sites and therefore inhibiting antibody
adsorption.

To further understand the adsorption behavior, 20 nM antibodies were ex-
posed for different time intervals to the oxidized and hydrogenated sur-
face. The results are shown in Figure 4.6 (a). After 10 minutes there is
no longer a significant difference observed in fluorescence signal. This
indicates that between 10 and 30 minutes a saturation is reached and
the diamond surface is completely covered with proteins. The absolute
difference between the hydrogenated and oxidized diamond at each time
interval could be due to quenching effects that occur on hydrogenated di-
amond surfaces as described by Sakon et al [97]. Regardless of the short
adsorption time required, the antibodies were always 2 hours incubated
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(a) (b)

Figure 4.5: Fluorescence images of Alexa labeled antibodies on (a) a bare hy-
drogenated diamond surface, the black line is a bleach line which
differentiates the fluorescence from reflection. In (b) a BSA blocked

diamond surface is shown. (256 x 256 um, gain 850)

before usage.

When the concentration of antibodies were decreased from 200 to 2 nM,
the fluorescence also decreased as shown in Figure 4.6 (b). Note, the
gain was set at 750 to have a good distribution range from high to low
concentrations.

(a) (b)

Figure 4.6: In (a) different adsorption times for 20 nM of Ab-X are shown whilst
(gain 700) (b) represents different concentrations of Ab-X adsorbed
with the gain set to 750.
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It has been shown that antibodies easily adsorb on the hydrogenated and
oxidized diamond surfaces and quickly reach a saturation. We continue
to use the 20 nM concentration for protein adsorption. In the following
section we study the difference of immobilized protein layer on oxidized
and hydrogenated diamond by X-ray photoelectron spectroscopy.



4.4. XPS STUDY OF PROTEIN LAYERS AT THE DIAMOND SURFACE 103

4.4 XPS study of protein layers at the dia-
mond surface

With X-ray photoelectron spectroscopy it is possible to give an estimate of
the protein coverage on oxidized and hydrogenated diamond.

4.4.1 Experimental

Four diamond substrates were used from which 2 were uv-oxidized and 2
were hydrogenated. From each treatment there was one reference and
the other was coated with 20 nM antibodies. The antibodies used were
goat-anti-mouse IgG’s with 6 Bodipy FL fluorescent labels per antibody (In-
vitrogen, Belgium). This label has a molecular core containing 2 fluorine
atoms (F) that could serve as a tracer for elemental analysis and quantifi-
cation. After the standardized incubation, the samples were washed in 1
x PBS and dried under N».

4.4.2 Results

The survey and high resolution scans of the four samples are shown in
Figure 4.7. In panel (a) the bare diamond reference samples are shown.
On the NCD:H there was a small boron peak (B-1s) and on NCD:O silicon
peaks (Si-2s and Si-2p) were present.

The spectra of the protein coated substrates are shown in Figure 4.7 (b).
In both spectra additional peaks were observed such as nitrogen (N-1s),
oxygen (O-1s) and sulfur (S-2s, and S-2p). Interestingly, the silicon signal
is now present on both substrates and even increases after functionaliza-
tion. This appears to be inherent to the system, probably due to protein
purification of the supplier. The N and O elements originate from the pro-
tein amino acid content (-NH;, -COOH) groups. The amino acids methio-
nine and cystein contain sulfur groups used for disulfide bridging and in
addition give rise to the S-1s peaks. Unfortunately the Fluorine-tracer con-
centration was out of detection limits, so we focussed further on the sulfur
signal to construct a theoretical model for obtaining surface information
regarding the protein coverage.
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(b)

Figure 4.7: XPS spectra of nanocrystalline diamond films. In the upper panel
survey scans of oxidized (red) and hydrogenated (blue) diamond. The
bottom panel shows survey with high resolution inset of the protein

functionalized surfaces. The legend is shared for both graphs.
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Theoretical model

According to literature there are between 20 and 34 sulfur containing
amino acids distributed over a total estimate of 1200 amino acids for the
entire protein. If an average of 10 atoms per amino acid was used, it
forms a theoretical approach of 0.22+0.06% sulfur content per protein.
The measured spectra contained carbon and sulfur peaks. According to
Eq. 4.2 the carbon signal originates not only from the diamond surface
but also from the proteins. In contrary to the sulfur signal which can only
originate from the proteins (Eq. 4.1). In Figure 4.8 a schematic represen-
tation of the two theoretical boundaries is shown. In the upper panel, the
photo electrons only contain the sulfur information (Is) of a single protein
(Eq 4.1) and carbon (I¢) of the substrate (Ic,,) and from a single protein
(ICprot) as is shown in Eq 4.2. In this case, the [S/C]-ratio would diminish to
extreme low values beyond the detection limits (Eq 4.3).

Is =1Is,,,
IC = ICprot + ICNCD
ISprot

Ratio = ———
ICprot +ICNCD

Figure 4.8: Model for XPS analysis of protein coverage. In the upper panel the
scenario for a single molecule is shown. Only partial information is
wrapped in the photoelectrons but the background is dominating. In
the bottom panel a complete coverage is shown with the expected

ratio of sulfer to carbon.
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In the case of a complete coverage (panel (b)), the carbon intensity is
now dominated by the Ic,,,. resulting in a [S/C]-ratio corresponding to the
theoretical predicted values.

The experimental quantification was done by the Shirley integration of the
XPS peaks after background correction. The absolute values are shown in
Table 4.4.

Table 4.4: Peak intensities for protein covered oxidized and hydrogenated dia-
mond surfaces. With o photoelectric cross-section for the atomic or-

bital of interest (cm?)

Oxidized Hydrogenated o

lc_1s  7.62e5 6.98e5 0.013
ls_2s  2.94e3 2.8e3 0.019
el 0.274% 0.287%

Crel

The integrated peaks are absolute values and material dependent so a
relative value needs to be obtained by correcting for the photoelectric
cross section 0. Normally, a more elaborate approach is employed but in
this case a simplified equation can be used:

Iexp ~ C e (44)

Here, lexp is the experimental intensity, C is the atomic concentration, o
the photoelectric cross-section for the atomic orbital of interest. These in-
tensities were used to calculate the final [S/C]-ratio resulting in 0.274% for
the oxidized diamond and 0.287% for the hydrogenated diamond. These
experimental obtained values are in excellent agreement with the theo-
retical predicted values. Indicating a dense and well packed protein layer
is present on both diamond surfaces without a clear difference.

4.4.3 Conclusion

From these results we can conclude that proteins are present on both sur-
faces in a very dense and well packed layers. Also, no significant differ-
ence in coverage was observed between the NCD:H and NCD:O. Unfor-
tunately, due to the thickness of the protein layer and the limited depth
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of information, any substrate information is blocked and cannot be used
to quantify the exact protein coverage. We can assume that IgG's are
globular proteins and when packed in the densest configuration, 2.8ell
receptors per mm? are present, and even higher numbers are possible in
case of multilayer stacking.

4.5 In-situ study of protein adsorption

Current techniques to study protein adsorption can be classified under op-
tical techniques, such as optical waveguide lightmode spectroscopy, to-
tal internal reflection fluorescence and ellipsometry and under non-optical
techniques, such as the quartz crystal microbalance. Both techniques
have advantages and drawbacks. The optical techniques show lack for
precise kinetic adsorption data, the need for labeling with fluorescent dyes
and transparent substrates. The non-optical techniques show sensitivity
for viscous drag of the liquid contacting the surface and need piezoelectric
properties of the transducer. Here, the semi conductive properties of B-
NCD and electrochemical impedance spectroscopy are combined in order
to monitor molecular changes at the interface without the need for any
visualization methods.

4.5.1 Experimental

Thin B-NCD on silicon substrates were grown using a 3% [C/H] mixtures
and 200 ppm TMB as dopant in an ASTeX reactor as described in [31].
Hydrophobic diamond was prepared by hydrogenation in a H, plasma (50
Torr, 800°C, power 4000 W, 1 min). The hydrophilic diamond was pre-
pared by uv-ozone oxidation as described in section 4.2. An ELISA am-
plification system based on the cyclic redox reaction of NADH/NAD+ was
obtained from Invitrogen (Merelbeke, Belgium). Unlabelled and alkaline
phosphatase (AP)-labeled anti-CRP monoclonal antibodies and their spe-
cific antigen CRP were synthesized by Scipac (Kent, United Kingdom). Flu-
orescence measurements were done with a goat-anti mouse IgG labelled
with an Alexa-488 fluorophore (Sigma Aldrich, Belgium). EIS measure-
ments were done on the HP4149A by applying a 50 mV AC voltage (U)
in sweeps of 50 frequencies ranging from 100 Hz to 1 MHz (Figure 4.9).
No DC-offset was used. Spectra were taken in an incubator oven (Binder,
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Germany) at 37°C and were modeled with ZSimpWin. The electrochemical
setup consisted of a working electrode (NCD-film) and a platinum counter
electrode. No reference electrode was used. Images obtained with the
CFM were normalized versus the background to quantify the intensity. The
biological activity was shown by ELISA.

4.5.2 Results

The hydrogenated diamond was implemented in the measurement setup
and after a stabilized impedance signal was obtained in 1 x PBS, 20 nM
antibodies were added. After reaching a new equilibrium after adsorp-
tion, the NCD:H was taken out for thorough cleaning in the H,SO, + KNO,
mixture. Finally the sample was oxidized via the uv-treatment and re-
implemented in the setup for measuring the protein adsorption on oxi-
dized diamond.

After pinpointing a specific frequency, the time-resolved impedance (TRI)
was monitored. In Figure 4.10 the TRI of the adsorption process on NCD:H
(panel (a)) and NCD:O (panel (b)) is shown at 100 Hz. These plots contain
not only the normalized modulus (|Z|¢/|Z]t=0) in function of time but also
the corresponding phase (|P|¢/|Plt=0).

When proteins adsorb on the diamond surface the impedance modulus

(@) (b)

Figure 4.9: Instrumentation used for the time resolved impedance measure-
ments with in (a) the HP4194A impedance analyzer with home-made
software on the Labview platform and in (b) a home made single

channel flow cell with Pt counter electrode.
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increases and the phase angle decreases. This change is directly propor-
tional to the adsorbed proteins on the surface. When protein adsorb there
is first an initial rate of adsorption which shows a fast and linear behavior
followed by a slower phase in which kinetic effects start to dominate. In
Figure 4.11 this behavior is shown with in panel (a) the NCD:H and (b) the
NCD:O.

From the TRI plots in Figure 4.10, two significant differences are present
between the NCD:H and NCD:O surface:

e The difference in adsorption time
e The difference in impedimetric magnitude and behavior

First the adsorption time: The modulus and phase plots were fitted with a
Boltzman fit to obtain an estimation of time constants. The NCD:O reached
a saturation after 16 minutes with a time constant of 6.9 min (Figure 4.10
(b)) whilst the hydrogenated diamond saturates after 30 minutes with a
time constant of 14.6 min (Figure 4.10 (a)). So for NCD:H the impedance
nearly doubled in adsorption time compared to NCD:O. To understand this
adsorption behavior we first focus on the nature of proteins. Antibodies
are globular proteins with a high water solubility.
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(b)

Figure 4.10: TRI plots of protein adsorption, the modulus and phase were both
normalized to the point of addition and plotted in function of time. In
panel (a) the result of the hydrogenated diamond is shown and in (b)
the oxidized diamond. Both TRI's have been fitted with a Boltzman

curve.
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These proteins fold into organized, compact and roughly spherical shapes
in a way which allows hydrophobic amino acid side chains to localize on
the inside of the sphere while the hydrophilic side chains are localized on
the interface with the aqueous medium. The natural structure of proteins
is dictated by their amino acid sequence, their interaction with solvent
molecules, the pH and the ionic composition of the solvent. Their quater-
nary structure tends to fold in such a way that they form the most stable
i.e. lowest free energy structure. Note, this form is also responsible for
their biological activity.

From section 4.2 we learned that oxidized diamond has a large polar char-
acter causing low water contact angles. The presence of these polar
groups at the suface facilitates the adsorption of proteins, which also have
their hydrophilic groups located at the protein/water interface resulting in
a faster equilibrium.

(a) (b)

Figure 4.11: Initial rate of protein adsorption for the NCD:H (a) and NCD:O (b)

surfaces.

The second large difference is the impedimetric magnitude: For NCD:H
the impedance nearly doubles in adsorption time and the impedimetric re-
sponse is more than a tenfold larger than the NCD:O. These changes were
observed at 100 Hz. By constructing the Nyquist plots of the entire fre-
quency range, specific frequency dependent characteristics can be stud-
ied. In Figure 4.12 the Nyquist are shown of different time intervals (t=0,
t=15 and t=30). In panel (a) the NCD:H is shown and in (b) the NCD:O.
The modeling was done with the equivalent circuit R(QR)(QR) which is fur-
ther described in Figure 4.13. Qualitative fits were obtained with a x2 less
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than 10~%4. The selection of the appropriate model fulfilled the Boukamp
theorem and is therefore the most relevant [98]. The mathematical values
obtained from these fits are shown in Table 4.5
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(b)

Figure 4.12: (a) Nyquist plot of before, during and after adsorption of proteins on
hydrogenated diamond (NCD:H), (b) Nyquist plot of before and after
protein adsorption on oxidized diamond (NCD:O). Both Nyquist plots
are fitted with the R(QR)(QR) model.
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Figure 4.13: Cartoon of protein adsorption at the interface of a diamond film
shown with the equivalent model R(QR)(QR). With Rs as the series
resistance, Qq(, Rqg; the double layer capacitance and resistance. Qsc¢
and Rsc the space charge capacitance and resistance. The capaci-

tors are treated as Constant Phase Elements (Q).

From these Nyquist plots and the modeled values large differences can be
seen between the NCD:H and NCD:O. The nature for these impedimetric
changes originate from two different effects, firstly the morphological be-
havior at the interface and secondly charging effects on the space charge
capacitance.

In any case, the Rseries is not influenced by protein adsorption. The double
layer capacitance (Ox-Qq;) decreases after adsorption indicating morpho-
logical changes at the interface. The impedance of the constant phase
element (Q) is:

1
(Qiw)"
To obtain a better insight in the capacitive changes, a pseudo capacitance
can be calculated from the constant phase element (Eq. 4.6).

C=Qq x (Qq X Rdl)¥ (4.6)

(4.5)

For further focus on the capacitance Eq. 4.6 can be expanded to Eq. 4.7:

A
C= ereoa (4.7)
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With €, the relative permittivity, eg the vacuum permittivity, A the surface
area and d the distance between charges. So from Eq. 4.7 it can be seen
that the double layer capacitance is sensitive to changes in the relative
permittivity €, and thickness d. The permittivity of water is 78 and when
proteins adsorb the permittivity at the interface decreases. Also the pres-
ence of proteins cause a charge separation at the interface causing d to
increase. So both elements are responsible for the decrease of the inter-
face capacitance.

In NCD:O solely the morphological effect on the interface can be seen. For
the NCD:H this decrease in Qg is also present but there are also additional
changes. These changes are due to the protein behavior at the interface.
Once a globular protein (hydrophilic outer shell) adsorbs on a hydropho-
bic surface, a conformational change occurs. Therefore, creating a denser
and more adhered layer causing an augmented effect on the double layer
parameters. Interestingly the H-Ry; decreases after adsorption. This ef-
fect was also observed by Rezek et al. in which they state that proteins
decrease the electrolyte electronic barrier induced by C - H dipoles and
facilitate another route for charge transfer across the interface [99]. AFM
studies from literature on protein conformation and thicknesses on dia-
mond in solution show a larger thickness on oxidized- in comparison with
hydrogenated diamond [99, 100]. This is caused by the hydrophobic pro-
tein core that remains surrounded by hydrophilic parts upon adsorption
on a hydrophilic surface. In our case the Qq; decrease is much higher on
NCD:O than on NCD:H diamond which indicates that the protein thickness
is larger on NCD:O. Besides the Qg; and Ry, an interesting parameter is the
associated n value of the constant phase element. The fact that it reduces
on oxidized- and increases on hydrogenated diamond suggests a differ-
ent protein behavior at the surface. As mentioned before, proteins tend
to exfoliate their hydrophobic inner part to a hydrophobic surface, there-
fore creating a tight packing and reducing the roughness. The reduction
in roughness results in an increase in the H-ng;. For the oxidized diamond
surface the Ox-ng; decreases because proteins are settling without con-
formational changes. A schematic representation is shown in Figure 4.14.
This is also confirmed in literature where a similar effect is found by AFM
studies of protein adsorption on diamond [101].

Besides the capacitive changes there is an additional effect. After plasma
hydrogenation the diamond surface has C-H bonds creating positively charged
dipoles that originate from electronegative differences. At the diamond/liquid
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interface there is a band bending profile (space charge region) due to the
low doping of the diamond. The energy band of the H-terminated dia-
mond surface moves upward to form an accumulation layer of holes near
the surface. If negative charges are present at the surface, the energy
band bending of the hydrogen termination can be enhanced and there-
fore causes the impedance to increase. The ionic properties of proteins,
determined primarily by their amino acid side chains, are pH dependent.
The iso-electric point (IEP) is a pH value by which the net overall charge
is zero. Antibodies have an IEP around pH 6 giving them a slight negative
charge at pH 7.4. According to Eqg. ?? the screening length of a particle
in an electrolyte with physiological salt concentrations (£150 mM) is less
than a nanometer (0.8 nm) so in case of hydrogenated diamond the pro-
teins are wetting the surface more than on hydrogenated diamond and
therefore cause such effects on the space charge capacitance.

Additional data obtained from ELISA show colorimetric results of the bio-
logical activity (Figure 2?). A higher biological response of the adsorbed
proteins on the oxidized diamond in comparison with the hydrogenated
diamond is obtained.

The time and impedimetric response for the hydrogenated diamond dou-
bles and prolongs respectively. Protein unfolding and rearrangement upon
adsorption on the hydrophobic surface are responsible for this effect. Fig-
ure 4.15 shows the ELISA results. This immunologic technique provides
crucial information about the biological activity of the adsorbed proteins.
A doubled biological activity for the NCD:O in comparison with the NCD:H

Figure 4.14: Schematic representation of protein adsorption on hydrogenated
and oxidized diamond. In the case of NCD:H the proteins tend to

increase the wetting compared to NCD:O.
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Figure 4.15: ELISA results as biological assay with the immunogenic complex for

the oxidized and hydrogenated diamond.

was measured.



Table 4.5: Fit results for the equivalent model for the oxidized (Ox-) and hydrogenated (H-) diamond samples. The components

represent: the solution and electrode resistance (Rs), the double layer at the interface Qqi,ng; and Ry and the space

charge region in the diamond film Qsc¢,nsc and Rsc.

Oxidized Hydrogenated
Symbol Before After Before During After
(t=0min) (t=15 min) (t=0 min) (t=15 min) (t=30 min)
Rs (Qxcm) 80.36 79.96 77.77 79.21 79.15
Qsc (S x sec"/cm?) 4.21e"8 4.31e"8 4.92e79 3.92e79 3.80e79
Nsc 0.856 0.854 0.940 0.954 0.955
Rsc (Qxcm) 2771 2791 2430 2667 2794
Qai (S x sec"/cm?2) 6.92e~° 6.60e~° 1.14e° 1.01e°° 9.63e~’
ng 0.876 0.854 0.905 0.920 0.925
R (Qxcm) 3.81e? 1.16e> 2.31e 9.42e% 7.27e%
X2 1.19e4 6.37e7> 1.19e4 6.37e7° 5.94e7°>

-
=
oo

JOV4H3LNI ANOWVIA FHL ¥ Y31dVHD



4.6. BIOFUNCTIONALIZATION OF DIAMOND 119

The reduced signal for the hydrogenated diamond indicates that proteins
partially lose their biological activity due to conformational changes when
adsorbing on hydrophobic diamond and therefore confirm previous results.
These results are also in good agreement with Hoffman et al. [102].

4.5.3 Conclusion

By combining impedance spectroscopy and boron doped nanocrystalline
diamond with hydrophobic or hydrophilic properties it was possible to
study the time resolved adsorption behavior of globular proteins. This
in situ, real-time study of protein adsorption withholds kinetic and protein
behavioral information. We learned that hydrophilic diamond yields in a
lower impedimetric response but results in a larger biological activity ac-
cording to ELISA. Probably because polar interactions between the protein
and the interface do not promote conformational changes. In addition this
also results in a faster adsorption rate. However, the use of oxidized di-
amond in impedance measurements requires low noise levels and stable
conditions because only small capacitive interface changes occur. Hydro-
genated diamond on the other hand is a favorable electrode material be-
cause it has a space charge sensitivity for the negative charged proteins
resulting in a larger response. However a drawback is the partial loss of
protein conformation. This yields in a stronger adsorption of proteins on
the surface which has an augmented effect on the interface capacitance
and additionally creates space charge effects. A question that rises with
the obtained results is: Can hydrogenated diamond provide a sensitive
surface for protein detection? Unfortunately there is no ideal scenario with
a high biological affinity and a large impedimetric response so regarding
the noise levels of the signals, and the magnitude of response and the loss
in biological functionality we continue to use the hydrogenated diamond
as biosensor sensor substrate.

4.6 Biofunctionalization of diamond

Grafting linker molecules on diamond is an important topic for biosen-
sor research. However the application of the functionlization pathways
haven’'t been employed extensively throughout this work, we still summa-
rize the most important and straight forward possibilities for oxidized and
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hydrogenated diamond functionalization. Depending on the molecule that
needs to immobilized it is important to have the right functional groups
on the surface. Next these groups can be combined with coupling chem-
istry (such as EDC/NHS) to provide a chemical linkage between the sur-
face and the molecule. The reference molecule in the following sections
is a short fluorescent labeled 8 basepair DNA strand (described in sec-
tion ??). DNA is used for 3 main reasons, it cannot crosslink since it only
has a single functional group, secondly the washing steps can be stringent
so adsorbed DNA is rinsed off whilst covalent bound remains tethered to
the surface and third it contains a fluorescent label allowing fluorescence
read-out. In Table ?? an overview is given on the possible diamond sur-
face functionlizations. Some of these techniques were already described
in literature but they were also employed in this topic with the scope as
suitable surfaces for future biomolecule coupling on diamond substrates.

Oxidized Hydrogenated
-COOH Succinic acid Fatty Acid, diazonium
-NH2 Silanization TFAAD

4.6.1 Carboxyl functionalization

In the following paragraphs the carboxyl functionalizations of diamond are
discussed:

10-undecenoic acid (fatty acid)

A pure 10-undecenoic acid solution (Sigma, Bornem, Belgium) was added
to freshly hydrogentated diamond samples and sandwiched between a
quartz lid. Next they were placed in a low-pressure mercury lamp (Philips,
TUV-G4T4 4W) which exposed the surfaces for 20 hours. The calculated
intensity at the diamond surface is 14 mW/cm?2. After coupling the sam-
ples are 20 minutes washed in hot acetic acid at 120°C and finally rinsed in
3 runs of first 5 minutes in dH,0 by ultrasonic agitation and heated dH,0
respectively. After drying under nitrogen a grafted surface with carboxylic
acid groups is obtained. It is essential that the surface is hydrogen termi-
nated and exposed to UV in order to tether the linker molecules properly
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(Figure 4.16). The carboxylic acids can be used for coupling DNA to the
surface as has been described in section 2.4.1.

(a) (b)

Figure 4.16: In panel (a) a partially hydrogenated/oxidized surface exposed for
fatty acid coupling and in (b) selective illumination of the fatty acid

linkers..

Succinic anhydride

In contrary to the fatty acid coupling the succinic anhydride does not re-
quire a hydrogenated nor UV exposure to the surface. This surface mod-
ification is done in dry acetonitrile (ACN) on thoroughly oxidized diamond
surfaces. A 0.8 M solution was prepared and added to the substrates un-
der a nitrogen atmosphere with continuous shaking for 20 hours.
Afterwards the samples are 3 times washed for 5 minutes in ACN and dried
under a nitrogen flow. After 8bp DNA coupling the fluorescence recordings
indicate a succesful result on the positive sample compared to the nega-
tive control.[103].

4-benzoic acid diazonium

An additional carboxyl functionalization of the hydrogenated diamond sur-
face was by grafting the surface with diazonium salts. The diazonium
used in this work was the 4-benzoic acid diazonium tetrafluoroborate. The
chemical structure and coupling mechanism is shown in Figure 4.18. The
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diazonium was prepared in house following the recipe of Kizil et al. The
obtained product was characterized by NMR and FTIR both indicating good
functionalities. The coupling reaction was carried out with a 8.7 mM reac-
tion in MilliQ with an incubation time of 2.5 h. Afterwards the samples
were rinsed for 2 times in MilliQ (10 min) and dried before used in EDC
coupling. However, the diazonium result is less pronounced with respect
to the succenic anhydride and the fatty acid routes.

(a) (b)

Figure 4.17: In panel (a) a succenic anhydride functionlized substrate and in (b)

a negative controle without the reactive compound.

(a) (b)

Figure 4.18: In panel (a) a partially hydrogenated/oxidized surface exposed for

fatty acid coupling.
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4.6.2 Amine functionalization

Short linker functionalization

The first efforts for diamond functionalization with amine groups in this
work were carried out with short molecule linkers. From fatty acid attach-
ment was known that the double bond in combination with UV causes a
covalent bond between the linker and the surface. Therefore, a short linker
with a double bond and an amine group, such as allylamine was used to
graft the surface. However, results were not convincing for this molecule
so ethylenediamine was used. Results from contact angles were positive
but no coupling with DNA was achieved.

3-aminopropyltriethoxysilane

Diamond silanization is widely described in literature. Depending on the
silane, a certain functional group can be used. Here an 3-aminopropyl-
triethoxysilane (APTES) was used which results in an amine functionalized
surface. Silanes require hydroxyl terminated surfaces so the NCD was 2
hours exposed to uv-ozone. Afterwards, were boiled in MilliQ water and
finally they were 30 minutes immersed in 2% (v/v) APTES into 95:5 (v/v)
EtOH/H20 at room temperature under N, atmosphere. After extensively
washing with EtOH and H,O the samples were dried and baked at 110° for
15 minutes.

Afterwards 8 bp DNA with a carboxyl functional group and fluorescent la-
bel was coupled via the EDC-pathway. In Figure 4.19 the recorded fluores-
cence images are shown with the EDC+ in (a) and the EDC- (b). Contact
angles after uv-ozone were 10° and increased to 75° for the silanized and
were 25° for the negative control.

4.6.3 Surface regeneration

In addition a large time consumer is the cleaning of diamond for reusing.
This involves washing in MilliQ to remove adsorbed salts, washing in acid
and re-hydrogenation. Also with the scope of future application in dia-
mond array’s, which are integrated in certain systems, makes it difficult
to recycle the complete diamond surface with aformentioned treatments.
Therefore efforts have been made to regenerate the functionalized dia-
mond surface. The diamond interfaces are functionalized with fatty acid
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(a) (b)

Figure 4.19: Amino functionalized oxygen terminated diamond. (a) the EDC+
sample with bleachline and (b) the EDC- sample.

linkers and coupled with fluorescent labeled DNA. After confocal imaging
the substrates were washed with different procedures in order to break
the formed amide bond, regenerate the carboxylic acid group to its proper
functionality and re-couple DNAto the surface. Herefore different solutions
have been used at different temperatures such as.

The breaking of the amide bond is done by interconversion and nucleo-
phylic acyl substitution (hydrolysis). The enzymatic routes with proteinase

(a) (b) (c)

Figure 4.20: Regeneration of a fatty acid surface with (a) the initial state (b) the
removal of DNA strands (c) re-functionalization with 8bp-Alexa488

label
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K, Pepsine A and a-chymotrypsinogen were supposed to break the amide
bonds but this did not fulfill the expectations. Heating MilliQ water from
30 to 120 °C also did not result in signifcant changes. Acidic washin with
10 M NaOH, 1 M NaOH and 0.1 M NaOH at RT, 80 and 120 °. This resulted
in succesfull decoupling, but the re-coupling showed excessive striations
and spots. Finally acdic washing with 10 M H,50, at room temperature for
2hr30 resulted in successfull de/re-coupling as can be seen in Figure ??.

4.6.4 Conclusion

The functionalizations of diamond surfaces are a very interesting and im-
porant aspect in biosensors. Biomolecules can be tethered covalently to a
surface. Especially the oxygen termination, which is of large imporatance
for future biosensor research not only provides a better surface for pro-
teins, but it also makes life easier. Especially the huge workload that arises
from hydrogenation of diamond it is now possible to employ surfaces that
can be generated much more rapidly, which the same result and serve
as a possible biosensor substrate. Currently the succinic acid coupling is
used to investigate SNP detection and is still work in progress. In addition,
experiments on supported lipid bilayers on diamond films have also been
done but these results are not discussed in this thesis. These results can
be found in [104].
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Chapter 5

Immunosensing: The
search for CRP

5.1 Characterization of the immunosensor

With an enzyme linked immunosorbent assay the bio-functionality of the
immunosensor was proven. In section 4.3 we found that the bio-functionality
on oxidized diamond was much higher compared to hydrogenated dia-
mond. In this section, we further focus on hydrogenated diamond because
of the improved electrical sensitivity. In Figure 5.1 (a) the biofunctional-
ity of the immunosensor construct is shown. Here 4 NCD samples were
used as following: two samples were incubated with 20 nM anti-CRP and
blocked with BSA (6w%) overnight. The other two were only blocked with
BSA. For the antibody/antigen immune complex the largest colorimetric
result was obtained (A-CRP + CRP). In BSA+CRP there was no signal mea-
sured indicating that CRP does not adsorb on BSA coated surfaces. A-
CRP+Dbfr indicates that the secondary antibody does not cross-bind onto
the primary antibody, yielding in no colorimetric change. Similarly the BSA
+ bfr show there is no random adsorption of the secondary antibody on
the BSA blocked surface. Only a clear and significant signal was obtained
upon formation of a complete Ab/Ag complex. In panel (b) the sensitivity
and specificity versus the antigen (CRP) and a negative control protein,
plasminogen, is represented. Plasminogen is a 66 kDa protein with similar

127
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structural properties like CRP. In this case all of the substrates have the
same concentration for the primary receptor. The blanco, which had CRP-
buffer, did not respond. Also, the different plasminogen concentrations
did not result in any colorimetric change. The CRP channels showed a
concentration dependent behavior. According to these measurements the
biological functionality, with high specificity and sensitivity within clinical
relevant concentrations is still present. From these calorimetric results we
prove the functionality of hydrogenated diamond as a suitable biosensor
substrate.

(a) (b)

Figure 5.1: ELISA results indicating the bioactivity (a) and the selectiv-
ity/sensitivity of the immunosensor against CRP.
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5.2 Label-free immunosensing by impedance

spectroscopy

In the section above we demonstrated that hydrogenated diamond has
the viability and potential to serve as a suitable biosensing substrate. The
next sections will describe the impedimetric read-out based on a label free
method. For this the diamond samples were interfaced with the HP4194A
impedance analyzer. In Figure 5.2 a schematic and photographs of the
biosensor lay-out is shown. Typically impedimetric measurements took
place in a 4 well setup with a volume of 140 ul buffer solution. The working
electrode was the diamond film and the counter was a gold wire. Next they
were connected to a multiplexer, that allowed sequential measurements,
which was finally interfaced with an impedance analyzer.

(c)

Figure 5.2: Photograph (a) shows the measurement cell with the 4 channels and
the inset shows the diamond samples. In (b) the switchcard is shown
that allowed sequential measurements. In (c) a schematic represen-

tation of the measurement setup is shown.
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5.2.1 Specificity of the immunosensor

Hydrogenated diamond NCD substrates functionalized with 20 nM anti-
CRP and blocked overnight with BSA were implemented in the biosensor.
The wells were topped up with 1 x PBS and were stabilized at 37°C. After a
stable impedance signal was obtained the proteins, CRP and plasminogen,
were added to different wells to reach a final concentration of 500 nM.
Note, this point is denoted as (t=0) and is used for data normalization.
In Figure 5.4 (a) the time resolved impedance at 100 Hz is shown before,
during and after the addition of the proteins. The normalization was done
versus the first point before protein addition, (t=0). The addition volume
is typically 6 ul and causes temperature differences and convection in
the liquid cell. This causes the impedance to slightly jump upward (due
to the decrease in temperature and disturbances in the molecular layer).
Also, after rinsing a similar increase was observed. For trend analysis and
general overview this is in an interesting way of representation. However,
to further focus on the actual difference between CRP and the negative
control protein, the normalization point was now chosen as the first point
after addition of the proteins. This means that the graph from panel (b)
is actually the zoomed in version of (a) and only shows the time resolved
data during the protein addition. Here clearly can be seen that the CRP
channels increase with 2% over 40 minutes whilst the plasminogen shows
a typical decrease, in this case, of £1%.

(@) (b)

Figure 5.3: Nyquist plots modeled with the R(QR)(QR). The curves show snap-
shots at t=0 and t=50 min of Figure 5.4 (b).
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(b)

Figure 5.4: Normalized time resolved impedance at 100 Hz for the addition of
500 nM CRP and plasminogen. In panel (a) the time lapse before,
during and after addition is shown whilst in (b) a new point of origin

is chosen after addition of the proteins.
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For further analysis Nyquist plots were made from t=0 and after addition,
t=50 min. They were modeled with the typical R(QR)(QR) and the fitre-
sults are shown in Figure 5.3. The calculated values had indicated the
largest change in the double layer capacitance of the CRP channel, on
average there was a decrease of 58% and the space charge capacitance
(Qsc) increased by £8%. The plasminogen channel showed no significant
changes, here only a 3% increase for both the Qg; and Qsc was observed.

5.2.2 Reliability of the immunosensor

In order to get more insight in the reliability of the immunosensor, a vari-
ation on the specificity measurements, that were described above, were
performed. First, the diamond substrates were either coated with anti-
CRP (NCD+anti-CRP) or just blocked with BSA (NCD). Secondly, instead of
measuring the CRP and plasminogen separately in different wells the ad-
dition was now done in sequence. First 500 nM plasminogen was added
and afterwards 500 nM CRP. The results are shown in Figure 5.5. Also here
the time resolved impedance of 100 Hz is normalized versus (t=0). Be-
cause there is no complex forming there is also no change in low-frequency
impedance and the two channels behave similarly with downward trend.
The TRI decreased with £ 2% and 6% for the BSA blocked and receptor
functionlized substrate respectively. In panel (b) of Figure 5.5 CRP was
added as the second step after rinsing of the cell. Here also the final
concentration was 500 nM. Interestingly, the decrease that was observed
in panel (a) upon plasminogen addition is now gone and a upward sloping
trend is observed whilst the receptor free surface suffers from the same
regression as in (a).

5.2.3 Sensitivity of the immunosensor

The sensitivity of the immunosensor is studied by adding different CRP
concentrations. These were 0 nM (CRP-buffer), 10 nM and 100 nM. The
time resolved impedance normalized after protein addition (t=0) is shown
in Figure 5.6 (a). In panel (b) the concentration versus the relative impedance
at (t=40 min) is shown. In the concentration range between 0 and 1000
nM an exponential dependence versus concentration is shown. The data
represent the mean value and standard deviation for the change in Z af-
ter 40 minutes of CRP treatment. The mean value and standard deviation
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for pure CRP buffer (0 nM CRP) is indicated by the full line and shaded
area, respectively. From this curve it is clear that 10 nM, was the lowest
concentration that could reproducibly be discriminated from buffer.

The impedance at 100 Hz changes in a concentration-dependent man-
ner. The different impedance spectra, corresponding to the different CRP
concentrations, can be clearly distinguished from each other within 40
minutes. The impedance of the reference channel (triangles) shows a
characteristic decrease, while the impedance of the channel with a CRP
concentration of 100 nM (squares) is clearly increasing, and shows a com-
parable behavior to the effect described in Figure 5.4 and Figure 5.5 as-
sociated with a decrease in molecular layer capacitance. The impedance
of the channel with the lowest CRP concentration (circles triangles), how-
ever, already starts to show a slight decrease, suggesting a lower den-
sity of antigen/antibody-complexes, and approaching the condition of non-
recognition, also seen with buffer and plasminogen treatment.

The real-time impedance spectra observed at 100 Hz in the previous Fig-
ures indicate that, when comparing the sample channel to a reference
channel in the same measurement, a good discrimination between the
two conditions is obtained after 40 minutes. However, because of the re-
producibility of the sensor, it is also possible to compare the sample chan-
nels of separate measurements. This is illustrated in Figure 5.7, where the
CRP-dependent impedance curve (black squares) is the average of 5 inde-
pendent impedance measurements at 100 Hz on anti-CRP functionalized
samples, while the non-specific plasminogen-dependent impedance curve
(red squares) is the average of 7 independent impedance measurements
at 100 Hz on anti-CRP functionalized samples. The added concentrations
were identical to the previous experiments. The error bars indicate stan-
dard deviations. It can be seen that, after 25 minutes, the two types
of curves significantly diverge, and obtain a range of values specific for
reference and sample. The rise in impedance remains consistently char-
acteristic for the specific CRP recognition.
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(b)

Figure 5.5: TRI at 100 Hz normalized at t=0 before protein addition. In (a) the
plasminogen addition is shown on BSA blocked and anti-CRP function-
alized NCD and in (b) the CRP addition.
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(b)

Figure 5.6: In panel (a) a TRI of 0, 10 and 100 nM Time resolved impedance of
different CRP concentrations (0, 10 and 100 nM)



136 CHAPTER 5. IMMUNOSENSING: THE SEARCH FOR CRP

Figure 5.7: An averaging of impedance spectra taken at 100 Hz during 500 nM
CRP addition (black) and 500 nM plasminogen addition (red).

5.2.4 Detection of CRP in complex matrix

The goal of the immunosensor was the detection of C-Reactive Protein in
crude human serum. For this, blood of a healthy donor was centrifuged
(4000 rpm, 20 min, 5°C) to obtain crude serum. As a reference the serum
was cross-checked by a specialized institute (Labo RIGO, Genk, Belgium)
in which a CRP concentration well below 4 nM were quantified. Compared
to buffer solutions the use of complex media such as serum creates ad-
ditional (unwanted) effects. In Figure 5.10 the time resolved impedance
of three different substrates is shown. The first has a bare NCD substrate
(red) and the other two are blocked with BSA (black, green). After stabi-
lization, PBS was added to a BSA blocked channel (black) and serum was
added to a bare and blocked surface (red and green). After an incubation
time of an hour the samples were rinsed and refilled with PBS to record
the end phase. The black channel (PBS addition) does not show any sig-
nificant changes throughout the entire measurement. The serum addition
channels (green and red) show impedance increases that correlate to ad-
sorption effects. The BSA blocked surface which is exposed to human
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serum has an increase of 5% whilst the bare NCD substrate increases up
to 20%. From this it is clear that serum has an additional large blocking
effect on the surface compared to buffer solutions. This is caused by the
high concentrated protein cocktail. Especially the human serum albumin,
which is heavily charged and can easily adsorb on the bare surface and
can even cause an additional blocking on the other substrate. This effect
is also seen in the Nyquist plots. Figure 5.9 (a) shows the initial condition
of the bare electrode with the addition of serum and the final phase af-
ter rinsing and refilling. The impedance increases not only in the space
charge but also in the double layer region. (b) has the similar exposure
only the diamond surface is blocked with BSA. This causes a dampened
effect on the impedance changes.

Figure 5.8: TRI curve of NCD samples, the black (square) and green (triangle) are
coated with BSA and the red (circle) is a bare substrate. At t=0 PBS
is added to one of the BSA coated NCD and human serum to one BSA

blocked and one bare electrode.

From these results we learn that if immuno measurements are performed
in human serum it is necessary to stabilize in crude (unspiked) serum.
Because any addition of bulk protein material causes an impedance in-
crease that could mask the small impedimetric signal that originates from
antigen binding. In Figure ?? the average of 6 independent time resolved
impedance measurements in serum are shown. The initial phase of stabi-
lization was done in unrefined serum. The proteins were diluted in serum
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(a) (b)

Figure 5.9: Nyquist plots of different measurement conditions. In (a) a BSA
blocked NCD substrate with only PBS additions. (b) a bare NCD
substrate with human serum addition, (c) BSA blocked surface with

serum addition

and were afterwards added to the sensor. The positive sample received
CRP spiked serum that resulted in a 500 nM end concentration whilst the
negative control only had CRP buffer diluted with serum.

Figure 5.10: TRI of 500 nM spiked serum (black) compared to unspiked serum

(red), average was taken of 6 independent measurements.

The negative control shows the typical decrease in impedance signal. The
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spiked serum causes a characteristic impedance increase of 1.6% after 30
minutes. As compared to the measurements in buffer, shown in Fig. 6, the
impedance effect is slightly less, probably due to the high complexity of
the medium. However, difference in impedance behavior between spiked
and unspiked serum was significant (p > 0.045).

5.2.5 Conclusion

In the previous sections the potential of EIS on H-terminated NCD is demon-
strated for the development of a real-time and label-free immunosensor.
The suitability of this diamond substrate for functional antibody adsorp-
tion was demonstrated with an ELISA reference technique. In this study
a specific discrimination between CRP and plasminogen was obtained in
real-time at low frequencies (100 Hz). Specific CRP recognition by the
physisorbed anti-CRP antibodies was consistently associated with an in-
crease in impedance, due to a decreased capacitance of the molecular
layer caused by CRP binding. The level of increase varied between 2 and
6%. On the other hand, non-specific conditions, either by the addition of
plasminogen or buffer to anti-CRP functionalized NCD or the use of BSA-
coated NCD, were characterized by a small impedance decrease at 100 Hz
of 5%. The sensitivity of the immunosensor was analyzed by incubating
the NCD samples with different concentrations of CRP. At 100 Hz, the low-
est concentration of CRP used in our experiments (10 nM) was still clearly
distinguishable from the reference channel treated with buffer within 20
minutes. This indicates the possibility that our prototype immunosensor
for CRP can reach a sensitivity within the physiologically relevant con-
centration range, important to discriminate between healthy controls (8
- 10 nM) and patients at risk for CvD ( >10 nM). Serum measurements
were also performed, and showed that the impedimetric immunosensor
was capable of significantly distinguishing between spiked and unspiked
serum. However the analyte concentrations is very large and is not within
the physiological range. Therefore an amplification of the signal is neces-
sary to achieve a larger impedimetric response so a beter differentiation is
possible between various concentrations. In the following sections some
efforts for signal amplification are shown such as sensor area increase,
gold labeling of proteins, thermal insulation and protein orientation.



140 CHAPTER 5. IMMUNOSENSING: THE SEARCH FOR CRP

5.3 Optimization of sensing properties

5.3.1 Increasing the sensing area

By increasing the surface area it is possible to improve the sensor re-
sponse. A larger surface area can house more receptors, and therefore in-
crease the sensing effect. In section refsec : chratio we showed that the
interface capacitance can be changed slightly by varying the growth pop-
erties but a drastic enlargement is necessary. Therefore, an array of Zin-
cOxide (Zn0O) nanorods was grown on boron doped nanocrystalline films to
construct a three dimensional structure that not only serves as a possible
optimization for the current biosensor, but also serves as a viable proof-
of-principle concept for a new generation of biosensors based on a ZnO
platform. In literature, up till now, the combination of diamond, serving
as a normal electrode, covered with ZnO nanorods and the impedimetric
read-out is new and not yet described!

(a) (b)

Figure 5.11: (a) The schematic representation of the sensor setup with the ZnO
rods serving as an increased sensor area (b) SEM recording of a
bare NCD film (c) NCD film covered with ZnO rods (d) close-up of
ZnO rods (synthesis: L. Baeten)

The setup is composed of a B-NCD serving as an electrode, a thin ZnO film
(generally 20 nm) on which a ZnO nanorod array was grown (more infor-
mation about the ZnO synthesis and deposition can be found in [105, 81].
This nanorod array forms the surface in contact with the solution (Figure
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5.11(a)) with the surrounding solution. Measurements were done in 1 x
PBS at pH 7.4 at 37°C. Measurements were done with the HP and IVIUM
impedance analyers in the top-down setup based on the flow-chamber de-
scribed in [106]. Figure 5.11 shows a SEM recording of the nanorod array.
In comparison to a flat surface, roughness of the NCD crystallites cause
the nanorods to tilt and therefore open up for so proteins can diffuse more
easily and settle in the meshlike surface.

Impedance spectra show besides the typical two hemispheres a third ca-
pacitance element that is attributed to the interface of ZnO and NCD.
By modeling the impedance spectra with an additional (RQ) element a
good fit with a x2 of 1.27 e~ is achieved. In total the model comprises
R(QR)(QR)(QR) elements, in which each (QR) represents a certain parame-
teri.e the interface capacitance, the space charge region and an additional
diamond/ZnO interface. For normal NCD substrates the interface with the
liquid results in a capacitance value that is around 2-5 uF but in the case
of the ZnO interface capacitance increased up to 40 uF.

(a) (b)

Figure 5.12: Nyquist plots of the NCD/ZnO-nanorods array in 1 x PBS. (b) the
addition of antibodies and target CRP at 100 Hz.

The use of the nanorod array is very interesting in combination with dia-
mond. Besides ITO the only viable substrate for ZnO nanorod growth is
diamond because it can withstand the harsh growth conditions without
forming any oxide layer (as is the case for silicon). The array can not only
be used to capture proteins, but is also a viable immobilization layer for
other receptors such as enzymes. The drawback of the ZnO array is the
long stabilization time required. Probably the water penetration into the
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rods (4.5 hours approximately) causes a constant growth of the interface
capacitance. If analytes also need to diffuse into this dense array the mea-
surement times are drastically prolonged. Only if the density packing of
the nanorod array can be tuned to create larger inter-rod distances, the
ZnO array can prove its true potential for biosensing applications.

5.3.2 Labelling proteins with metallic particle

To enlarge the surface sensitve effect, affinity purified polyclonal goat-
anti mouse antibodies (H+L chain) with a 10 nm colloidal gold particle
(KPL, Maryland, USA) were used as an antigen. 3 diamond samples were
implemented in the top — down setup and the impedance was measured
at 37°C at pH 7.4. A schematic representation is shown in Figure 5.13
(b). The time resolved impedance, shown in Figure 5.13. From the TRI the
black line is the positive sample i.e. the sample incubated with the primary
antibody (or image (c) in the sketch). The red line shows the negative
control (blocked with BSA (image (b)). A distinct feature is observed in
the green line, which represents the bare diamond electrode, in which the
noise is much lower and upon protein addition only after 50 minutes a
slight increase is observed.

The diamondsamples from the impedance measurement were extracted
from the top — down setup and they were 5 seconds gently rinsed with
milliQ water to remove any salts. After drying SEM micrographs were
made (Figure 5.14). Particle analysis by the image processing software
(Image]) resulted in average coverage of of £ 5.09 particles/um?2 for the
bare diamond surface (a), 0.78 particles/um? for the BSA blocked surface
and 1.09 particles/um? for the primary antibody covered surface.
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(b)

Figure 5.13: in (a) a time resolved impedance spectrum is observed at 100 Hz of
the recognition and after rinsing. For clarification in (b) a schematic

representation is shown of the sensor lay-out.
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(c) (d)

Figure 5.14: SEM micrographs of the bare NCD electrode with incubated antibod-
ies (a), BSA covered diamond surface with the antibody incubation
(b) and a primary antibody covered diamond surface incubated with
the anti-lgG gold particles (c). Close up of the gold antibodies on the

diamond surface.
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5.3.3 Insulation properties of proteins

In the previous sections we have shown that protein adsorption causes
the impedance to increase due to the blocking effect of the electrode. In
addition if controlled temperature system is used that is heated from a sin-
gle side, and the temperature gradient is measured between the working
electrode and the liquid electrode a heat transfer constant can be deduced
(R¢n). In the case of DNA hydridization/denaturation a Rty change is ob-
served. Here, the adsorption of 20 nM of protein causes an increase in the
impedance but no change is R¢, is measured. Similar effects are observed
on uCD.

(@) (b)

Figure 5.15: Impedance versus heat transfer resistance (Rth) with in (a) the ad-

sorption of protein on NCD diamond and (b) uCD diamond.

If the adsorbed surface is heated from 20 to 80 °

Protein adsorption First, the antibody adsorption was investigated. A
high concentrated solution of 1 uM was used to investigate temperature
changes during adsorption on a B:NCD surface. For reference, 1 x PBS
with a dummy stock solution without proteins was added to the sensor.
This sample represents a concentration of 0 nM. After a stabilized signal
was obtained antibodies with a fluorescent label were added. Incubation
was during 1 hour at a constant temperature of 37°C. Afterwards the sam-
ples were rinsed again with 1 x PBS. Figure ?? shows the impedimetric and
thermal response of the protein adsorption. After addition a significant
peak in the thermal (bleu) and impedance (black) is observed. Clearly this
is caused by thermal effects of the addition process. After addition the
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the impedance increases and the thermal gradient remains unchanged.
After rinsing the impedance remains at the new level and the temperature
gradient between the liquid and copper shows no change. The impedance
increase after protein adsorption is described in the previous section.
When the adsorbed proteins are heated up to 70°C there is small anomaly
occurs at 45 °C

(a) (b)

Figure 5.16: B:NCD with adsorbed proteins. (a) phase in function of time and
temperature and (b) show the Modulus at 125 Hz.



Chapter 6

Diamond Architectures

In the first section a brief motivation explains why it is useful to pattern
diamond into micro-arrays. Next, the actual development and interfac-
ing with read-out instrumentation is discussed. The patterning technique
was based on the typical top-down technique. Also, a novel secondary
technique is proposed to create diamond (and other material) structures
bottom-up. The final section will encompass some proof-of-principle mea-
surements on whole diamond based electrodes with proteins and DNA.

6.1 Why pattern diamond?

147
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(a) (b)

Figure 6.1: Here, boron-doped diamond films grown on Si substrates are shown.
The color grating indicates resistance variations. In (a) a lower doping

concentration was used compared to (b).
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By using chemical vapor deposition the uniformity of diamond growth is
dependent on the plasma sphere and therefore also on the reactor size.
During deposition, different growth rates and dopant incorporation speeds
are taking place across the substrate resulting in an inhomogeneous land-
scape of electronic properties as is shown in Figure 6.1. These plots show
a resistance distribution of 2 independent diamond wafers grown on a sil-
icon substrate. It is obvious that these variations in resistance also cause
changes in impedance spectra. In Figure 6.2 (a) a photograph of a 2"
wafer is shown and in (b) the impedimetric spectra after dicing into 1 cm?2
samples.

As can be seen there is a large inter-sample variation from the same wafer
that interdicts comparison of absolute impedimetric data.

Decreasing the sample size and patterning into an electrode array results
in more homogeneous electrodes. In Figure 6.2 (c) patterned diamond
electrodes are shown and their impedance spectra (d) indicate a larger
homogeneity resulting in a much smaller inter-sample variation that is
highly beneficial for comparison between electrodes.

6.2 Whole diamond based electrodes

In this section the technical part of diamond patterning is discussed. This
includes the technical procedures and interface challenges with read-out
techniques. Also, additional considerations are mentioned working with
coplanar diamond systems.

6.2.1 Diamond patterning

First, diamond films were grown with the required conditions. In Chapter 3
we demonstrated the different properties of diamond electrodes. Here,
typically dopant concentrations between 5000 and 8000 ppm were used
with C/H-ratio’s of 0.5 to 1 %. This results in the lowest electrode resis-
tance which is important for good electrode properties. Figure 6.3 shows
the different steps employed.

After diamond growth a film of 150 to 400 nm is obtained depending on
the substrate (quartz or SiOx). Next an aluminum film of 100 nm was sput-
tered on top (10 min, 100 sscm Ar, 150 W, 11.7 cm). On this aluminum
film a positive photoresist layer (S1818) was spincoated (30 sec, 3000
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rpm) and pre-exposure baked at 110°C for 1 minute. The UV exposure
was done on a Karl Suss mask aligner (Garching, Germany) with a 350 W
Xenon lamp with XXXXX mJ/cm? for 8 to 10 seconds. Developing was done
1:4 Microposit developer for 30 seconds. After developing the aluminum
was etched in "aluminum etch solution" (RECIPE ETCH SOLUTION) for 5
minutes. The photoresist was removed by an acetone wash (2 minutes).

The remainders are a diamond film with a patterned aluminium cover that
serves as a hard mask for oxygen etching. After loading the diamond in the
sputtering chamber an oxygen plasma was created (100 sscm O,, 2 min,

(c) (d)

Figure 6.2: In (a) 4 Nyquist plots of samples from the same wafer are shown in
a single measurement. (b) after patterning diamond homogeneous

electrode behavior is observed.
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Figure 6.3: Lithographic process for diamond patterning: (a-b) diamond growth,
(b-c) aluminium hard mask, (c-d) resist spincoating, (d-e) patterning,
(e-f) aluminium etching, (f-g) oxygen plasma diamond etching, (g-h)

aluminium removal

11.7 cm, 150 W) to etch the diamond that is not covered by aluminium.
In a final step the aluminium was removed by again etching in aluminium
etch for 5 minutes. The final result is shown in Figure 6.5. In panel (a)
an overview of the 4 electrodes with their concentric counter electrodes
are shown. Panel (b) clearly shows the border of the etched diamond
electrode.

6.2.2 Interfacing with peripheral equipment

The diamond electrodes now consist of small structures. For contacting
the structures were provided with ohmic (Ti/Al) contacts by using a shadow
mask for sputtering. These contacts allow two different interfacing meth-
ods:

e Packaging and wirebonding for an addition setup
e Contacting via spring-loaded pogo-pins

The packaging consists of gluing the diamond substrate into a pin grid
array (PGA). Afterwards, wirebonds were made to provide the electrical
connections between the PGA and the substrate. Finally, the PGA was
mounted in the socket of a dedicated 4 channel switchcard (Figure 6.5 (a)
and (b)).

An O-ring based fluid cell was mounted on these electrodes to form an
addition setup similar to those from the immunsensing measurements
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(Chapter ??). A platinum wire fixated in the measurement cell could serve
as an optional counter electrode.

A second way of interfacing was via spring loaded pogo pins that served
as contacting mechanism (Figure 6.5 (c)). The connections were extended
via SMA-coaxials to a bifunctional multiplexer (a single or common gound
per channel) which in turn is connected to peripherals. In addition, this
setup could be mounted on a peltier element with a temperature range
of -10 to 80°C with an accuracy of £0.05°C. Here the fluid cell was a
flow injection mechanism made from polydimethyl siloxane (PDMS) with
a volume of 15 ul. The pump was an Ismatec (IPC-N, Wertheim-Mondfeld,
Germany ) with a pumping range between 200 nl and 3 ml in a open or
closed loop system. Typically a flow rate of 100 ul was used.

6.2.3 Electrochemical read-out

First the behavior of oxidized and hydrogenated diamond electrodes is
compared to an electrode with the same geometry made from aluminum.
Figure 6.6 shows the Bode plots of the four electrodes. The diamond elec-
trodes show a similar spectrum with no additional elements besides the
typical R(QR). The only aspect that clearly stands out is the much smaller

(a) (b)

Figure 6.4: In (a) patterned aluminium on a diamond film, (b) patterned diamond,
(c) close up of aluminium patterned electrode after etching, and (d)

final patterned diamond electrode after aluminium removal.
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series resistance (electrode resistance) of the aluminum electrode.

The large series resistance dominates the spectrum between 100 Hz and 1
MHz so a smaller interface contribution is visible in the lower frequencies.
Also there is a large difference between coplanar and top-down sensing.
In Figure ?? electrodes were wirebonded and packaged in the addition
setup. First a spectrum was taken between 2 symmetrical diamond elec-
trodes and afterwards between a metal electrode in the solution and a di-
amond electrode. The spectra were fitted with the adapted Randles model
R(Q(RW)) (Figure 3.12) and the results are shown in Table 6.1.

From Figure In the case of coplanar electrodes the series resistance nearly
doubles cause of the additional diamond electrode involved and the dou-
ble layer capacitance. The fact that the impedance is measured between 2
diamond electrodes it causes the interface capacitance to decrease (by a

(c)

Figure 6.5: Complete diamond array packaged in a PGA socket (a) and electrical
connections were made by wirebonding and in (c) by spring loaded

connections.
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Table 6.1: Fitted results of the difference between a top-down and coplanar sens-
ing

Component Top-down coplanar Ratio

Rseries 2.565e4 4.536e4 1.8

Qui 6.645e-8 4.078e-8 0.61
Ngt 0.92 0.89 0.97
Ret 8.813e6 1.52e6 0.17
W 5.402e-8 4.37e-7 8.1

factor 2). Also the diffusion limited resistance (W) increases in the case of
diamond diamond electrodes. Earlier we have shown that this is due to ion
adsorption and diffusion near the diamond interface. The use of a coplanar
diamond system has a reduced interface capacitance. The stability of the
electrodes in electrolyte solution in function of time is impressive. Only
a noise level of 0.33 % over 25 hours was observed (results not shown).
This greatly improves the measurement conditions.

(a) (b)

Figure 6.6: Comparison of Bode plots of electrodes with the same geometry but
different characteristics. An Aluminum, NCD:H and NCD:O electrode

were measured.
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(b) (c)

Figure 6.7: Differences between top-down and coplanar sensing. In (a)
schematic is shown to illustrate the difference in sensing principle.

In (b) the modulus and in (c) the matching phase plots are shown.

6.2.4 Improving electrode lifetime

A great advantage of diamond microarrays is the ability, in contrary to
traditional electrodes, to be recycled. The recycling procedure is based on
the traditional cleaning in an organic acid mixture with afterwards a hy-
drogenation step. As mentioned in the introduction, the hydrogen plasma
etches sp? carbon, this in combination with the aggressive acid, causes
the polycrystalline diamond structures to deteriorate and degrade after
repetitive cycles. This degradation is visualized in Figure ??. In panel (a)
a CFM recording of an electrode is shown. The yellow edges indicate a
different thickness which causes the laser reflection and they also show
spots where the diamond is milled. In panel (b) a SEM recording of an
etched diamond structure is shown.
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To bypass these problems oxidized diamond surfaces were used as a func-
tionlization platform. The functionalization routes have been shown in sec-
tion 22, In this case there is no need for hydrogenation and only a short
acid wash (1-3 minutes) is employed. Thorough oxidation is done by the
mild uv-ozone exposure described earlier. In addition, this is also ben-
eficial when the electrodes are provided with ohmic contacts. The ohmic
contacts are destroyed by the hydrogen plasma. The only metal that could
withstand is Tungsten (W) but it forms tungsten carbide upon heating so
wirebonding is no longer possible.

(@) (b)

Figure 6.8: Examples of diamond electrode degradation. (a) shows the reflection
during a CFM measurement and in (b) a SEM recording of an etched

area.

6.2.5 Biofunctionalization of whole diamond electrodes

An additional challenge to work with these micro structures is the selective
biofunctionalization of each electrode. The traditional setup requires large
volumes (50-100 ul) but now with the reduced surface area of 1 mm?2
volumes of 1ul are in order.

Therefore PDMS reactors have been made which allow specific function-
alization. We preferred triangular structures that were milled from PTFE
which were moulded afterwards with PDMS. The micro-reaction chambers
act as flow injections that constrain the biomolecule liquid for specific
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(@) (b)

(c) (d)

Figure 6.9: Functionalization of diamond electrodes. In panel (a) and (b) the ad-
sorption of fluorescent labeled antibodies. (c) and (d) show the dia-
mond electrode (yellow) with selective functionalization of antibodies

(green) by a PDMS chamber.

functionalization. These experiments gave rise to the following section
in which the PDMS micro-reactor principle is further employed.
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6.2.6 Conclusion

In this section we have shown the construction of whole diamond based
electrodes. The great advantage of these electrodes is the possibility for
miniaturization. In addition the diamond provides also a large durabil-
ity with lots of potential for surface functionalizations. The synthesis of
these electrodes requires a good understanding of the electrical and elec-
trochemical properties of these diamond films. The properties studied in
Chapter 3 are of utmost importance for the application in these electrodes.

6.3 A novel and innovating bottom-up approach
for diamond electrodes

In this section we discuss the possibilites of using PDMS micro-stamps as
reactors for bottom-up construction of

6.3.1 Mold synthesis

Fused silica and SiOx substrates were cleaned in two steps, first a solvent
cleaning and finally immersion in piranha solution for 20 minutes. After-
wards they were dried under a N, flow and placed in a uv-ozone cleaner
for 30 minutes. SU-8 2075 photoresist (Microchem, Newton, US) is diluted
with its developer to obtain a 80% concentration. Next, the substrates
were spincoated (300 rpm for 8 seconds, 8000 rpm for 40 seconds). A
65°C curing was done for 1 minute, and afterwards a pre-exposure bake
at 95°C for 10 minutes. eBeam lithography was performed with an ex-
posure of XXXXXC. Post exposure baking was done at 95° and 2 minutes
developed in pure SU-8 developer (Microchem, Newton, US). Afterwards a
final curing of 150° was performed. These epoxy structures form a pre-
defined mold on which a silicone elastomer PDMS was casted. Afterwards
the PDMS was peeled off and transferred to another substrate to create
the 'negative’ of the 3D SU-8 structure.

To illustrate this concept we designed a proof-of-principle which is shown
in Figure 6.10. In panel (a) a SEM recording is shown of the SU-8 structure
created by e-beam lithography. Because e-beam is CAD programmable
there are more degrees of freedom compared to conventional lithogra-
phy. The epoxy mold that serves as a template is covered with the PDMS.
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PDMS settles around the form and after it is hardened the PDMS is peeled
off and transferred to another substrate. Here, quartz is used to have a
transparent substrate. The mold is connected to a flow system through
which fluorescent labelled antibodies are flushed as a tracer. The image
shown in panel (b) was recored in the initial phase. The width of the PDMS
channels were around 25 um for highly reproducible results. In the follow-
ing subsection the PDMS chambers are employed for device construction.

(a) (b)

Figure 6.10: (a) SEM recording on an SU-8 mold (b) the filling of the negative
image made from PDMS. As tracer we added fluorescent labeled

biomolecules.

6.3.2 Selective seeding

The construct discussed in the previous section is here employed to cover
specific area’s with a seeding solution of nano-diamonds. Diamond seed-
ing occurs instantaneously so after a short flush and drying at 65°C for 30
minutes the PDMS is peeled off and diamond was grown. For these del-
icate surfaces a two step growth process was employed. First the power
was set to 3500 W at 28 Torr during 10 minutes, next the power was
ramped up to 4000 W at a pressure of 45 Torr for 30 minutes. The gas
mixture was made of hydrogen (H2,CH4, and Trimethyl borane with 410,
15 and 75 sscm respectively.
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The results are shown in Figure 6.13. The structures show a well defined
geometry with a clear and high resolution edge. The highest reproducibil-
ity is obtained with structures of 20 um width. However, smaller structures
are also possible! An example of diamond lanes with a few micron width
to even a 600 nm bottle neck diamond structures have been made and
are shown in panel (c) and (d). The film quality between (a), (b) and (c),
(d) is also different, this could be improved by prolonged growth time.
Besides diamond structures a broad variety of this bottom-up approach is

(c) (d)

Figure 6.11: (a) Small selective seeded diamond structure. (b) the master mask

out of SU-8 photoresist.
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possible. There could be applications in the ZnO research in which ZnO
precursor is patterned along a surface and nanorods are grown from this.
Another is the micro-biofunctionalization of surfaces for protein adsorption
or covalent coupling of DNA in micro-reactors.

(c)

Figure 6.12: (a) Small selective seeded diamond structure. (b) the master mask

out of SU-8 photoresist.
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6.4 Coplanar diamond electrode arrays and

integration

In this section the structures described in section 6.2 are employed for
proof-of-principle biosensing.

6.4.1 Protein adsorption

For protein adsorption hydrogenated and oxdized electrodes were pack-
aged in a flow injection system. The stabilization of the measurement is
done in 1 x PBS with the temperature control at 37°C. After a stable signal
20 nM antibodies were added and the TRI is monitored at 100 Hz. Upon
addition the typical upward trend is observed. However the signal inten-
sity now only increased less than 1 % due to the smaller sensitive area.
The Nyquist plot only shows a variation in the lowest frequency. The first
semicircle remains unchanged whilst the doublelayer, similar as before,
changes. The interface capacitance (Qq) was 217 nF and after adsorption
it decreased to 199 nF. Also the Ry increased from 7915 to 7983 Q.

(a) (b)

Figure 6.13: (a) TRI and (b) modeled Nyquist results with the R(QR)(QR) model
of protein adsorption on coplanar diamond electrodes.
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6.4.2 DNA denaturation

For this oxidized diamond was functionalized via the succenic anhydride
pathway described earlier (REF SECTION XXXXXXXX). 10 pmol/ul DNA is
coupled to the surface via the EDC coupling. After washing in 1 x PBS
and in 2 xSSC /0.5% SDS (30 min, KT) the sample were hybridized by a
full match complementary strand. A 100 pmol/ul solution is added diluted
with hybridization solution which is incubated for 2 hours at 60°C. After-
wards a stringency washingstep in 2 x ss5¢/0.5% SDS (30 min, KT) resulted
in completely fullmatch surface. The complementary strand was coupled
with a fluorescent label resulting in a fluorescent signal in case of full hy-
bridization.

INSERT FIGURE

The measurement conditions were kept constant in 1 x PBS at 37°C and
after a stable impedance signal was obtained 0.1 M NaOH was added in a
flow rate of 100 ul/min for 2 minutes. The impedance regresses and the
cell was reflushed after some time with PBS. The denatured DNA is now
again exposed to 0.1 x NaOH as a reference and forms a second decay.
Figure6.14 shows two independent normalized TRI measurements at 1150
Hz. In panel (a) the difference before and after NaOH rinsing is indicated
in these graphs.

FIG. ?? shows the impedance profile of the denaturation of full-match DNA
on the B:NCD sample. At t = 0, 0.1 M NaOH enters the cell and replaces
the 1xPBS buffer, causing a drop of the fluorescence intensity and the
impedance. This emerges from the denaturation and the change of lig-
uids, while the fluorescence drop stems from DNA denaturation only. The
extraction of the time constants 11 (denaturation) and 12 (exchange of
fluids) is based on the Fits 1 and 2, as described in:

t t
Z(t)=Z(t =)+ A1exp (——) +Ayexp (——) (6.1)
T1 T2
t
Z(t)=Z(t=00)+Azexp (—T—) (6.2)
2

are double-exponential fit according to EQ. 6.1 for superimposed, indepen-
dent decay processes is known e.g., from the decomposition of biomass
(tomato leaves) and the mass loss of tomato DNA as a function of time
[?]. The parameter A; represents the denaturation-related decay ampli-
tude and 11 the associated time constant; the amplitude A; refers to the
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impedance drop by the medium exchange and T3 is the corresponding
time constant. The fit according to EQ. 6.2 describes solely the influence
of the medium exchange from 1xPBS to 0.1M NaOH after the denaturation
has taken place and is therefore representative for the medium exchange
as such. The first time constant, derived from the impedimetric data (171)
is 2.24 £ 0.14 min from. To determine 12 = 0.97 £ 0.06 min, the cell was
refilled with 1xPBS buffer at t; = 12 min and flushed with 0.1 M NaOH at
to = 30 min. The amplitudes A; and A; indicate the respective influence
of denaturation and liquids exchange on the impedance changes.

6.4.3 Results

Figure 6.14

Table 6.2: Summary of 71 and T, values for different types of target DNA.

target DNA T1 (minutes) T2 (minutes)

Complementary  0.19+0.1 0.70+0.1

FIG. ?? gives an overview of the denaturation steps performed on B:NCD
with complementary target DNA(a), mismatch at base pair 20 (b), mis-
match at base pair 7(c), and the random target sequence (d). All data de-
scribed as chemical denaturation are normalized to the impedance value
at the moment when 0.1 M NaOH enters the cell and fitted with the dou-
ble exponential EQ. 6.1 (Fit 1) as described before. The curves denoted
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as medium exchange refer to the second replacement of 1xPBS by 0.1 M
NaOH after the actual denaturation step. These data are normalized with
respect to the equilibrium impedance value at the time t, obtained after
refilling the cell with 1xPBS buffer (Fit 2 according to EQ. 6.2). TAB. 6.2
summarizes the obtained values. It is clear that the thermodynamically
most stable system is the hybridized DNA system with the complemen-
tary DNA strand. All other systems have 71 values which are significantly
much lower. The T, values are all the same which reflects the repeatability
of the measurement.

Protein adsorption, LEUVEN, DNA hybridisatie denaturatie

6.4.4 Conclusion

Further characterization is done by confocal fluorescence microscopy. When
using a fluorescent dye it is possible to perform tommography like record-
ings that contain 3D information about the channel.
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Chapter 7

Gravimetric protein
detection on diamond-like

surfaces

In this chapter efforts were made to construct a gravimetric protein sen-
sor. Up till now no commercial QCM sensors are coated with diamond. The
reason for this absence are the requirements of piezoelectric properties
of the quartz crystal to actuate the sensing principle. These properties
start to degrade when the quartz crystal is heated above 300°C. Diamond
growth however can start from 500°C resulting in loss of the piezoelectric
properties. Therefore, we tried to develop a novel concept system of a
gravimetric immunosensing platform based on based on a diamond-like
surface by using nano-diamonds as anchorpoints for protein immobiliza-
tion.

7.1 Theory and background

When a thin quartz slice is cut in an angle of 35°10’ (AT-cut) ith respect
to the optical axis of an a-quartz crystal it gains piezo-electric properties.
The application of a voltage to an AT-cut crystal causes thickness shear
movement by mechanical induced shear-strain forces in the crystal. An

167
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alternating voltage will in turn create an oscillatory movement (shaking)
of the crystal. The resonance frequency of the crystal is dependent of the
mass load on top of the crystal. With an increasing mass the resonance
frequency of the sensor decreases which makes the quartz crystal mi-
crobalance a gravimetric read-out technique with mass sensitivities down
to nanogram/cm?2. The relation between the frequency shift (Af) and the
mass was explained by the Sauerbrey equation (Eq. 7.1). Figure 7.1 (a)
shows the drop in frequency after a mass adsorbs at the surface.
ng
Ay/PqHq
With fo the resonance frequency of the crystal (Hz), Af the frequency
change (Hz), Am the mass change (g), A the piezo-electric active area
(m?2), Pq the quartz density and ug the shear modulus of quartz AT-cut
crystal. The previous equation can be reduced to the following:
C:Af
n
With C the mass per frequency per area sensitivity for a 5 MHz crystal
(17.7 ng Hz"! cm~2) and n (1,3,5,7) the overtone number.
In most situations the adsorbed film is not rigid and the previous relations
becomes invalid. A film that is 'soft’ (viscoelastic) will not fully couple to

Af = — (7.1)

(a) (b)

Figure 7.1: Schematic representation of the QCM-D principles. In panel (a) the
drop in frequency is shown upon gaining a mass load on the surface
and in (b) the shift in dissipation due to creating a different coupling

behavior to the liquid when a new layer is formed.
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the oscillation of the crystal, so the Sauerbrey relation will underestimate
the mass at the surface. A soft film will dampen the sensor’s oscillation.
The damping or energy dissipation (D) of the sensor’s oscillation reveals
the film’s softness. The dissipation is defined as:

_ Edissipated (7.3)
2TEstored .

Where Egissipated is the energy lost during one oscillation cycle and Estored
is the total energy stored in the oscillator. The dissipation is measured by
switching of the driving power and voltage of the sensor crystal decays
exponentially as a damped sinusoidal. The change in dissipation due to
different coupling to the surrounding fluid is shown in Figure 7.1 (b).

7.2 Experimental

The quartz crystal microbalance was purchased from Q-sense (Gotenborg,
Sweden) with 4 flow cell modules (Figure 7.2). The gold plated quartz
crystals had a typical thickness of 0.3 mm with a diameter of 14 mm. The
volume above the sensor was 40 ul with a total volume from inlet to outlet
of about 150 ul. A 4 channel ismatec IPC-N pump was used with a constant
flow of 50ul/min.

Prior to use QCM crystals were cleaned in a 5:1:1 mixture of NH; + H,0

(a) (b)

Figure 7.2: Photographs of the Q-sense quartz crystal microbalance used in this

chapter. The actual flow cells are shown in the inset of panel (b).

+ H,0, at 70°C for 10 minutes. Next they were thoroughly rinsed with
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MilliQ water and dried under nitrogen. Afterwards a final cleaning was
done for 15 minutes in uv-ozone. The nano-diamond enhancement of the
surface was done by physisorption of a 0.05 g/ml UDD nanodiamond so-
lution (Osawa, Japan). Buffer solutions were 1 x PBS at pH 7.4. All of the
measurements were at 30 °C. The following protein solutions were used.
The primary antibody (anti-CRP) and the antigen (CRP) were from Scipac
(Kent, UK). A secondary anti-IgG antibody was used from Invitrogen (Gent,
Belgium) as a control protein and BSA was purchased from Sigma-Aldrich
(Merelbeke, Belgium).

7.3 Results

In the following subsections a step wise explanation starting from the sur-
face enhancement with nano-particles to the immunosensing concept.

7.3.1 Surface enhancement

In Figure 7.3 The resonant frequency, Af(t) and the dissipation factor AD(t)m
are shown. The initial phase is started with a bare gold crystal in MilliQ
water with the addition of 0.05 g/ml UDD diamond to the black channel
and MilliQ to the red channel. Immediately after addition a fast initial fre-
quency decrease (mass increase) followed by a slower decrease as the
surface coverage saturates. As seen in Figure 7.3 (b) the D-shifts are pos-
itive, and display a kinetic similar behavior similar to the f-shifts. After
rinsing no changes were observed indicating an irreversible adsorption at
the surface.

7.3.2 Surface bio-functionalization
After seeding the surface 4 different measurements were conducted.

e 4 seeded surfaces from which 2 were incubated with receptor pro-
teins and 2 blocked with BSA

e 2 seeded surfaces and 2 unseeded surfaces, all functionlized with
receptor proteins.
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(a) (b)

Figure 7.3: Changes in frequency (a) and dissipation (b) as function of time dur-
ing adsorption of nanodiamonds on the untreated gold surface. The
seeds were introduced at (t=0) in a concentration of 0.05 g/ml in
MilliQ.

To keep in mind that the surface area on these nano-particles is much
higher, a larger antibody immobilization concentration was used com-
pared to the diamond film substrates. Here, 1/500 dilutions were used.
After immobilizaton of these proteins the surface was blocked with 6w%
BSA to block all remaining binding sites.

In Figure 7.8 the gravimetric response can be seen from the protein ad-
sorption on gold and the seeded surfaces. In panel (a) all of the surfaces
were seeded but only 1 received the proteins whilst the other PBS. A sig-
nificant result is obtained indicating proteins adsorbed at the surface. In
panel (b) two substrates were seeded and 2 were bare gold. The proteins
adsorbed only on the seeded surface proving that it its of utmost impor-
tance that anchorpoints are necessary. Also this is inrefutable proof that
the nano-diamond enhanced surface is a suitable sensor substrate.

7.3.3 Immunosensing concept

7.4 Conclusion

Interesting outlooks and possibilities of these platforms are the testing of
new immobilization metals that are commercially available. Also other
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(a) (b)

Figure 7.4

Figure 7.5

functionalized diamond seeds could be tried. The use of short hydrogen
plasmas to immobilize the seeds could allow regeneratable surfaces
However these aspects were not studied in this research because it was
the last experiment planned and the optimalization is not possible within
the timeframe of this thesis.
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Figure 7.6

Figure 7.7

Figure 7.8

(b)

(b)
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