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Abstract

Electrostatic interactions are common-place in biological processes with biomolecules
typically charged in solution. In this thesis electrostatic forces were used for the spa-
tial manipulation of biomolecules by driving their attachment to surfaces patterned
with localised charges. Charge-patterns can be created on dielectric materials us-
ing Atomic Force Microscope Charge-Writing and imaged by Kelvin-probe Force
Microscopy with a resolution of one hundred nanometres.

There are a wide variety of materials that can be used for charge-patterning
including polymers such as poly(methyl methacrylate) (PMMA) and polvstyrene
(PS), which are also commonly used in nanofabrication and in biological environ-
ments. Silicon dioxide is also well known for its charge storage capabilities. Since
it is a key material for microfabrication and electronic devices, achieving controlled
attachment of biomolecules on its surface would have far-reaching applications for
the development of novel biosensors. The charge-pattern stability on PMMA, PS
and SiO, was investigated regarding their preparation and the surrounding media.

The charge-patterns were subseqﬁently used to localise biomolecular attachment.

The biomolecules were enclosed in water droplets dispersed in a dielectric oil to pre-



ABSTRACT

vent the rapid‘ decay of charge-patterns in an aqueous environment. The droplets
were attracted electrostatically to the charge-patterns. After removing the liquid,
the contents of the droplets remained localised on the surface and a resolution of
approximately 1 ym was achieved. To illustrate the repeatability of the process, dif-
ferent types of biomolecules commonly used in immunoassays were patterned on sil-
icon dioxide: mouse immunoglobulin G, rabbit immunoglobulin G and biotinylated
bovine serumn albumin. The multiprotein array thus produced was tested by immers-
ing it in a solution containing three different fluorescently labelled biomolecules. each
exhibiting specific, biomolecular interaction to the deposited ones. The discrimina-~
tion from the mixture of these secondary biomolecules by antibody-antibody or
biotin-avidin interactions confirmed the functionality and high selectivity of the

patterned array.



Chapter 1

Introduction and Motivation

1.1 Nanostructuring techniques

"The success of nanotechnology relies on the ability to manipulate and control the
formation of structures in the nanoscale. For the constant trend of miniaturisation
to be maintained, new approaches to fabrication are continuously being developed.
Nanostructures are created using two main approaches: top-down and bottom-up
structuring. Top-down fabrication techniques downscale the existing microstruc-
turing techniques based in lithography to create sub-micrometre structures. The
bottom-up approach involves the use of particles or molecules of nanometre dimen-
sion as building blocks to fabricate structures. Both approaches can be combined
offering a great range of possibilities for the development of novel nanoscale devices
([Kohler 2004], p.1).

Different methods are used for pattérning depending on the intended application,

the material to be patterned and the minimum feature size to be achieved. Physical
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or chemical changes can be induced on a substrate, directly forming the desired
structure or producing a latent pattern to be developed in subsequent steps.
Self-assembly techniques form part of the bottom-up patterning approach. The
size of the building blocks used, range from molecular size to objects of meso- and
macroscale. The building blocks will self-assemble if their interactions allow them
to aggregate into stable, well defined periodic structures. The final stable structure
is obtained by balancing the attraction and repulsion between building blocks to
achieve the lowesf free-energy state. The characteristics of the resulting structures
are controlled by varying the interactions between the building blocks, tailoring prop-
erties such as their topography, shape, surface functionality or electrical potentials
[Isaacs 1999]. The size of the structures vary from several nanometres to millime-
tres. An example of self-assembled structures is phase-separated block co-polymers.
At equilibrium, these polymer fragments can arrange in regular domain patterns.
Their molecular structure consists of two or more polymer fragments chemically
different and immiscible joined by a covalent bond [Forster 1998/, Because of the
differences in their chemical or physical nature. it is often possible to remove one of
the fragments to obtain an ordered pattern that can be used as a mask for litho-
graphic applications [Park 1997]. The phase-separated block copolymers can also
be used as templates to order particles that would adsorb preferentially to one of
their components [Lopes 2001]. The main problem of self-assembly techniques is
to achieve one single highly ordered domain over a large area. Long-range order
can be obtained in self-assembled structures using templates to direct the assembly.

Different approaches can be used to guide the assembly such as patterning chemi-

10



1.1. NANOSTRUCTURING TECHNIQUES

cal modifications [Fan 2004], writing electrical charges [Mesquida 2001] or creating
topographical features [Yin 2001] on the substrate.

Photolithography is a well established top-down method for patterning photore-
sists with nanoscale resolution. Photosensitive films are usually patterned under
exposure to a spatially modulated UV-light. Stable structures are obtained by cre-
ating or breaking bonds between the atoms of the exposed resist layer. Photons can
be used to change these bonds either through chemical amplification or by each of
the photons providing enough energy to change the bonds. In chemical amplification
systemns, the incident photons change molecules within the film into catalysts; pho-
toacids that trigger a chemical cascade as they diffuse through the film [Ito 1984).
Thus, the lateral diffusion of the catalyst ultimately determines the resolution of the
pattern, not the wavelength of the incident photon.

To overcome this problem, the energy needed to change the bonds in the resist
can be introduced with photons, each of them providing enough energy for the
bond activation rather than using a catalytic cycle. The typical bond energy for
materials stable at room temperature is 1 eV per bond. To achieve this energy,
the wavelength of the photons used must be below 1.2 um. To downscale the
structures to dimensions below 100 nm, vacuum UV, soft X-ray or extreme UV
are required ([Kohler 2004], p.105). At these wavelengths technical problems arise
for the realization of high resolution optical projection systems. Another difficulty
is that materials in the soft X-ray region do not present differences of more than
two orders of magnitude in their absorption coefficients. This makes the creation of

transmissive and mechanically stable masks very difficult.

11
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Other energetic particles, such as electrons, protons or ions, are also used for
the generation of nanostructures. Focused beams of these particles can be scanned
over a susceptible material. The beam energy can induce various types of chemical
or physical modifications depending on the materials involved and the energies ap-
plied. An advantage of this method is that the associated de-Broglie wavelengths
of these particles can be in the lower nm range or less depending on their veloc-
ity. Particle beams can be focused below 1 nm. The size of the focused beam is
therefore not the main limitation for the resolution of this method; the main limita-
tion arises with the further interaction of the energetic particles within the material
([Kohler 2004], p.110). Although high throughput is still a challenge for scanning
techniques, e-beam lithography has been extensively used for patterning organic
polymers [Haghiri-Gosnet 1995]. It is also used for patterning inorganic materials
such us metal fluorides [Kratschmer 1987] or to pattern self-assembled monolayers
[Lercel 1993]. Focused Ion Beam (FIB) patterning can be used for the local im-
plantation of ions [Hanley 2002] or for the creation of patterns by ion beam erosion
[Frost 2003]. Because of their higher mass, ions are less prone to produce distortion
in the pattern due to back—écattering in the substrate.

Bombarding the surface of a dielectric with charged particles can produce a
trapped charge distribution [Sessler 1999]. The trapped charge creates an elec-
trical field that can be used for electrostatic attachment of charged particles or
biomolecules. ~E-beams [Wybourne 1996], patterned electrodes [Jacobs 2001] or
scanning probe techniques [Mesquida 2001] have been used to generate charge-

patterns in dielectric materials to be used as electrostatic templates. Charge-
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patterns can also be created by injecting ions locally on a substrate and subsequent
electrostatic attachment of microsize particles dispersed in non-polar solvents has
been achieved [Fudouzi 2002].

Microcontact printing (soft lithography) uses a patterned polymer stamp to
achieve parallel patterning. The stamp, usually made of poly-(dimethylsiloxane)
(PDMS), is fabricated using photolithographic techniques and silicon etching. In
the printing process, the patterned stamp is covered with a solution of ink, dried
and brought into contact with the substrate. No expensive equipment is required
and it can be used to pattern curved surfaces but precise alignment of prefabricated
structures can present problems. The typical feature size ranges from 200 nm to
several millimetres [Xia 1995]. Patterned stamps have also been used in nanoxe-
rographic applications. A flexible stamp can be used as a patterned electrode by
coating it with a conductive layer. Dielectric films can be patterned with charges
by biasing the patterned electrode when it is in contact with the film [Barry 2003].
Charged particles attach to the charged patterns by electrostatic forces achieving
features of 100 nm from gas phase and 200 nm from liquid phase [Barry 2003]. Using
this method for the creation of submicrometer structures presents difficulties related
to the fabrication of the stamps and the results are prone to distortion effects. PDMS
is the most commonly used material but presents geometrical limitations due to its
softness [Csucs 2003]. The resolution is limited by the feature size of the PDMS
stamp but, for nanoxerographic applications, Si-based patterned electrodes can be
a solution for down-scaling this method to the lower nm range as the patterned

electrode does not need to be flexible.

13
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Several techniques have been developed to generate patterns of functional bio-
molecules directly. Ink-jet printing consists in the delivery of drops on a surface
through micrometre-size nozzles. This technique has been applied to the develop-
ment of biosensors [Okamoto 2000] and for polymeric patterning [Wang 2004]. The
resolution of this method is 20-50 pm. The diameter of the dot can be decreased
to 100 nm by delivering the ink with a scanning probe in dip-pen nanolithogra-
phy (DPN). However, the limited capacity of ink that can be carried on the tip
and the preparation of the pen-tip makes it difficult to incorporate this method in
a production line. Another drawback is the lack of speed inherent of seria] tech-
niques. The current approach to increase patterning speed relies in parallelisation.
Single-feedback, multiple-tips devices are currently being developed [Salaita 2006].

The application of scanning probe techniques as nanopattérning tools provides
a range of different methods to achieve nanometre scale feature sizes. Their precise
positioning system and the use of ultrasharp probes allow accurate local manip-
ulation at that scale and parallelisation can add speed to the patterning process
[Vettiger 2000]. Thus, scanning probe techniques and their nanostructuring appli-

cations are discussed in detail in section 1.2.

1.2  Scanning-probe techniques

In Scanning Probe Microscopy (SPM) the images are obtained by mapping the local
interactions between the substrate and an ultrasharp probe that is scanned over it.

Depending on the interaction measured, different types of information can be ob-

14
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tained. SPM techniques also allow the generation of controlled physical or chemical
modifications on the surface of the material with very high resolution. Scanning
probe techniques began with the development of the Scanning Tunnelling Micro-
scope (STM) by Heinrich Rohrer and Gerd Binnig in the early 1980s [Binnig 1983].
Based on the same principle other techniques were soon developed. The scanning
probe system was extended to non-conductive substrates and to biocompatible en-
vironments in the case of Atomic Force Microscopy (AFM) [Binnig 1986]. The
development of near-field scanning-probe microscopy (SNOM) provided a way of
overcoming the diffraction limitations in optical microscopy [Betzig 1991].

The STM monitors the tunnelling current between a conductive probe and a
conductive substrate. Increasing the distance between probe and substrate, the
tunnelling current decays exponentially. An atomic-size variation in the probe-
substrate distance involves changes in the tunnelling current of one order of mag-
nitude [Morris 1999]. Because of the exponential dependence of the tunnelling cur-
rent, the spatial resolution of this technique is approximately 0.2 nm laterally and
< 107% nm vertically [Colton 2004]. The tunnelling current is proportional to the
surface local density of states [Tersoff 1985]. Thercfore. the STM can map the clec-
tronic structure of the sample surface with atomic resolution [Binnig 1983]). The
images can be made using a feedback system to maintain the tunnelling current
constant by changing the probe-sample distance or maintaining the probe-sample
distance constant and recording the changes in the tunnelling current.

Spectroscopic information can be obtained making different constant-current

STM images at different applied voltages or keeping the probe at a precise loca-
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tion and measuring the voltage dependence of the current over a + 4 V range. The
images depend strongly on the bias applied to the tip. With a negatively-biased
tip the electrons will tunnel from occupied electronic states in the tip to empty
states on the surface and vice versa for a positively-biased tip. Therefore, the in-
formation obtained is a convolution of the electron density of states of the tip and
sample surfaces. One of the applications of STM spectroscopy is the investigation
of conduction mechanisms and electron tunnelling in single molecules and atomic
and molecular wires [Colton 2004].

The STM is also used for the research and development of new nanostructuring
techniques. Individual particles can be mechanically manipulated by being pushed
over the surface with the probe. Controlling the movement of the probe the parti-
cles are placed on the desired locations [Junno 1995]. Manipulation of single atoms
and small molecules can also be achieved by tuning the STM potential and the
tip-sample distance to adjust the tip-molecule and surface-molecule interactions
[Meyer 1998]. Nevertheless, this individual manipulation is a very slow process
requiring low temperatures. Using electrical patterns, the electrostatic deposition
of charged nanoparticles takes place in a few seconds in a parallel fashion. The
charge-patterns can also be created in parallel using patterned electrodes instead of
an SPM probe [Barry 2003].

Scanning near-field optical microscopy (SNOM) combines the high resolution of
the scanning probe methods and the interaction mechanisms of optical microscopy.
The limitation of optical microscopy due to diffraction can be overcome by scanning

the light source or detector very close to the surface instead of many wavelengths

16
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away. The resolution will then only depend on the probe size and the probe to
sample distance [Betzig 1992]. The resolution is limited by the optical skin depth of
the metals used for coating the sub-wavelength optical fibre used as light source and
detector. Apertureless SNOM was developed to solve this problem using the light
reflected from an AFM or STM tip as a light source and achieved nanometre reso-
lution [Wickramasinghe 1994]. Near-field scanning probe methods can also be used
to generate structures by photochemistry or ablation [Iwata 2002]. These methods
are useful for generation of masks in a top-down approach. Resist materials can be
used for the photochemical patterning but the whole resist layer must be in the near
field (below 100 nm). The restrictions in the dimensions of the resist film leads to
limitations in the resist viscosity and the topography of the substrate on which it is
spin-coated.

Binnig, Quate and Gerber developed Atomic Force Microscopy combining the
STM and the stylus profiler concept [Binnig 1986]. It provided a straightforward
method to overcome the limitations of the STM for imaging non-conductive sam-
ples. AFM operates by measuring the vertical displacement of a low-spring-constant
cantilever with an ultrasharp tip. During the tip-surface interaction, the tip can
experience repulsive or attractive forces that vary differently with the tip-sample
distance ([Morris 1999], p.44).

Forces such as electrostatic, magnetic, hydrophobic, capillary, adhesion or Van
der Waals become the dominant interaction at different tip-surface distances. At
small tip-surface separations Van der Waals attractive forces, adhesion and electro-

static interaction between electrical double layers in electrolyte solutions may be
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1.2. SCANNING-PROBE TECHNIQUES

dominant. In solution, steric repulsion can also occur if chain molecules are placed
on a surface. Upon tip-sample contact, adhesion and Born repulsion dominate the

interaction and sample deformation may occur under an applied load [Colton 2004].

Laser

Photodetector )
A error

Cantilever

Feedback

Piezo-scanner

Figure 1.1: AFM diagram. The cantilever deflection is detected by measuring the deflection of
a laser beam focused on and reflected from the back of the cantilever. A mirror is used to direct
the deflected beam on to a set of photodiodes to increase the beam optical path. Thus, the small
vertical movement of the cantilever results in an increased vertical displacement of the beam spot
on the photodiode plane. The deflection of the beam is measured by comparing the incident light
on the photodiodes. The difference between the top and bottom photodiodes measures the vertical
movement of the cantilever and the difference between the left and right photodiodes measures the
cantilever torsion. The cantilever deflection is compared to the deflection setpoint in contact mode
or amplitude setpoint in tapping-mode. The feedback system will make the piezo-scanner move

the sample in z-direction accordingly.

The main operational modes of the AFM are contact mode, non-contact mode

and tapping-mode in an air or liquid environment. In contact mode, the tip is
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scanned in close contact with the surface and the forces experienced by the tip are
repulsive. The tapping mode was developed to prevent frictional forces and capillary
forces as well as damage on soft samples or influence of electrostatic interactions.
In this mode, the cantilever is excited to its resonant frequency to amplitudes up
to approximately 100 nm so that it comes in and out of contact with the surface.
Changes on the amplitude and phase of the cantilever vibration are correlated to
the sample surface features. Van der Waals attractive forces can be detected in non-
contact mode by keeping the tip a few nm separated from the surface oscillating
with an amplitude of about 5 nm. These forces are much lower in magnitude but
true atomic resolution can be achieved in this mode ([Morris 1999], p.44). The
changes experienced by the cantilever are usually detected by an optical system
consisting of a laser beam focused on. and reflected from, the back of the cantilever,
and a mirror that deflects the reflected beam on to a set of detecting photodiodes
(Fig. 1.1). A feedback system maintains constant the forces experienced by the tip
for topographical imaging or the cantilever-surface distance for force mapping.
Apart from topographical images, normal and lateral force imaging can be per-
formed [Mate 1987]. By introducing specific modifications, other types of infor-
mation can be extracted from the sample surface such as the contact potential
difference between tip and sample [Nonnenmacher 1991] or magnetic force mapping
[Martin 1986]. Chemical contrast can also be obtained [Overney 2002] as the AFM
tip is sensitive to changes in surface energy [Burnham 1990]. Measuring and com-
paring adhesion forces with a chemically-modified tip, nucleobases self-assembled

in a monolayer can be mapped as the adhesion forces between complementary nu-
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cleobases is larger than between non-complementary ones [Ijiro 2002]. The local
interaction between tip and sample can also be tailpred to generate local chemi-
cal or physical modifications on the substrate. Therefore, high-resolution patterned
structures can be fabricated using the precise positioning system of the AFM. For
example, a wide range of materials such as biomolecules, colloidal particles or poly-
mers can be delivered directly to the surface by DPN. The liquid ink containing such
materials is loaded on to the AFM tip and delivered during the directed scanning
through the thin water meniscus formed between tip and sample [Demers 2002].

Deformable materials such as PNMMMA can be thermo-mechanically patterned by
heating the tip [Vettiger 2000]. Joule heating resulting from biasing the tip can also
be used to melt these polymers. Structures are raised by the electrical pressure
that results in mass transport of the melted polymer [Lyuksyutov 2004]. Applying
a voltage between a conductive AFM tip and the sample substrate can generate
structures of different nature depending on the material and the mode of application.
Using the water layer on the surface or the ambient oxygen as a reacting agent, Si
substrates can be locally oxidised by biasing the tip [Kuramochi 2004]. The local
electro-oxidation of self assembled monolavers provides a local chemical modification
that can be used as a template for subsequent local covalent binding of molecules
[Maoz 2000].

Furthermore, using dielectric thin layers as substrates, charges can be injected
and trapped in the sample by biasing the AFM tip on the nanometre scale. Electrical
patterns obtained by this method can be used for the attachment of nano-particles

from the gas phase [Barry 2003] or suspended in non-polar liquids [Mesquida 2001].
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1.3. MOTIVATION FOR THE THESIS

1.3 Motivation for the thesis

The goal of this thesis is to investigate the use of electrical patterns written on dielec-
tric materials to localise the attachment of biological molecules or nanoparticles on
a surface. Manipulating biomolecules at the nanoscale is driven by the fundamental
research of biological processes at molecular and sub-cellular length scales. Under-
standing these mechanisms could also lead to the development of novel nanodevices
by manipulating biomolecules as mechanical elements. For example, biological and
chemical sensors could be created by interfacing biomolecules with inorganic trans-
ducers [Lin 2004]. In the nanofabrication field, the bottom-up approach needs means
to manipulate nanoparticles or biomolecules as building blocks, as they are usually
not compatible with conventional micro-structuring techniques. Biomolecules and
nanoparticles are typically charged in solution, therefore electrostatic forces can be
used to drive rapid parallel deposition of large numbers of particles to specific loca-
tions on a substrate patterned with charges [Mesquida 2001].

AFM charge-writing allows the creation of high-resolution charge-patterns of
either polarities. The patterns can be easily imaged immediately after charge-writing
by Kelvin-probe Force Microscopy (KFM) using the same cantilever and cantilever
holder. The KFM technique was the method chosen to characterise the charge-
patterns as it gives a quantitative measure of the surface potential and the polarity
of the patterned area with a resolution between 50 to 100 nm depending on the
geometry of the tip [Jacobs 1998].

The creation of electrical patterns is not limited to AFM charge-writing. Charge-
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patterns can be created on insulating films using a conductive stamp [Jacobs 2001]
or irradiating selected areas of dielectric polymers with an e-beam [Wybourne 1996].
The substrates were subsequently patterned with nanoparticles by immersing the
electrical-patterns in microparticle powder [Jacobs 2001] or exposing the charged
areas to nanoparticles dispersed in gas phase or in non-polar solutions [Barry 2003].
The attachment of nanoparticles immersed in water droplets dispersed in non-polar
liquids has also been achieved using electrical patterns written with an AFM-biased
tip [Mesquida 2001]. The application of this charge-pattern driven attachment to
biomolecules immersed in polar liquids needs to be investigated. Aqueous solutions
are the adequate environment for biomolecules to be functional. Biomolecular func-
tionality depends on the pH used, and in water-based solutions this can be easily
selected using the appropriate buffer. On the other hand, nanoparticles are usu-
ally dispersed in water-based solutions. The use of charge-patterns in polar liquids
is not straightforward as charge decay is faster than in air or in non-polar envi-
ronments [MesquidaDiss 2002]. This limits the time available for the particles to
attach to the pattern. The screening effect in electrolvte solutions also limits the
volume of interaction between the charge-pattern and the charged particles in the
solution. The interactions between the charge-pattern, the solvent and the nanopar-
ticles needs to be investigated to understand how charge-written patterns influence
particle deposition on substrates.

Water-in-oil emulsions can be used to deliver encapsulated biomolecules to the
charge-patterns to prevent rapid charge-pattern decay and screening effects. Using

this method, biotin-modified (biotinylated) antibodies were patterned on a polvmer
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substrate and the functionality of the biotin molecule was demonstrated using the
well-known avidin-biotin interaction [Naujoks 2004]. Protein microarrays, however,
often require different biomolecules to be immobilised on the same substrate espe-
cially for applications such as immunoassays. Thus, the sequential attachment of
different biomolecules is the next logical step to be explored. Therefore, the im-
plications of using this technique in biomolecule functionality, discrimination from
solution and cross-contamination were investigated in this thesis.

Furthermore, combining this technique with materials such as silicon dioxide,
may facilitate the integration of the patterned samples with electronic devices. This
would be a clear advantage for the development of novel microdevices with biological

applications.
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Chapter 2

Charge-Patterning and Imaging

2.1 Electrets

In order to use charge-writing to aid nanotechnological manipulation, as suggested
by Wright and Chetwynd in their review paper about scanning probe-based charge-
writing [Wright 1998], the substrate must retain the electrical pattern at least during
the time required for the attachment of the charged nano-objects to the charge-
pattern. Electret materials, according to Sessler’s definition, are dielectric materials
that exhibit a quasi-permanent electrical charge, where the term quasi means that
the charge-decay time constants are much longer than the period of time used for
the studies performed with the electret ([Sessler 1987],p.1). The charge decay time
constant depends on the material used, the thickness of the dielectric layer, the
conductivity of the supporting substrate, the conductivity of the surrounding envi-
ronment, the pre-treatment of the sample and the charging mechanism.

The electrical pattern can be formed by the arrangement of real charges or by
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2.1. ELECTRETS

alignment of dipoles or a combination of both. The net charge in an electret metal-
lized on one side is approximately zero due to the counter charges in the electrode.
The electric field exhibited is due to the charge separation, not to the net charge
([Sessler 1987],p.1).

Injecting charge carriers into the material generates a charge-pattern formed by
space or surface charges. These are localised in trapping states associated with

impurities or defects in the bulk of the material, at the surface or at interfaces.

Conduction band

4-10 eV

Valence band

Figure 2.1: Band-gap model. [Sessler 1987], p.55. Trapping states exist in the volume and
interfaces due to impurities and defects. These traps can be occupied by electrons if they are close
to the conduction band (T.) or by holes (Ty,) if they are close to the valence band {Ty) exhibiting

negative or positive surface potential.

In figure 2.1, the band gap model was applied to explain the charge trapping
mechanism. Amorphous and microcrystalline dielectrics possess a short-range order.
This allows the model to be applied over microscopic distances. The localised states
in the gap are related to the lack of long range order and the presence of impurity

centres and structural defects ([Sessler 1987], p.218).
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2.2. CHARGE-PATTERNING TECHNIQUES

There is a wide variety of electrets that can be used for charge-patterning
[Wright 1998]. In this thesis, the charge-pattern decay on PMMA and PS thin
films and a single layer of silicon dioxide on silicon substrate was studied in different

environments.

2.2 Charge-patterning techniques

The generation of electrical patterns in electret materials can be achieved using dif-
ferent methods which usually involve the injection of charge carriers by electrical
discharges, particle beams. or contact electrification using biased. patterned elec-
trodes and scanning-probes.

Charge-patterns have been created on polymeric electrets with locally injected
electrons by scanning a narrow e-beam over the surface [Feder 1976], [Wybourne 1996].
Charged Ga™ ions have also been locally injected on a CaTiO3 substrate using a
focused ion beam to create a 2-D charge-spots array with a few micrometre spot
size[Fudouzi 2002]. Charge carriers can be injected by contact eclectrification when
the materials brought into contact have different work functions. Nevertheless,
charge-patterns written with the aid of an applied voltage proved to be more re-
liable [Saurenbach 1992].

Polymer thin-films are known to have good charge storage properties and are
easily fabricated by vapour deposition or spin-coating techniques. Thus, PMMA, a
polymeric electret, was one of the first materials to be explored for charge-writing

using a scanning probe [Stern 1988]. Charge-spots of 2 um in diameter were created
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2.2. CHARGE-PATTERNING TECHNIQUES

in a 1 mm PMMA layer using Ni wires as tips, biased with voltages above 100 V.
However, using thinner PMMA films and applying voltages of 10 V with a W tip.
spot sizes of 70 nm could be obtained [Schonenberger 1992]. Thus, one of the po-
tential applications that first motivated the creation of charge-patterns was their
use as data storage. The small size of the charge-spots generated by scanning probe
techniques would allow a promising high-density of data storage using charge-spots
as data bits.

Charge-patterns have also been proposed as electrostatic templates for the at-
tachment of nanoparticles or biomolecules using PNMMA or polytetrafluoroethylene
(PTFE) films as substrates [Mesquida 2001], [Naujoks 2003]. Charge-writing in
PTFE films has been systematically investigated using highly-doped commercial Si-
AFM tips [MesquidaDiss 2002]. Both positive and negative charge-patterns could
be written with charge decay times over one week under ambient conditions. A
resolution lower than 200 nm could also be achieved. Furthermore, PTFE films do
not dissolve in hydrocarbon-based solvents nor in polar solvents which represent an
advantage for nanoxerographic applications.

The charge-trapping capabilities of SiO, have also been widely investigated as
it is a key dielectric material for microelectronics. Using Atomic Force Micro-
scope Charge-Writing (AFM-CW), a charge-pattern resolution of 320 nm with a
charge decay time of 4 h has been reported [Jacobs 1999,a]. In principle, the polar
silanol groups that are formed at the SiO5 surface lead to the physisorption of water
molecules increasing surface conductivity and thus, hampering the charge-pattern

stability [Olthuis 1992]. However, several approaches to reduce charge decay have
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2.3. KELVIN-PROBE FORCE MICROSCOPY

been reported such as the removal of the absorbed water layer by heating treatments
[Uchihashi 1994] or the reduction of surface hydrophilicity with surface coatings such
as hexamethyldisilazane [Olthuis 1992], [Enikov 2004].

Diffusion and recombination of the injected charge carriers could lead to the
lateral spread and overall decay of the charge-pattern and need to be taken into ac-
count in all cases. Using AFM-CW, the charge-pattern can be imaged, immediately
after being written, in the specific location using KFM. This is a clear advantage
for the study of charge-pattern dynamics. Thus, AFM-CW was the method chosen
for electrostatic pattern generation and imaging in this thesis.

Regarding process speed, the creation of charge-patterns by AFM-CW is a serial
technique and thus relatively slow. However, this is not a fundamental problem
as high-speed scanning-probe systems and multiple-tip arrays are under develop-
ment [Schitter 2001], [Humphris 2005], [Vettiger 2000] and could be employed in
the future. An alternative would be to create charge-patterns in parallel by a
xerography-type process [Mort 1989], where substrates would be limited to pho-

toelectret materials, or by electrical microcontact-printing [Jacobs 2001].

2.3 Kelvin-probe force microscopy

A powerful application of scanning probe microscopy is to use the local electrostatic
interaction between an AFM probe and the sample to generate an electric potential
map of the surface. This is particularly interesting as the electric potential carries

information about the surface composition, charge distribution or adsorbed layers.
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2.3. KELVIN-PROBE FORCE MICROSCOPY

High sensitivity measurements have been achieved by using modulating techniques,
combining the vibrating capacitor or Kelvin method [Kelvin 1898] with an AFM
and surface potential mapping has been performed with sub-micrometre resolution
[Nonnenmacher 1991]. The KMF technique has been used for the detection of ma-
terial contrasts [Jacobs 1997], for imaging potential differences of cell membranes
[Knapp 1999] or for dopant profiling in p-n junctions [Kikukawa 1995]. A review
of the method can be found in the article of Fujihira [Fujihira 1999]. Charges
trapped in the dielectric thin-film contribute to the surface potential. Therefore,
the distribution of localised charges in dielectric materials can be imaged by KFM
[Jacobs 1999,a]. Thus, in this thesis, charge-patterns were imaged mapping the

surface potential distribution using the KFM technique.

e j A

Uaccos(mt)

Figure 2.2: Lift mode diagram. First trace: topography measurement: Second lifted trace:
electrostatic measurement: an AC voltage with an DC offset is applied to the cantilever at a lifted
height h. Upc equals the surface potential ¢, when the w-component of the electrostatic force

vanishes (Eq 2.1).

The principle used by the KFM technique to measure the surface potential distri-
bution consists in sequentially recording the topography and the surface potential of

each scanned line (Fig. 2.2). The topography is measured in tapping mode and the
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2.3. KELVIN-PROBE FORCE MICROSCOPY

surface potential in lift mode. This minimizes any contribution from the topography
and short-range forces to the surface potential image.

During the lifted retrace of each imaged line, the tip is excited electrically by
applying a voltage U between the AFM tip and the sample back electrode consisting
of an AC voltage Uyc - cos(wt) and an adjustable DC offset Upc where w is the
resonance frequency of the cantilever. Also taking into account the surface potential
¢,(x) and the tip-sample capacitance C, the w-component of the electrostatic force

applied to the tip due to the tip-sample capacitance is:

Fg = %g(UDC — ¢4(x)) - Uac - cos(wt) (2.1)

The w-component of the force is detected by a lock-in amplifier, and the feed-
back control varies the DC tip potential until the frequency dependent component
of the force vanishes. This component is proportional to the contact potential dif-
ference between tip and sample surface (Eq. 2.1) therefore, when it vanishes, the
voltage offset applied Upc equals the surface potential ¢,. Since the amplitude of
the cantilever oscillation is the same for a given potential difference Upe — o, in-
dependently of its polarity, extra information is needed to adjust the voltage Upc
of the tip. Thus, the phase between the AC driving voltage and the cantilever os-
cillation is also monitored during KFM imaging since they are in phase when the
potential difference is positive and 180° out of phase when it is negative.

The contribution of a fixed charge q to the overall force experienced by the
AFM-tip, can be calculated as a Coulombic interaction between the fixed charge

and the charge induced on the tip during the application of the voltage U in the
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lifted trace [MesquidaDiss 2002]. Thus, the total w-component of the force becomes
the additive combination of such components of the forces due to the tip-sample

capacitance and due to the fixed charge.

F* = FY + F¢ (2.2)

where F’ can be expressed as,

CiUacq
Fv¥ = —— 227 2.3
1 4meg(h + a)? cos(wt) (2:3)

where C; is the tip self-capacitance, a is the distance where the induced charge
is located in the tip measured from the tip apex and h is the distance from the fixed
charge to the tip apex.
Combining equations 2.3 and 2.1, the KFM potential Upc that cancels F is,
Cy

U = - + 05 2.4
pe treo(h +a22? T @4

Variations of ¢s along the sample are usually negligible when considering the
clean homogeneous samples used for charge-writing. Therefore, setting the o, offset
to zero, the KFM potential is proportional to the fixed charge. It is important to
notice that %% is negative, thus, positive charges lead to positive KFM potentials
and vice versa (Fig. 2.3).

Electrostatic forces are long range forces,»therefore the surface potential of the

area situated directly below the tip is not the only one contributing to the tip-sample

interaction. One should expect that the measured data will include the interactions
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-

Figure 2.3: Letters IRC written with positive and negative charges. Voltage pulses of
+30 V and —30 V magnitude and 0.5 ms length were applied between a plain Si tip and the
sample substrate. The sample was a 70 nm thick PMMMA thin-film on a Si substrate. (a) To-
pography image of the area charge-written with positive charges, z — scale range = 30 nm.
(b) KFM surface potential image of the charge-pattern written applying positive voltage pulses,
scale range = 250 mV. (c) Topography image of the area charge-written with negative charges,
z — scale range = 30 nm. (d) KFM surface potential image of the charge-pattern written applying
negative voltage pulses, scale range = 250 mV. Scale bars = 0.5 um.

between different areas of the surface holding different potentials and the tip. This
can be explained using a simple model in which the sample surface is considered as
n electrodes of constant potential ¢; (Fig. 2.3). Being ¢; the tip potential, the elec-
trostatic forces experimented by the tip in the vertical direction can be expressed in
terms of the mutual capacitance between the different electrodes Cj;, and between

each electrode and the tip Cj; [Jacobs 1998].
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Thus, the w-component of the force can be expressed as:

=% :C;t(@i —Upc) - Uac (2.5)
e
where
/ BCit
o 2
Czt 62 ( 6)

Figure 2.4: Mutual capacitances model. The sample is represented as a system of conduc-
tive electrodes. The electrostatic interactions are represented by mutual capacitances between
electrodes C;; and between each electrode and the tip Cj;.

According to this model, Upe, the measured KFM potential when the w-component
of the force vanishes, corresponds to a weighted average over all potentials ¢; of the
surface. The weighting factor is the derivative of the mutual capacitance between

the tip and the electrode at the actual tip location along the z-axis.

i1 (Ciy®i)

= - 2.7
".Cl 2.7)

Upc =

The resolution of the KFM technique depends on the geometry of the tip and
cantilever as they contribute to changes in the mutual capacitances with the sample
surface. Using numerical simulations applying the multiple multipole method and
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performing experiments on surfaces of known surface potential features it has been
estimated that the minimum resolution to be achieved by the KFM technique is
between 50 nm - 100 nm depending on the tip and cantilever geometry [Jacobs 1998].
According to Jacobs’ numerical simulations, if the tips used were too sharp the
cantilever would dominate the electrostatic interactions with the sample which would
also include an orientation-dependent contribution from the arm of the cantilevers.
The best results were expected for long but slightly blunt tips with cantilever of
minimal width and surface area.

Sensing the electrostatic forces in non-contact mode minimises any contribution
of short-range forces to the surface potential image. However, strong electrostatic
forces can produce an apparent height in topography images. The height values
can be higher than the actual values when a strong attraction between the charged
sample and the induced charge on the tip occurs. This effect is due to the feedback
system retracting the tip as a response to the additional attracting force to maintain
the amplitude set point. In AFM tapping mode topography images, this would be
mistakenly interpreted as a height increase [Yan 2006]. Thus, topographical imaging

when dealing with high surface potential distributions must be carefully interpreted.
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Chapter 3

Charge-Writing

The goal of this thesis was to use electrostatic forces to attach charged nanoparticles
or biomolecules to a surface previously patterned with charges on the nano- and
microscale. The electrical patterns were written on polymeric and non-polymeric
electrets using AFM charge-writing. In this chapter, the experimental method used
to prepare and charge-pattern different electrets is described in detail followed by
the analysis of the quality of such charge-patterns regarding pattern fidelity and

stability.

3.1 Experimental method

3.1.1 Sample preparation

3.1.1.1 Polymeric electrets

There is a wide range of polymers, polymer blends and polymer ceramic composites
that are electret materials [Goel 2003]. Their wide availability and charge stor-
age properties make them the materials of choice for charge-writing applications
[Wright 1998]. Polymer thin—ﬁlfns can be easily produced by spin-coating tech-

niques; some are well established materials for nanofabrication. PMMA is a pho-
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3.1. EXPERIMENTAL METHOD

toresist material for e-beam lithography. It is also a material commonly used in
biological environments. Synthetic bone scaffoldings or contact lenses are examples
of medical applications of PMMA. The charge storage capabilities of this polymer
together with its bio-compatibility, make it a promising material for the development
of protein arrays using charge-pattern driven attachment [Naujoks 2004].

Another example of a polymeric electret is PS. Charge-patterns have been cre-
ated on PS thin-films injecting electrons in the material by irradiating selected areas
of the polymer with an e-beam [Wybourne 1996]. The charge-patterned film was
incubated with a solution containing avidin-fluorescein which attached preferentially
to the irradiated areas. This preferential attachment was attributed to electrostatic
attraction between the charged protein and the charge-pattern created on the film
[Wybourne 1996]. Therefore, PS was also investigated for AFM charge-writing and
subsequent electrostatic attachment in this thesis.

The polymeric electrets used were PMMA (average M,, 996000) and PS (powder,
typical M,, 200000) (Sigma-Aldrich Company Ltd., Poole, UK). They were solved
in chlorobenzene (Sigma-Aldrich Company Ltd., Poole, UK) and xylene Analar®
(BDH Ltd., Poole, UK) respectively in concentrations varying from 0.01 g/ml to
0.06 g/ml depending on the desired thin-film thickness.

Silicon pieces of approximately 0.25 cm? were used as conductive substrates.
They were cut from a p-type < 100 > Si wafer ( p = 14.0 Q-cm - 20.0 Q-cm ) man-
ufactured by Scottish Microelectronics Centre (Edinburgh University, Edinburgh,
UK). The substrates were cleaned by 10 min ultrasonication in ethanol Analar®

(BDH Ltd., Poole, UK) and in UHQ-water ( p = 18.2-10°% Q- cm) consecutively

36



3.1. EXPERIMENTAL METHOD

using a F ishebrand® FB11002 ultrasonic bath (Fisher Scientific UK Ltd., Lough-
borough, UK). After the ultrasonication they were dried under a stream of Ny.
The clean Si substrates were spin-coated with the polymeric solutions in a two
step KW-4A precision spin-coater (Chemat Technology Inc., Wem, UK). After spin-
coating, the samples were baked on a hot plate, a RCT basic magnetic stirrer with
heating (Ika®—Werke GmbH & Co.KG, Staufen, Germany), to evaporate the re-
maining solvent. The spin-coating and baking parameters used for each polymer
are shown in table 3.1. Fast-drying silver paint (Agar Scientific Ltd., Stansted.
UK), was used to fix the Si substrates on to metallic specimen discs (Agar Scientific

Ltd., Stansted, UK), to yield a conductive contact.

Polymer 1, Step 2.4 Step Baking Baking
speed (5 s) | speed (45 s) | temperature | time

PMMA 400 rpm 4000 rpm 180°C 45 min
PS 400 rpm 2000 rpm 60°C 20 min

Table 3.1: Spin-coating and baking parameters for PMMA and PS.

It is known that the quality of the charge-pattern depends on the electret film
thickness [MesquidaDiss 2002]. In the case of thick films, for a given voltage applied
between the tip and the substrate, the field emerging from the tip might not be strong
enough to inject electrons into the material. By decreasing the film thickness, the
number of total trapping states in the bulk of the material also decreases affecting
the amount of charge that can be injected. Thus, the thickness of the films produced
was measured. A trench of polymer film was removed using steel tweezers without
damaging the Si surface (Fig. 3.1). The depth of the trench was measured with an
AFM by measuring the distance between the two main peaks in the raw data, height
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histogram (Fig. 3.1, (e), (f)).
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Figure 3.1: Thickness of polymer thin-films. a) AFM topography image of a trench made on
a PS thin-film spin-coated using a 0.07 g/ml PS in xylene solution, z-scale range = 1000 nm, scale
bar = 14 ym. (b) AFM topography image of a trench made on a PNIMA thin-film spin-coated
using 0.02 g/ml PMMA in chlorobenzene solution, z-scale range = 200 nm, scale bar = 12 um.
AFM topography images made in tapping mode with a plain Si-tip, cantilever A (Table 3.3). c-
d) Cross-section of images (a) and (b) respectively. e-f) Height histograms of image (a) and (b)
respectively.

The peak on the left of each histogram shows the distribution of height data in
the trench. The peak on the right, at higher z-value, shows the distribution of height
data of the film surface. The film thickness was measured by calculating the distance
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between the two peaks and the error for each measurement was calculated taking into
account the FWHM of the distributions. According to the histograms in figure 3.1,
the thickness of the PS thin-film was 390 nm =+ 30 nm and the thickness of the
PMMA film was 61 nm 4 8 nm. For each polymer concentration used, the average
film thickness and the standard deviation calculated are shown in figure 3.2. The
figure shows, as expected, that the thickness of the films increased with an increase

in concentration of polymer.
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Figure 3.2: PMMA and PS thin-film thickness. Increasing the concentration of polymer in
the solution used for spin-coating produced thicker films.

The standard deviation of the thickness of the films ranged from 10 % to 60 %.
The reason for the variation in the film thickness measured in different samples could
be related to the fact that the Si substrates used were not exactly the same size and
the volume of solution deposited 6n the surface for spin-coating was not the same.

A certain variation was also expected within each sample. However, polymer films
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of significantly different thicknesses could be fabricated by controlling the polymer
concentration and the thickness of each film could be measured in the proximity of

the area to be charged.

3.1.1.2 Silicon dioxide

Thermal oxide

Silicon dioxide is a key material in microfabrication and electronic devices as it
is an insulator that makes a very good interface with Si. It is also a well known
electret material and its charge storage properties have been investigated due to its
importance in microelectronics [Sessler 1987], [Sugawara 1994]. Silicon microtech-
nology is well established. Thus, it would be very interesting for the development of
biosensors to be able to fabricate biomolecular nanostructures on the surface of this
material in order to interface with an electronic device. The possibility of creating

such nanostructures using charge-writing was investigated in this thesis.
Charge-writing and charge decay were investigated on a 194 4+ 3 nm thermal
oxide layer grown on a p-type < 100 > Si wafer with p = 14.0 Q-cm - 20.0 Q-cm. It
was manufactured by the Scottish Microelectronics Centre (Edinburgh University,
. Edinburgh, UK). Pieces of approximately 0.25 cm? were cut from the wafer and
ultrasonicated in ethanol and in UHQ-water for 10 min consecutively. They were
dried under a stream of N and fixed on a metallic specimen disc using silver paint.
Samples are usually stored for a long time after their fabrication and water can
diffuse into the oxide and lead to faster charge decay times. Thus, the samples were

dehydrated before charge-writing by performing a 200°C heat treatment on a hot
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plate. The relationship between the length of the heat treatment and charge-pattern

stability is shown in section 3.2.3.1.

OTS modified oxide

Surface coatings are typically used to selectively promote or minimise protein at-
tachment. Proteins exhibit different affinity for adsorbing on self-assembled mono-
layers (SAMs), depending on their termination group. Many proteins show low ab-
sorption to methyl-terminated SAMs [Wadu-Mesthrige 2000]. On the other hand,
terminating groups such as carboxilic acid, aldehydes [Wadu-Mesthrige 1999] or bi-
otin [Lee 1994] are known to promote protein adhesion by electrostatic interactions,
covalent binding or biospecific interactions. In this section a surface coating was lay-
ered on a SiO,/Si substrate to explore the combination of surface functionalisation
of the electret substrate and charge-writing.

The SiO, pieces prepared as described in section 3.1.1.2 were used as substrate.
The samples were dried at 200°C for 3 h on a hot plate and the cleaning proce-
dure was completed with 120 s plasma-cleaning in air at 1-5 mbar pressure using a
ILMVAC PLASMA-clean 4 plasma-cleaner (Agar Scientific Ltd., Stansted, UK).

The clean SiO, substrates were coated with a layer of methyl-terminated n-
octadecyltrichlorosilane (OTS) (Sigma-Aldrich Company Ltd., Poole, UK) follow-
ing Sagiv’s methodology [Maoz 1999]. The samples were immersed in a 10 mM
solution of OTS in hexane for 30 s followed by ultrasonication for 2 min in pure hex-
ane in the flow-hood. This pr»oceiss was repeated eight times. Finally the samples

were thermally annealed at 110°C for 10 min on a hot plate. Figure 3.3 shows an
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Figure 3.3: Topography image of the OTS/SiO; sample surface. AFM topography image
showing aggregates on the surface of the OTS/SiO, sample. Image scanned in tapping mode. Scale
bar = 2 pm, z-scale range = 200 nm.

AFM image of the OTS layer on SiO,. In the topography image, many aggregates
can be observed of sizes ranging between 10 nm up to 200 nm. Thus, it was not
possible to assume that the surface was methyl-terminated. However, since the sur-
face conductivity of SiO, is very sensitive to surrounding humidity [Olthuis 1992],
[Kressmann 1996], the OTS layer may reduce the influence of ambient moisture in

the charge-pattern decay. The influence of the OTS layer on charge-writing and

subsequent biomolecule deposition was thus investigated.
3.1.2 AFM charge-writing

The instrument used for charge-writing and for surface potential and topography
imaging was a NANOSCOPE MULTIMODE SPM (DIGITAL INSTRUMENTS INC..

Santa Barbara CA, USA) equipped with IV CONTROLLER. Quadrex phase imag-
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ing with lock-in detection is implemented iu the controller to map the phase and
amplitude of the cantilever oscillation during a scan. The detection of the amplitude
and phase of the w-component of the force is necessary for the KFA measurenent
of the surface potential (section 2.3).

The piezo-scanner used for the translational movement of the AFN tip was a
5834 JVH scanner with x-v range of 150 gan. This allows writing and imaging pat-
terns ranging from hundreds of nanometres size to the upper limit of the scanuner.
Charge-writing was performed by applving a voltage between the cantilever tip and
the sample substrate as the tip was moved over the sample drawing the desired
pattern. The bias was turned on and off to create charged and non-charged areas.
After charge-writing. the surface potential of the area was measured by KFM. The
tip must be conductive for charge-writing and charge detection. The same tip was
used for both actions to facilitate iimaging the surface potential in the same location.
immediately after charge-writing. Highlv-doped plain Si and W,C-coated tips were
used: NONCONTACT silicon cantilevers NSC12/50 and NSC12/W2C /15 (Mikro-
masch. Madrid. Spaiu). The specifications of the tips are shown in table 3.2, Plain
Si tips were conductive enough for charge-writing, They were significantly cheaper
and the resolution was better as the radius of curvature was smaller. The charge-
patterns were written either in contact or in rapping mode. Cantilevers A or I3 were
used generally for tapping mode and cantilever E for contact mode scanning. The
specifications are shown in table 3.3.

The counection of the signal access module IIT (SAN) (DIGITAL INSTRUMENTS

INC.. Santa Barbara CA. USA) between the microscope and the controller perinit-
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Figure 3.4: Charge-writing experimental set-up. The controller was connected to the micro-
scope through the signal access module (SAM). The SAM allowed access to the substrate through
BIAS and to the tip through ANA2. During charge-writing the tip or the substrate were discon-
nected from controller and connected to an external voltage. If the voltage was introduced via
BIAS, the substrate was positively biased and the tip was grounded. This resulted in a negative
surface potential pattern. If the voltage was introduced via ANA 2 with the substrate grounded,
then the polarity was inverted and the pattern was positively charged. The external voltage was
either a pulsed voltage of a DC voltage (dotted line). The pulse generator (PG) was triggered
by each downwards flank of a + 5 V. 50 Hz square function. The square function was either
operated in continuous mode or in trains of 5 V pulses triggered by the AFM lithography software
via ANA3 (dashed line). The magnitude of the output PG pulses was selected from 0 - 80 V by
the voltage source. + 5 V DC fed the PG. During KFM imaging the tip and the sample substrate
were connected to the controller.

ted the introduction of external signals into the microscope and monitoring signals
coming from both the microscope and the controller (Fig. 3.4). A custom-built pulse
generator (PG) was connected to the tip of the AFM through the SAM, with the
sample mount grounded, to inject holes into the electret. To inject electrons, the
polarity of the voltage applied was inverted by introducing the signal coming from
the PG output into the sample mount. Instead of a pulsed voltage, a DC voltage
could also be directly applied for charge-writing. The PG was tuned to generate
pulse voltages of 7500 ps length. The magnitude of the pulse, Up, was selected by
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regulating the DC power supply feeding the PG. The patterns were written by trig-
gering the pulsed voltages to occur in the desired locations. This was programmed
using the lithography software implemented in the AFM. For large and simple fea-
tures, such as tens of micrometre-size charge-lines, voltage pulses were applied by

triggering the PG with a 5 V, 50 Hz square signal turned on and off manually.

Tip " Plain Si | W, C-coated Si
Radius of curvature (um) < 10 < 35

Tip height (pm) 15 - 20 15-20
Top side coated with Al yes yes

Full tip cone angle < 20° < 20°

Table 3.2: Specifications of the plain Si and W2C coated tips

Cantilever A B ] E 1
Length (um) 10 £ 5 | 9 =5 |350 £ 5
Width (pm) 35 +3 | 3 =3 | 35 * 3
Thickness (um) <20 £3{<20x3)20=%3
Resonance frequency (KHz) || 165 - 240 240 - 405 17-24
Force constant (N/m) 35-125 | 6.5-275 [ 0.1-0.3

Table 3.3: Specifications of the cantilevers

The charge-patterns were imaged by KFM after AFM-CW at scanning rates
ranging from 0.5 Hz to 2 Hz. Nanoscope 6.12 software was used for the analysis of
the AFM images. The surface potential images obtained in KFM mode were X-Y
plane-fitted (1** order) and the topography images were flattened (1% order) off-line

excluding any aggregates or dirt from the calculations.

45



3.2. SURFACE POTENTIAL MEASUREMENTS

3.2 Surface potential measurements

The magnitude of charge trapped in the electrets after charge-writing, the lateral
spread of the charge and the charge decay determine the quality, the fidelity and
the stability of charge-patterns to be used as electrostatic templates. These values
depend on the electret used, its preparation, the charge-writing parameters employed
as well as the ambient humidity. Different electrets have different concentrations of
trapping states and those can be located at different distances with respect to the
surface. These factors influence the shape and magnitude of the patterned surface
potential obtained after charge-writing. Different materials may also have different
detrapping mechanisms that would influence the charge decay. Decay and lateral
spread of the injected charge could be a restricting factor on the attachment of charge
nano-objects to charge-patterns. Therefore, the charge-patterns were evaluated, for
each material used, by KFM.

3.2.1 Charge-patterning and charge decay on PMMA
3.2.1.1 Charge-pattern decay in air

The first approach was to evaluate the charge-patterns and the charge-decay in air.
The charge-pattern consisted in two parallel arrays of eight charge-spots each. The
first array was charge-written applying a positive voltage and the second one apply-
ing a negative voltage to obtain positively and negatively charged spots (Fig. 3.5).
Each array of spots was cha,rge—wr.itten using a lithography program that scanned
the AFM tip at 10 um/s tip velocity over each 1 um? spot applying voltage pulses

at 50 Hz rate. Subsequently, the tip moved 6 pm laterally, applying no voltage, to
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reach the area where the next adjacent spot was to be charge-written. Selecting a
scan size of 60 ym and aspect ratio = 4, the charge-writing program was run, at the
top of the image frame with Up = + 70 V and subsequently, at the bottom of the
image frame with Up = - 70 V (Source Code: Appendix D.1). After charge-writing
the aspect ratio was changed to 2 and the pattern was imaged at regular intervals
of time to monitor the charge decay. Figure 3.5 shows the charge-patterns writ-
ten in tapping and in contact mode. The pattern written in contact mode shows
higher surface potential contrast between charged and non-charged areas. This was

expected as charge-writing in contact mode, the tip is in contact with the surface

longer than in tapping mode allowing more electron transfer.

Figure 3.5: Positive and negative charge-spots on PMMA. KFM images of the charge-
patterns written on PMMA using a thin-flm of 66 + 12 nm thickness. a) Charge-pattern written in
tapping mode. b) Charge-pattern written in contact mode. Scale range = 10 V. Scale bars = 6 pym.

The charge decay time constant calculated for the positive charge-pattern was
tq = 12 £+ 2 min when written in tapping mode and t; = 10 4+ 4 min when written
in contact mode. For the negative charge-patterns, the decay time constant was
ta = 10 = 2 min when written in tapping mode and ¢; = 12 + 2 min when written
in contact mode (Fig. 3.6). Thus, the charge-pattern decayed at a similar rate for

both writing methods, but the initial surface potential is higher when writing in
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Figure 3.6: Decay of positive and negative charge-spots on PMMA. Left: Decay of the
positively charged spots written in tapping and contact mode. Right: Decay of the negatively
charged spots written in tapping and contact mode. The data was fitted to an exponential decay
curve x e/t where t4 is the time decay constant.

contact mode, as expected. The charge-patterns are thus stable enough to be used
as electrostatic templates for the attachment using water-in-FC-77 emulsions since
only a few minutes are needed for the attachment and the dielectric oil FC-77 has
a minimal effect over the charge-pattern stability [MesquidaDiss 2002].

In order to extend the study to other charge-pattern geometries, 40 um x 4 pym
areas were written in tapping mode with positive and negative charges. The tip
velocity during writing was 10 ym/s and 12 lines were scanned in each of the rectan-
gular areas applying a continuous train of voltage pulses turned on and off manually.
Figure 3.7 shows the surface potential decay measured at the centre of the charged
areas.

In air, under normal conditions, the charge decay time constant calculated by
fitting the data to an exponential decay curve was t; = 30 & 10 min for the positively

charged area and t; = 25 +£ 7 min for the negatively charged-area (Fig. 3.7). After

1 h, the positive peak surface potential had decayed to 60 % of its initial value and the

48



3.2. SURFACE POTENTIAL MEASUREMENTS

s Vo=+40V
o Vo=-3.0V
— Expotential fit curve

-
(N}
A

-
=}
1

i
(o]
A

Normalised surface potential (V/\Vo)
o
(o))

0.4 4
0.2 4
00 w v \J A \J ' L M \J .
0 10 20 30 40 50 60 70
Time (min)

Figure 3.7: Positively and negatively charged rectangular areas on PMMA. Left: KFM
image of a positively charged 40 um x 4 um areas on a 66 + 12 nm PMMA thin film. The areas
were charge-written at tip velocity = 10 pm/s, in tapping mode, applying + 70 V voltage pulses.
Scale range = 10 V. Scale bar = 12 um. Right: Normalised surface potential decay of the positively
and negatively charged areas. The lines are Ist-order-exponential fits ox et/ of the normalised
surface potential where t4 is the time decay constant.
negative peak surface potential had decayed to 45 %. The negatively charged pattern
also showed lower pattern definition than the positively charged one. The lack of
definition could be explained by the charge spreading laterally during charge-writing.
The negatively charged traps could be closer to the surface than the positively
charged ones and thus be more influenced by surface conduction [Hori 2000].
Positive charge-patterns are thus more suitable to be used as high resolution
electrostatic templates than the negative ones in PMMA. Moreover, in the case
of polarisable particles, due to the contribution of dielectrophoretic forces to the
attachment, sharper changes in the surface potential are expected to drive more
attachment. This result is confirmed by previous research where high resolution
attachment of charged objects, from air or suspended in dielectric solvents, to pos-
itive charge-patterns was demonstrated [Barry 2003], [Naujoks 2005]. The nega-

tive charge-patterns drove less attachment than positive ones [Naujoks 2005]. This
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was attributed to the fact that the gradient of the field generated by the charge-
pattern features was lower in the negative patterns due to lateral charge spreading
[Naujoks 2005].

If only Coulombic forces were governing the attachment, charged microdroplets
would only attach to one polarity. However, microdroplets dispersed in the dielectric
oil FC-77 can attach to positively as well as to negatively charged patterns. This
is due to the contribution of dielectrophoretic forces [MesquidaDiss 2002] which can
be described by the equation 3.1 where R is the radius of a polarisable spherical
particle and ¢, and ¢, are the corresponding dielectric constants of particle and
solvent [Jones 1995].

€p — €s

Fpiey = 21 R3¢ VE? 1
Diel TR 6p+2€sév (3)

According to equation 3.1, the direction of the force is determined by the sign of the
factor (¢, — ¢5) and not by the polarity of the net charge of the microdroplets. For
water microdroplets dispersed in FC-77, where ¢, > ¢, the microdroplets would
be driven towards higher electric fields. Sharper changes in the surface potential

would thus drive more attachment of microdroplets independently of the polarity.

3.2.1.2 Charge-pattern decay in water

To attach nano-particles or biomolecules from aqueous liquids, the charge decay time
constant in water needs to be investigated as charge-patterns are expected to decay
faster in mediums with higher conductivity. A 20 ym x 4 um area was charge-written
in tapping mode applying - 80 V~ and + 80 V pulses on a PMMA thin-film spin-

coated using a 0.02 g/ml PMMIA in chlorobenzene solution. The thickness of the film
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was 61 + 8 nm. Surface potential imaging could not be performed in water because
the conductivity of the medium would produce a short-cut between the cantilever
and the sample substrate. In order to measure the surface potential, the water
was removed approximately after every ten seconds of immersion. The sample was
immersed in water again after each measurement. The time invested in measuring
the surface potential was not counted as immersion time. The decay of the surface
potential during immersion in deionized water (UHQ-water p = 14-10° Q- cm) is

shown in figure 3.8.
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Figure 3.8: Decay of charge-patterns written on PMMA in water. (+) Positively-charged
area. (x) Negatively-charged area. The surface potential was normalised to the surface potential
value measured immediately after charge-writing, before immersion.

After 9 seconds of immersion in pure water 27 % of the initial charge was mea-
sured in the positively charged area and 31 % in the negatively charged area. After

1 min, 15 % of the initial charge remained for both polarities. The charge decay was
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therefore faster than in air. This was expected as PMMA is a polar material and
thus sentitive to humidity changes. The methyl ester side-chain group in PMMA is
polar and can react with the H* in water leading to water absorption in the surface

and bulk of the PMMA increasing its conductivity [Cui 1998].

3.2.1.3 Influence of scanning in surface potential

Some of the KFM images made after immersion of the charge-written PMMA sam-
ples in water did not show a homogeneous background potential in the proximity of
the charge-patterns. Areas that had been scanned without the application of a bias
voltage before immersion in water showed, after immersion, a different surface po-
tential than the areas that had not been scanned. Therefore, making a KFM image
before or after charge-writing produced in some cases an unintended, superimposed,
surface potential Square pattern.

To investigate this effect, four different 20 p#m x 20 um areas were scanned. Areas
1 and 2 were scanned in tapping mode and areas 3 and 4 were scanned in KFM
mode. In KFM mode each line was scanned first in tapping mode and secondly
in lift mode applying an AC voltage and a DC offset to the cantilever. Areas 3
and 4 were scanned in KFM mode to test whether the electrical signal applied to
the cantilever during the KFM imaging had any influence on the sample surface
potential. A scratch made on the polymer surface was used as reference to find the
scanned areas after the immersion (Fig. 3.9). The thickness of the PMMA film used
was 66 + 12 nm.

After scanning the 20 #m x 20 ym areas in their corresponding modes, a larger
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[[] Area scanned in tapping mode
[[] Area scanned in KFM mode

Reference

/ Scratch

1 2

Figure 3.9: Diagram of the areas scanned on a PMMA thin-film to investigate their
effect on the surface potential. Areas 1 and 2 were scanned in tapping mode. Areas 3 and 4
were scanned in KFM mode. Scanning parameters: plain Si tip, cantilever A, scan rate = 0.5 Hz.

KFM image was made to compare the surface potential in the originally scanned
and non-scanned areas. The scanned areas 1 and 3 were imaged before and after
immersion in pure water. The scanned areas 2 and 4 were imaged after immersion
only. The surface potential images are shown in figure 3.10. The immersion was
performed by placing a droplet of water on the surface with a pipette and removing
it after 15 s. Before KFM imaging, the surface was dried under a stream of No.
The KFM images showed a larger contrast between the scanned and non-scanned
areas when the area was originally scanned in tapping mode rather than in KFM
mode (Fig. 3.10, (a), (d)). The surface potential of the scanned areas was more
negative than the surrounding non-scanned areas. After immersion in water, the
contrast increased in all cases. This effect seemed to be an adding effect since
when an area was scanned twice (Fig. 3.10, (c), (f)), the surface potential became

more negative than when it was scanned only once (Fig. 3.10, (b), (e)). The same
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!

Figure 3.10: Influence of scanning with a Si tip, on the surface potential of a PMMA
thin-film. Top images: initial 20 ym x 20 pm areas 1 and 2 scanned in tapping mode: a) KFM
image of the scanned area 1 before immersion of the sample in water. Scale range = 0.3 V; b)
KFM image of the scanned area 2 after immersion. Scale range = 3 V; ¢) KFM image of the
scanned area 1 after making the KFM image (a), immersing the sample in pure water for 15 s and
drying it. Scale range = 3 V. Bottom images: initial 20 um x 20 um areas 3 and 4 scanned in
KFM mode: d) KFM image of the scanned area 3 before immersion. Scale range = 0.3 V; e) KFM
image of the scanned area 4 after immersion. Scale range = 3 V; f) KFM image of the scanned
area 3 after making the KFM image (d), immersing the sample in water for 15 s and drying it.
Scale range = 3 V.

experiment was performed on another PMMA thin film 90 £ 20 nm thick reducing
by 30 % the force applied over the sample during scanning. The results are shown
in figure 3.11. The results were qualitatively the same as in figure 3.10. The values
of the surface potential of the scanned areas before and after immersion are shown
in table 3.4.

To investigate whether the surface potential modification decaved in time, KFM
images were made 7 and 8 days later on area 4. The surface potential values are

shown in table 3.5. Eight days after immersion in water there was still a significant
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Figure 3.11: Influence of scanning with a Si tip, with lower applied force, on the surface
potential of a PMMA thin-film. The applied force is 30 % lower than in figure 3.10. Top
images: initial 20 pm x 20 pm areas 1 and 2 scanned in tapping mode: a) KFM image of the
scanned area 1 before immersion. Scale range = 0.3 V; b) KFM image of the scanned area 2 after
immersion. Scale range = 3 V; ¢) KFM image of the scanned area 1 imaged before and after the
immersion. Scale range = 3 V. Bottom images: initial 20 pm x 20 pum areas 3 and 4 scanned in
KFM mode: d) KFM image of the scanned area 3 before immersion. Scale range = 0.3 V; e) KFM
image of the scanned area 4 after immersion. Scale range = 3 V; f) KFM image of the scanned
area 3 imaged before and after the immersion. Scale range = 3 V.

Before immersion | After immersion only | Before and after immersion
20 pm x 20 um area initially (Area 1) (Area 2) (Area 1)
scanned in tapping mode -30 mV -1050 mV -1320 mV
20 pm x 20 pm area initially (Area 3) (Area 4) (Area 3)
scanned in KFM mode -20 mV -830 mV -2050 mV

Table 3.4: Surface potential contrast between scanned and non-scanned areas on
PMMA measured before and after immersion in pure water.
surface potential contrast between the area that was originally scanned and the
surrounding area.

Using different tips, surface contrasts of magnitudes ranging from a few tens of

millivolts to 200 mV were generated after immersion in water. The cantilevers were
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Figure 3.12: Influence of NH,F treatment of Si AFM tips on the surface potential
contrast generated by scanning. a) Area scanned using an non-cleaned tip. KFM image of a
PMMA film in which a 5 ym x 5 pym area and a 10 pgm x 10 pm area were scanned consecutively
at the centre of the image. After 15 s immersion in water, a surface potential contrast of - 200 mV
was observed on the areas scanned twice and 100 mV in areas scanned once. b) Area scanned using
a tip cleaned with NH4F. KFM image showing no surface potential contrast between the scanned
and non-scanned areas after immersion in water. Scale range = 0.5 V. Scale bars = 4 um.

then cleaned with NH4F. During the cleaning procedure the cantilever chip was
held with tweezers clamped vertically during the immersion in 40 % NH4F aqueous
solution (FLUKA, Buchs, Switzerland). After immersion the cantilever chip was
lifted out and dried under a gentle stream of No. Any remnants of the reaction
were cleaned by immersion in UHQ-water and the cantilever was gently dried under
N, again. Scanning with NH,F-treated tips did not lead to any surface potential
contrast after immerison in water (Fig. 3.12, (b)). The H-passivation created by
treating the Si-tips with NH4F could have thus, contributed to the reduction of the
tip-surface interaction producing the surface potential contrast.

The nature of the enhancement of the surface potential contrast after immersion
in water is not clear. The tip and PMMA have different work functions, thus some
electron transfer is expected by contact electrification. However, the fact that the

56



3.2. SURFACE POTENTIAL MEASUREMENTS

Time after Immediately 7 days 8 days
immersion after after after
Surface potential -830 mV -610 mV | -670 mV

of area 4

Table 3.5: Surface potential contrast of an area scanned on PMMA, measured at differ-
ent times after immersion in water. The surface potential of the scanned area 4 was measured
immediately after immersion, 7 days after and 8 days after immersion. After eight days a surface
potential contrast could still be measured.

surface potential contrast increased after immersion and remained stable during at
least 8 days could indicate that the surface underwent a physical change during
scanning. The response of PMMA surfaces to local mechanical stimulation by AFM
scanning is known to be larger in solvents such as water, methanol, ethanol and
aqueous alcohol solutions [Leach 2003]. This effect could be a determining factor
during the attachment of proteins to charge-patterns using aqueous solutions. AFM
charge-writing requires a mechanical contact between tip and sample surface during
charge injection. A latent, scanning-related modification of the surface could thus
be generated during charge-writing. After immersion in water, the surface potential
features created by the injected charge would decay rapidly. However, the scanning-

related surface potential contrast would be enhanced and could drive preferential

protein attachment.
3.2.2 Charge-patterning and charge decay on PS

The polystyrene thin-films were spin-coated using a 0.05 g/ml in xylene solution.
Charge-patterns consisting of 6 positive and negative charge-spots were charge-
written in contact and tapping mode applying voltage pulses using the lithography

program described in section 3.2.1.1, (Source Code: Appendix D.1). The charge-
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patterns written in contact and tapping mode are shown in figure 3.13

Figure 3.13: Positive and negative charge-spots on PS. a) KFM image of a the charge-pattern
written in tapping mode on a 350 £ 25 nm PS thin film. b) KFM image of the charge-pattern
written on the same PS thin-film in contact mode. Scale range = 10 V. Scale bars = 6 um.

The patterns written in contact mode showed larger surface potential difference
than the ones written in tapping mode. This effect was also observed when the
charge-patterns were written on PMMA. It was associated with a longer contact
time between tip and substrate in contact mode, which resulted in an increased
electron transfer. However, the charge-pattern definition on PS was not as good as
on PMMA possibly due to a higher degree of lateral charge spread. The charge decay
was investigated measuring the surface potential at regular intervals after charge-
writing. The normalised average surface potential peaks measured are shown in
figure 3.14.

The data could not be fitted to an exponential decay (Fig. 3.14). Negatively-
charged spots decayed at a faster rate than positively-charged ones. In the case
of the positive charge-pattern, After 30 min, 70 % of the charge remained if the
sample was charge-written in tapping mode and more than 80 % if the pattern was
charge-written in contact mode. In the case of the negative charge-pattern, 30 %
remained after 30 min when c:harge-ﬁriting in tapping mode and 60 % if the pattern
was written in contact mode.
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Figure 3.14: Decay of positive and negative charge-spots on PS. Left: Decay of the posi-
tively charged spots written in tapping and contact mode. Right: Decay of the negatively charged
spots written in tapping and contact mode.
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Figure 3.15: Positively and negatively charged rectangular areas on PS. Left: KFM
image of a positively charged 40 ym x 4 pum areas on a 350 = 25 nm PS thin film. The areas were
charge-written at tip velocity = 10 pm/s, in tapping mode, applying = 70 V voltage pulses. Scale
range = 10 V. Scale bar = 12 um. Right: Normalised surface potential decay of the positively and
negatively charged areas.

When 40 pm x 4 pm areas were charge-written, both polarities decayed at simi-
lar rates and after 30 min more than 70 % of the charge remained (Fig. 3.15, right).
The charge decay rates are thus slow enough to use the charge-patterns as elec-

trostatic templates in air or in water-in-FC-77 emulsions. However, both charged

areas showed poorer pattern definition than in PMMA (Fig. 3.15, left). This could
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indicate that charge carriers were not trapped deep enough into the film and were
influenced by surface conduction. Lateral spreading of the charge could limit the
resolution of the charge-patterns that could be written in PS films.

To assess the performance of the charge-patterns in water, a pattern similar to
the one shown in figure 3.13 was written in contact mode. A droplet containing 8 ul
of UHQ-water was deposited on the pattern for 20 s and removed with a pipette. A
KFM image was made before and after the immersion and the profile of the surface

potential peaks is shown in figure 3.16.
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Figure 3.16: Charge decay of charge pattern written on PS after 20 s immersion water.
Normalised surface potential peak of the positive (left) and negative (right) charge-patterns before
and after 20 s immersion in UHQ-water.

According to the profiles in figure 3.16, for both polarities, approximately 80 %
of the charge remained after 20 s immersion in water. Thus, the performance of
charge-patterns was better in PS than in PMMA in which the charge decayed down
to 30 % of the initial value in the firgt 10 s of immersion in water. Consequently, the

electrostatic attachment was attempted directly from aqueous solution to charge-
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patterns written on PS.

3.2.3 Charge-patterning and charge decay on silicon dioxide
3.2.3.1 Thermal oxide
Charge decay dependence on heat treatment of the sample

KFM images of the surface potential were made sequentially to trace the evolution
of the surface potential difference between charged and non-charged areas. In the
KFM technique the tip taps the sample surface to get a topographical image of the
area before measuring the surface potential in lift mode. To determine the influence
of the tip-surface interaction on the charge-pattern decay, the following experiment
was performed: several charge-patterns consisting of 8 aligned dots were written.
The surface potential of the patterned area was imaged continuously during the first
400 s after charge-writing. The number of surface potential images made during that
period of time was different for each pattern by selecting different scanning rates
for the KFM imaging. The average surface potential peak values of each pattern
after 400 s was normalised with the peak surface potential measured immediately
after charge-writing. The results were compared in figure 3.17 assuming that the
charging and the decay does not depend on the position of the pattern.

There is no significant relationship between the number of scans and the charge
decay within the first ten scans (Fig. 3.17). The variation of the data points could
be a random effect due to changes on the shape of the tip during the experiments.
Charge decay and lateral spread on silicon dioxide are also strongly related to the

absorbed water layer on the surface. Performing a heat treatment can remove ph-
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Figure 3.17: Charge-pattern decay depending on number of scans on SiO;. Normalised

average surface potential peak values recorded 400 s after charge-writing. Different number of
scans were performed during the 400 s after charge-writing for each pattern.

Figure 3.18: Charge-pattern used for charge decay analysis on SiOs. KFM image of the
charge-pattern written on a SiO; sample. 7 h heating pretreatment at 200°C. Scale range = 20 V,
scale bar = 5 pym.

ysisorbed water from the oxide and thus improve the stability of the charge-patterns
[Uchihashi 1994]. To determine the influence of the length of the heat treatment over
charge-pattern decay, 4 SiO, samples were used; one of them was not heated and the
other 3 were heated 1 h, 3 h and 7 h respectively at 200°C on a hot plate. Immedi-
ately after heating, each sample was charge-written with a charge-pattern consisting
of 8 positively and 8 negatively charged spots (Fig. 3.18) and imaged at regular in-

tervals of time to monitor the charge decay. The average surface potential profile of
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similar charge-spots written on the non-heated sample is shown in figure 3.19.
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Figure 3.19: Surface potential decay in non-heated SiO2. Average surface potential profile of
the charge-spots imaged immediately after and 6 min after charge-writing. Left: Positive charge-
pattern. Right: Negative charge-pattern.

For both polarities the pattern had poor definition and decayed rapidly. The
surface potential achieved after AFM-CW was on the order of + 1.4 V and after
6 min had decayed to 50 % of that value. Comparing these values with the surface
potential achieved in the samples that underwent a heat treatment (Fig. 3.20), a
great inprovement can be observed in pattern definition and magnitude of the surface
potential peaks for both polarities.

The average surface potential profiles of the charge-spots measured immediately
after and 90 min after charge-writing on the heated samples are shown in figure 3.21.
Each peak was normalised to the peak values measured immediately after AFM-CW
to directly show the percentage of charge remaining. The negative charge-patterns
became more stable and well defined after the heat treatment but after 90 min,
only minor differences in spreading and peak value were observed for different heat
treatment times. However, a significant improvement was observed with longer
heat treatments on the decay and spreading of the positive charge-pattern. These
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Figure 3.20: Dependence of the magnitude of the surface potential peak on the length of
the heat treatment. One sample was not heated and three were heated at 200° for 1 h, 3 h and
7 h respectively. Left: Average surface potential profile of the charge-spots in the positively charged
array. Right: Average surface potential profile of the charge-spots in the negatively charged array.
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Figure 3.21: Surface potential decay 90 min after charge-writing on heated SiO,. Nor-
malised average surface potential profile of the charge-spots. Left: Positive charge-pattern. Right:
Negative charge-pattern.
improvements facilitated the use of both polarities for electrostatic attachment.
The dependence of the surface potential decay on the length of the heat treatment
is shown in figure 3.22. The positive and negative polarities decayed very differently.
In general, for the positive patterns the decay became gradually slower with time,
however, it could not be fitted well to an exponential decay. The patterns decayed
slower for longer heat treatments. There was no significant difference in the decay

of the negative patterns in the first 100 min after charge-writing. All pre-heated
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Figure 3.22: Dependence of surface potential decay on heat treatment length in SiO,.
Top: Normalised decay of the surface potential peaks in the positive charge-pattern. Bottom:
Normalised decay of the surface potential peaks in the negative charge-pattern.
samples decayed at a very slow rate. For longer times, a significant improvement in
the decay was observed in the sample heated for 7 h which did not show any decay
when the other samples had decayed already to 50 % and 35 % of their inital value.
The charge-pattern stability was thus improved by performing a heat treatment.
Electrically neutral charge traps in the oxide layer can be charged negatively
or positively by injecting electrons or holes into the oxide [Olthuis 1992]. The ori-

gin and location of these traps can be very varied and different charging and decay
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mechanisms are expected for different carriers. It is believed that water plays an im-
portant role in the charge-trapping and charge decay mechanisms in silicon dioxide.
The silanol groups, usually formed in the surface of silicon dioxide shortly after fab-
ricating the oxide by hydrolysis, are polar groups which promote the physisorption
of water molecules into the oxide [Olthuis 1992]. One of the charging mechanisms
proposed in the literature [Olthuis 1992] suggest that the deprotonation of silanol
groups by water molecules would result in the pair SiO~ + H3O™. An incoming
electron would thus be captured by H3O™", leaving the other fragment of the pair.
A stable negative charge would therefore result from this chain of reactions. On
the other hand, positive charges may have been located in traps nearer the air/SiOs

interface making them more sensitive to variations of surface conductivity.

Rapid charge neutralisation

One of the advantages of using charge-patterns as electrostatic templates for
biomolecular patterning was, that after having fulfilled their goal, they could be
easily neutralised using a Zerostat® anti-static gun (Aladrich, Gillingham, UK)
and after neutralisation, new charge-patterns could be written in the same sub-
strate (Fig. 3.23). This allowed the use of electrostatic templates to sequentially
attach different biomolecules without cross contamination. After neutralisation, no
further electrostatic attachment is expected in the areas where biomolecules have

already been attached.

Charge decay in polar and non polar liquids: water and FC-77
An experiment was carried out to determine the stability of the charge-pattern
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Figure 3.23: Charge-pattern neutralization. A) KFM image after charge-writing on
Si0Os. Scale range = 20 V. B) KFM image after neutralisation of the area previously charge-
written. Scale range = 2 V. C) KFM image after charge-writing on the neutralised sample.
Scale range = 20 V. Scale bars = 5 um.

written on SiO, immersed in water. A SiO, substrate heated for 3 h at 200°C was
patterned with a line of eight dots in tapping mode applying a single pulsed voltage

0.5 ms long and - 80 V magnitude per dot. The surface potential pattern is shown

in figure 3.24.

-

Figure 3.24: Charge-pattern written on SiO2 before and after immersion in water a)
AFM topography image corresponding to the area charge-written before immersion in water, z-
scale range =35 nm. b) KFM surface potential image of a line of negatively charged dots written in
tapping mode applying a single - 80 V pulse per dot. Average surface potential peak = 3.6 = 0.1 V.
Scale range = 5 V. ¢) AFM topography image of the area charge-written imaged after 24 s immer-
sion in water, z-scale range =35 nm. d) KFM surface potential image of the area charge-written

after 24 s immersion in water. Scale range = 5 V. Scale bar = 7 pm.

Immediately after charge-writing, a droplet of pure water was placed on the
surface with a pipette and was removed after 24 s. The KFM image of the area
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corresponding to the charge-pattern is shown in figure 3.24, (d). No electrical pattern
can be distinguished from the background. This could be an indication of the water,
or ions solved in the water, rapidly neutralising the charge-pattern. An increase of

the surface conductivity of the oxide is also expected due to absorption of water.
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Figure 3.25: Surface potential decay in SiO; after immersion in FC-77. Normalised average
surface potential profiles of the charge-spots measured immediately after AFM-CW and after 30
min immersion in FC-77. The profile of a similar pattern measured after 30 min in air is also
shown and normalised to the value measured immediately after charge-writing for comparison.
Left: Profiles corresponding to the positive charge-pattern. Right: Profiles corresponding to the
negative charge-pattern.

To assess the charge decay in FC-77, the surface potential was measured before
and after 30 min immersion in pure FC-77. The charge-pattern consisted of 8
positively and 8 negatively charged spots written by scanning 1 ym? areas in tapping
mode applying + 70 V or - 80 V voltage pulses. Figure 3.25 shows the normalised
average surface potential profiles of the positive (A) and the negative (B) charge-
spots. After 30 min immersion in FC-77, the peak value of the surface potential
was 80 % of the value measured immediately after charge-writing in the positive
charge-pattern and more than 93 % in the negative charge-pattern. Hence, in the
case of silicon dioxide substrates, water-in-FC-77 emulsions were used to perform
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the attachment experiments instead of aqueous solutions since the charge-patterns

remained sufficiently stable during the immersion in FC-77 and not in water.

3.2.3.2 OTS modified oxide

The OTS/SiO; substrates described in section 3.1.1.2 were assessed for AFM-CW
in this section. The AFM images made in tapping mode after coating the SiO,
substrate with the OTS layer revealed the formation of aggregates on the surface
(Fig. 3.3). Charge-writing in tapping mode in these substrates resulted in poorly
defined, low surface potential patterns (Fig. 3.26).

Figure 3.26: OTS/SiO> charge-written in tapping mode. KFM image of a detail of 5 lines
charge-written in tapping mode at 10 pm/s tip velocity applying - 80 V voltages pulses at a 50 Hz
rate. Scale bar = 3 um, scale range = 10 V.

However, scanning in contact mode over the surface swept the aggregates to the
edges of the scanning area producing a smoother area (Fig. 3.27). Positively- and
negatively-charged lines were written in the smoother areas, created by previously
scanning in contact mode. Different voltage magnitudes were used and surface
potential differences ranging from - 2.7 V to + 3.5 V were achieved (Fig. 3.28).

Higher surface potential differences were achieved when charge-writing several
adjacent lines covering a 20 pm x 1 pum surface area instead of a single line. In
this case, no previous smoothing of the surface was performed. Scanning in contact
mode, charge-writing and aggregate sweeping took place simultaneously, creating
topographical features as well as charge-patterns (Fig. 3.29).

To compare the decay on OTS-coated and non-coated SiO, substrates, similar
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Figure 3.27: Surface topography of the OTS/SiO; sample after scanning in contact
mode. AFM topography image made in tapping mode after previously scanning the area in contact
mode. The aggregates are mainly accumulated on the edges of the image. Scale bar = 3 pm,
z — scale range = 200 nm.

Figure 3.28: Contact mode charge-writing on OTS/SiO, on areas previously scanned
in contact mode. KFM images of a set of charged lines written in contact mode, at 10 ym/s tip
velocity, applying voltage pulses at 50 Hz pulse rate. Left: from left to right Up =-40 V, - 50 V,
-60 V,-70V,-80V,-80 V. Right: from left to right Up =+ 30V, +40V, +50 V, +60V,
+ 70 V, + 80 V. Scale bars = 3 pm, scale range = 10 V.

20 pm x 1 pm positive and negative charge-patterns were also written on a bare
SiO; substrate pre-heated for 3 h at 200°C. Four consecutive surface potential images
were made to monitor the pattern decay, each image taking 17 min to be completed.

It was assumed that the charge distribution was homogeneous and that the decay

mechanisms were similar along the charge-pattern. A cross-section of each pattern
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Figure 3.29: Contact mode charge-writing on OTS/SiO,. A) KFM image showing a
20 pm x 1 pm area charge-written by scanning, in contact mode, 26 lines in that area at 0.1 Hz
scan rate, applying voltage pulses at 50 Hz pulse rate. Up = - 80 V. Maximum surface potential
difference = - 8.5 V, scale range = 20 V B) KFM image of a charge-pattern written as in (A)
with Up = + 80 V. Maximum surface potential difference > + 10 V, scale range = 20 V. C)
AFM topography image of the area previously charge-written negatively. (A), showing aggregate
accumulation on the edges of the patterned area, z — scale range = 300 nm. Scale bars = 3 um
was thus measured in the middle of each consecutive image to monitor and compare
the decay for each polarity in both substrates.

Figures 3.30 and 3.31 show respectively the evolution of the negative and positive
charge-patterns measured in intervals of 17 min. In the case of the negative charge-
patterns on OTS/SiO,, the first measurement was truncated due to a limitation in
the compensating potential of the KFM technique. The shape of the profile was
extrapolated in this case to the expected shape.

The peak value and the full width at half the maximum value of the profiles
are shown in figure 3.32. The peak values of the negative charge-patterns decayed
at the same speed for SiO, with or without OTS layer. The FWHM increased at
the same rate. After 51 min the peak value was more than 75 % of the initial
value and the FWHM had increased 30 % of its initial value in both susbtrates. A

significant difference between bare SiO, and OTS/SiO, was observed in the case of

positively-charged patterns. The peak values decreased slower in the case of OTS-
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Figure 3.30: Time evolution of negative charge-patterns in OTS/SiO2 and SiO,. Nor-
malised surface potential profiles measured A) after charge writing, B) 17 min after (A), C) 34 min
after (A), D) 51 min after (A).

coated samples. After 51 min, the peak value of the surface potential was above
80 % of the initial value for OTS-coated samples and lower than 70 % for bare
Si0;. Furthermore, the FWHM was significatly narrower in OTS/SiO, than in non-
coated SiO, immediately after charge-writing. Moreover, after 51 min, the FWHM
increased 30 % of its initial value in the OTS/SiO, sample, an increase comparable
to that observed in the negative charge-patterns. On the other hand, the FWHM of
the positive charge-pattern written on bare SiOs increased almost 50 % of its initial
value. The area under the profiles did not change significantly with time during the

experiment (Table 3.6). The area under the profile of the positive charge-pattern
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Figure 3.31: Time evolution of positive charge-patterns in OTS/SiO, and SiO;. Nor-

malised surface potential profiles measured A) after charge writing, B) 17 min after (A), C) 34 min
after (A), D) 51 min after (A).

written on bare SiO, was significantly larger than in the other cases.

Area under
Substrate || Pattern polarity | surface potential

profile (V-um)

SiOs negative 26 £ 1
Si0s positive 49 + 1
OTS/SiO, negative 25 £ 1
OTS/Si0, positive 26 + 1

Table 3.6: Area under the surface potential profile of positive and negative charge spots
in OTS/SiO; and bare SiO,. The areas were calculated using the non-normalised values.
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Figure 3.32: Surface potential decay in OTS/SiO, and SiO;. Left panels: Positive charge-
pattern decay. A) Normalised surface potential peak values. C) FWHM of the profiles. Right
panels: Negative charge-pattern decay. B) Normalised surface potential peak values.D) FWHM of

the profiles.

These results show that the stability and definition of the positive charge-patterns

on SiO; can be improved dramatically by covering the surface with a hydrophobic

layer. The adsorption of water on the surface may have been reduced leading to the

reduction of ion mobility [Olthuis 1992]. However, the use of a hydrophobic layer did

not influence the quality of the negative charge-patterns. This could indicate that

the positive charges were trapped nearer the surface and thus, any surface treatment

had a greater influence on them than in the negative charge-patterns.



Chapter 4

Localised Electrostatic
Attachment of Biomolecules

4.1 Attachment of biomolecules in water-based
solutions

The ability to create patterned surfaces with biological functionality with feature
sizes in the micro- and nanometre scale represents a great advantage for biomedi-
cal applications such as genome or proteome analysis. Higher throughput can be
achieved with less volume of reagents by downscaling the feature size of the patterns.
The use of electrical patterns is an attractive approach to drive the localised attach-
ment of biomolecules since charge-patterns with nanometre scale feature sizes can be
written on a wide variety of substrates. In 1996, M N Wybourne et al. reported the
patterned attachment of avidin-fluorescein from an aqueous solution to a polystyrene
thin-film by electrostatic means. The polystyrene thin film was locally irradiated
using an e-beam producing a charge distribution. The charge-patterned polymer
was subsequently incubated in an aqueous solution containing avidin-fluorescein. A
preferential attachment of such protein to the irradiated areas was observed using

fluorescence microscopy [Wybourne 1996]. In the following experiments, an AFM
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instead of an e-beam was used to create the charge-patterns. Following Wybourne’s
procedure, the charge-patterns were directly immersed in the protein solution and

subsequently imaged by fluorescence microscopy.
4.1.1 Preliminary considerations

Nanoxerographic approaches have been previously used for patterning using either
charged particles suspended in air or in non-polar liquids [Barry 2003], or using
particles encapsulated in water droplets which are dispersed in non-polar liquids
[Mesquida 2001]. One of the goals of this project is to achieve electrostatic at-
tachment using aqueous solutions, since biomolecules cannot usually be solved in
non-aqueous solvents. This is not straightforward as charges written on insulat-
ing thin films decay very quickly in the presence of water [MesquidaDiss 2002] and

because of the electrostatic screening effect in electrolyte solutions.

4.1.1.1 Charge stability in liquid

Charge stability in pure water was discussed in sections 3.2.1.2 and 3.2.2. After
10 s immersion, 30 % of the initial surface potential remained in PMMA. In the
case of PS, after 20 s immersion, 80 % of the surface potential remained. In SiO;
no charge-pattern could be observed after a few seconds immersion in pure water.
However, molecular adsorption onto a charged surface can take place within sec-
onds [Brayshaw 2004]. Thus, it needs to be investigated whether the electrical field
created by the charge-pattern is strong enough in water during the minimum time

required for the attachment:
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4.1.1.2 Screening effect

Another factor to take into consideration is that the ideal environment for biological
molecules is not pure water. They are usually diluted in buffered solutions in order to
provide the right pH conditions that allows molecular functionality. This involves
a high number of ions that will screen the electrostatic interactions between the
charge-patterned surface and the charged biomolecules. The Debye screening length
was used to estimate the distance from a charged surface at which the Coulomb
electrostatic interaction becomes small [Oshima 1998].

The Debye length is calculated considering a plane surface immersed in an elec-
trolyte composed of N ionic mobile species of valence z; and bulk concentration
n;(i = 1,2,...N) where Ef\;l zin; = 0 since the bulk of the solution is electrically
neutral. Then, taking an h axis perpendicular to the plane with its origin h = 0
at the surface and h > 0 corresponding to the solution phase, the Poisson equa-
tion which relates the electric potential ¥(h), to the charge density of free mobile
charged species p(h) can be written as shown in equation 4.1. The origin of the

electric potential is set at the bulk solution phase.

PV p(h)

5}?,—2 N €r€o

(4.1)

where ¢, is the relative permittivity of the electrolyte solution and ¢y the permittivity
of vacuum.
Assuming that the distribution of the electrolyte ions obeys Boltzmann’s law

(Eq 4.2), where e is the elementary electrical charge,

p(h) = eznsexrp (— Z;;) (4.2)

i=1
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if the potential is low (Eq 4.3)

z;eW
k3T |

<<1 (4.3)

then, equation 4.1 can be linearized:

0V
W = KZQ\I/ (44)
where
1 N 1/2
- 2n; 22 4.5
K (ereokgT;e n zz> (4.5)

The solution of the linearized Debye-Huckel equation 4.4 is
U = Ypexp(—rh) (4.6)

using the following boundary conditions where Wy is the surface potential

UV=Wsath=0

v = % =0ath=00

The potential decreases exponentially, at h = 1/k, ¥ ~ ¥/3 (Fig.4.1). This
distance is defined as the Debye length, A, and for A > A the influence of the surface
potential over a charged particle will be considered negligible.

ImmunoPure Avidin, fluorescein isothiocyanate (FITC) conjugated , 5 mg/ml
(buffer: 10 mM HEPES, 0.15 M NaCl, pH 8.5, 0.08 % sodium azide) (Pierce, Cram-

lington, UK) was used in the following concentrations for the experiments:

-0.1 mg/ml (buffer: 10 mM HEPES, pH 8.5).

-0.1 mg/ml (buffer: 10 mM MES, pH 5).

The Debye length was estimated for the buffered solutions used during the incu-
bation. In order to do so, the concentration of the ions involved had to be calculated.
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Figure 4.1: Debye length diagram. The diagram shows the exponential decay of the electric
potential in the presence of an electrolyte solution. Debye length = 1/x.

Both HEPES and MES buffers have a zwitterionic form, with neutral net charge.

correspondiné to the acid form of the buffer (Fig. 4.2). Therefore, only the basic

form will be taken into account for the calculation of the Debye length.

HEPES:

MES:

+/  \ - /T N\ .
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Figure 4.2: Acid and base forms of buffers MES and HEPES.

The MES buffer

has a pKa = 6.15 at 20°C and HEPES pKa = 7.5. Therefore,

introducing this value in the Henderson-Hasselbalch equation (Eq 4.7), the concen-
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tration of the conjugated base of MES and HEPES can be calculated knowing the
pH and the concentration of buffer used. The concentration of NaOH used for titra-
tion of the buffer and the concentration of NaCl was also taken into account. They

will provide ions to the solution when dissociated.

[base form]

PH =pKa+log lacidf orm]

(4.7)

An estimation of the Debye length was made using equation 4.5. The resulting
Debye screening length was A = 8.5 nm for HEPES buffer and A\ = 4.13 nm using
MES buffer. The charged molecules beyond this distance would be considered as

not to be affected by the charged surface.

4.1.1.3 Unintended interactions

In the context of this project, the intended interactions take place ideally in the
charge-patterned area and due to electrostatic interactions only. Molecules or parti-
cles deposited on the surface independently from the charged-pattern are considered
unintended attachment.

Two main sources of unintended interactions are hydrophobic interactions and
electrostatic interactions not re_lated to the charge-pattern, as surfaces are typically
charged in solution [Oshima 1998]. These interactions could lead to the appearance

of a non-desired background or block the intended attachment.

a) Unintended attachment due to background charge.
To determine the polarity of the PMMA surface it was immersed in solutions of

polyelectrolytes or particles of known net charge polarity. Positively-charged poly-L-
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lysine (M,,: 150000-300000, 0.1 g/ml in water) and gold colloid solution containing
negatively-charged gold nanoparticles of 20 nm diameter [Weiser 1933], were thus
used for this purpose. Both solutions were obtained from Sigma (Sigma-Aldrich

Company Ltd., Poole, UK).
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Figure 4.3: PMMA surface before and after 2 min incubation in gold colloid solution.
(a) Left: AFM topography image of the PMMA surface before incubation, z-scale range = 70 nm,
scale bar = 1 pm. Right: Cross-section of the topography image on the left. (b) Left: AFM
topography image of the PMMA surface after 2 min incubation, z-scale range = 70 nm, scale
bar = 1 pum. Right: Cross-section of the topography image on the left. The images were made in
tapping mode using a plain Si tip, plane-fitted in XY directions and 1st order flattened.

The PMMA surface was firstly incubated for 2 min in the gold colloid solution,
then rinsed with pure water, dried with Ny and imaged with an AFM. No gold
particles could be detected on the surface (Fig. 4.3). The cross-sections showed

inhomogeneities on the PMMA surface before and after the incubation, however
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their height was significantly lower than 20 nm which was the expected dimension of
the gold particles. Using another PMMA thin-film, the surface was incubated for 90
s in the PLL solution, rinsed with pure water and then incubated in the gold colloid
solution for 2 min. After the incubation time the surface was rinsed with pure water,
dried with N, and imaged. On this occasion the vertical dimension of the features
observed coincide with the expected 20 nm of the colloidal gold. The particles are
randomly deposited all over the surface (Fig. 4.4). This could be an indication that
the PMMA surface is negatively-charged. The cationic polyelectrolyte PLL attached
to the PMMA surface. The negatively-charged gold particles only attached to the

surface when it was modified with the cationic PLL.
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Figure 4.4: PMMA surface incubated in PLL solution and in gold colloid solution Left:
AFM topography image of the PMMA after the incubation in gold colloid. Scale range = 70 nm.
Scale bar = 1 um. Right: AFM topography cross section.

Positively- and negatively-charged 20 pm x 5 pm areas were written on the
PMMA film. The surface was then incubated in the gold colloid solution for 1
min and rinsed in pure water. No gold particles could be detected (Fig. 4.5). A
topographical feature can be seen in the area negatively charge-written. This could
be due to mass transport of melted polymer during charge-writing. It has been

82



4.1. ATTACHMENT OF BIOMOLECULES IN WATER-BASED SOLUTIONS

reported in the literature that risen structures can be made on PMMA by biasing

the AFM tip negatively [Lyuksyutov 2003].

Figure 4.5: PMMA surface charge written and incubated in gold colloid solution. A
negatively charged area was charge-written on the left hand side of the scanning area applying
- 80 V voltage pulses and a similar size area was positively charged on right side applying + 80 V
voltage pulses. The AFM topography image was made after incubation of the charge-written
surface in gold colloid solution, z-scale range = 70 nm, scale bar = 4.5 pm.

The surface was then modified, incubating it in the PLL solution to modify its
polarity. After the incubation, 50 ym x 6 pm areas were positively and negatively
charge-written achieving + 8 V and - 8 V surface potential respectively. After
charge-patterning, the surface was incubated in the gold colloid solution for 1 min,
rinsed in pure water, dried and imaged. The gold particles were attached and dis-
tributed randomly over the surface (Fig. 4.6). The charge-pattern did not affect the
deposition of the nanoparticles. The positive background-charge from the PLL layer
deposited on the surface was thus dominating the attachment. The PLL positive

charge is a permanent charge whilst the charge-pattern decays rapidly in aqueous
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Figure 4.6: PMMA surface incubated in PLL solution, charge written and incubated in
gold colloid solution. The images were made in tapping mode with a plain Si-tip, plane-fitted
in XY directions and 1st order flattened, z-scale range = 70 nm, scale bar = 10 ym.(a) Left: AFM
topography image made after incubation in gold colloid solution of the positively charged area.
Right: cross-section of the topography image on the left. (b) Left: AFM topography image made
after incubation in gold colloid solution of the positively charged area. Right: cross-section of the
topography image on the left.

b) Reducing the hydrophobicity-related attachment with a plasma
treatment.
Hydrophobic interactions between the surface and the particles are another
source of unintended attachment. Two approaches were taken to reduce this in-
teractions: plasma treatment of the surfaces and the use of non-ionic surfactants.

Ten PS and ten PMMA samples were prepared as described in section 3.1.1.1.
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Five of each were plasma-cleaned for 120 s with an air ILMVAC PLASMA-clean 4.
A droplet of 0.1 mg/ml (buffer: 10 mM MES,6 - 10> M NaCl, pH 8.5, 0.0016 %
sodium azide) avidin-fluorescein solution was placed on the surface of each sample

and rinsed using pure buffer after 3 min, dried under a stream of N, and imaged

using fluorescence microscopy. The images obtained are shown in figure 4.7.

A B C D

Figure 4.7: Influence of plasma cleaning on the unintended attachment of avidin-
fluorescein to PMMA and PS thin films. A)PMMA thin-films plasma cleaned; B)PMMA

thin-films not plasma cleaned; C) PS thin-films plasma cleaned; D) PS thin-films not plasma
cleaned.

The scratch that can be seen in the images was made on the surface of the

(0¢)
ot



4.1. ATTACHMENT OF BIOMOLECULES IN WATER-BASED SOLUTIONS

sample before the incubation as a standard procedure to locate the charge-patterns
when moving the sample from the AFM to the fluorescence microscope. In this
experiment, though, no electrical pattern was written. No background improvement
can be seen on the PMMA thin film. On the other hand, there is significantly
less unintended attachment on the PS thin film after the plasma cleaning. Plasma
cleaning is a standard procedure to increase the surface energy or modify the surface
of polymer materials. Due to the plasma discharge, new oxygen-containing chemical
groups were produced increasing the wettability of the thin-film. The adsorption of

avidin on the surface was reduced using this method.

c) Reducing the hydrophobicity-related attachment using non-ionic
surfactants.
Tween20® (Sigma-Aldrich Company Ltd., Poole, UK) is a non-ionic surfactant
commonly used to block non-specific attachment due to hydrophobic interactions.
Being non-ionic, the electrostatic interactions should ﬁot be altered but a possi-
ble screening effect has to be taken into account. The surfactant encapsulates the
charged molecule in a micelle structure. The charge remains at the core of the
micelle. If the encapsulation is thicker than the Debye screening length, the electro-
static forces will also be blocked.
Plasma-cleaned and non-plasma-cleaned PS and PMMIA thin films were incu-
bated in a solution of 0.1 mg/ml avidin-fluorescein in 10mM, 5.6 pH MES buffer
containing 0.1 % Tween2()®. After 3 min incubation time the surfaces were rinsed

with clear buffer and pure water. The samples were dried under a stream of N, and
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imaged under a fluorescence microscope. The unspecific attachment was blocked in
all the thin films, plasma-cleaned or not. No fluorescence could be observed. As-
suming that the PMMA film is negatively charged in this solution and knowing that
avidin-fluorencein is positively charged at the pH used, if there was an attractive
electrostatic interaction between them, their attachment was nevertheless blocked.

This makes the use of this surfactant inappropriate in the context of this project.
4.1.2 Experimental method

To determine the attachment of charged molecules to charge-written areas, 60 pm x 6 pm
lines were written with charges on PMMA and PS thin films. A scratch was made
on the surface of the thin film using standard steel tweezers before charge-writing

to facilitate locating the pattern.

FUp=-80V
FHUp=+80V
OUp=0V

Figure 4.8: Two step attachment procedure: A) The polymer thin-film was charge-written
positively and negatively applying a bias Up to the AFM tip during scanning. A control line was
scanned at Up = 0 V. B) The charge-pattern was incubated in a solution containing 0.1 mg/ml
avidin-fluorescein for 3 min.

The areas to be charged were scanned with a biased AFM tip. The tip velocity

was 10 um/s and the voltage was applied immediately after engaging. The voltage
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applied was either DC, scanning in contact mode or pulsed, scanning in tapping
mode. The voltage pulses were triggered by a 5 V, 50 Hz square signal. The
magnitude was + 80 V or - 80 V to write positively or negatively charged areas. A
third area with the same dimensions was also scanned applying no voltage. It acted
as a control to detect molecule adsorption due to any surface modification generated
on the scanned area not related to the electrical pattern written applying a voltage.
The tip and sample surface are made of different materials. Therefore, contact
electrification can occur just by scanning the surface [Saurenbach 1992]. Also, some
mechanical damage can occur on the polymer surface during scanning. After charge-
writing each line, a KFM measurement was made scanning perpendicular to the
charged line to measure its surface potential.

Immediately after the KFM measurement, the sample was incubated with a
buffered solution of avidin-fluorescein. This fluorescently-labelled protein was used
because it is a well-known system. The electrostatic properties are known. The
isoelectric point of avidin is approximately 10, therefore, for a given pH below 10, it
is positively charged. Another reason to use labelled avidin is to detect the attach-
ment using fluorescence microscopv. ImmunoPure Avidin, Fluorescein (FITC
Conjugated)

5 mg/ml (buffer:10mM HEPES.0.15 M NaCl, pH 8.5, 0.08 % sodium azide) from

Pierce was disolved in HEPES or MES buffer to be used in different pH conditions:

0.1 mg/ml (buffer: 10 mM HEPES, pH 8.5)

0.1 mg/ml (buffer: 10 mM MES, pH 5)

88



4.1. ATTACHMENT OF BIOMOLECULES IN WATER-BASED SOLUTIONS

A droplet of the prepared solution was placed over the surface with a pipette. The
incubation time was 3 min. After the incubation time, the sample was rinsed with
clear buffer and pure water. The resulting patterned attachment was imaged using
fluorescence microscopy. The fluorescence images were made using a Qimaging 3.3
micropublisher, cooled digital camera (Digital Pixel, Brighton, UK) installed in an
Axioplan Universal Microscope for transmitted light and incident-light fluorescence
(Zeiss, Gottingen, Germany).

4.1.3 Results and discussion

4.1.3.1 Attachment of avidin-fluorescein to charge-patterned PS thin
films

Several 40 ym x 4 pm rectangular areas were charge-written on a plasma-cleaned PS
thin-film using a plain Si tip (type B). A square was engraved on the film to be used
as positional reference (Fig. 4.9). Two areas were charge-written in tapping mode
with negative and positive charges respectively. Another two areas were Charge;
written in contact mode, one negatively and one positively. As a control, a third
line was scanned in contact mode applying no voltage. The solution used for the
incubation was 0.1 mg/ml avidin-fluorescein (buffer: 10 mM HEPES,pH 7). The
fluorescence image taken after 3 min immersion in the solution is shown in figure 4.9.

In figure 4.9, preferential attachment of avidin-fluorescein can be observed in all
the areas scanned in contact mode, no matter what the magnitude or the polarity
of the voltage applied. Assuming that avidin-fluorescein was positively charged at
pH below 10, it should have only attached to the negative surface potential lines

if only electrostatic forces were governing the attachment. A possible explanation

89



4.1. ATTACHMENT OF BIOMOLECULES IN WATER-BASED SOLUTIONS

Voltages applied mode
Ou,=0Vv Contact
Bu=+8V DC Contact

[ | U,=-80V DC Contact
B U, =+ 80V Pulsed | Tapping
E U, = - 80V Pulsed | Tapping

Figure 4.9: Fluorescence images of the patterned attachment of avidin-fluorescein on
PS. Left: Diagram depicting the position and charge-writing mode of all the scanned areas. Right:
Fluorescence image showing preferential attachment of avidin fluorescein to the areas scanned in
contact mode on a plasma-cleaned PS film 570 pm 30 nm thick. Exposure time = 20 s. Scale
bar = 40 pum.

for the observed behaviour could be a mechanical modification of the surface due to
scanning as it can be observed that scratches on the film show a bright fluorescence
after the attachment process on plasma cleaned PS surfaces (Fig. 4.9).

To assess the sample damage due to scanning in contact mode, rectangular areas
were scanned applying positive, negative and no voltage. The forces were kept as
low as possible during scanning. The incubation was performed in pure water in
order to promote the decay of the charge-pattern. After the incubation in water
the sample was dried under a stream of N, and an AFM topography image of the

scanned area made. A topographical modification could be observed in the three

lines scanned (Fig. 4.10). Thus, the preferential attachment observed in figure 4.9
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was possibly due to a wetting effect caused by the topographical modification of the
scanned area. No preferential attachment of avidin-fluorescein could be observed in
the areas written in tapping mode. A rapid decay of the charge-pattern during the

immersion time could explain this result.

Figure 4.10: Damage on the PS film due to contact mode scanning. a)AFM tapping mode
topography image of the area scanned in contact mode applying 0 V. b) Area scanned applying
+ 80 V. ¢) Area scanned applying - 80 V. Scale range = 30 nm. Scale bar = 0.5 .

In the literature a 500 nm-thick PS thin-film was charge-written using an e-
beam with the aid of patterned masks [Wybourne 1996]. The charge-patterns were
incubated in 4.5 mg/ml buffered avidin-fluorescein solution for 5 min and the fluores-
cence images showed the avidin-fluorescein preferentially attached to the irradiated
areas. The attachment was attributed to electrostatic attachment but the irradiated
patterns of only negative polarity were charge-written. However. the preferential at-
tachment could be due to a surface modification introduced by the e-beam.

4.1.3.2 Attachment of avidin-fluorescein to charge-patterned PMMA
thin films

To minimise any topographical modification due to scanning, charge-writing was
performed in tapping mode using a PMMA thin film to hold the electrical pattern.
No topographical modification of the surface could was observed after scanning a
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20 pm x 20 pm area in tapping mode (Fig. 4.11).

Figure 4.11: No damage on PMMA after scanning in tapping mode. AFM topography
image made in tapping mode with a plain Si tip. A 10 pgm x 10 pm area had been previously
scanned in the centre of the image in tapping mode at 2.0 Hz scanning rate. Scale range = 20 nm.
Scale bar = 6 pm.

The film used was spin-coated using a 0.02 g/ml PMMA in chlorobenzene so-
lution (thickness = 66 nm =+ 12 nm). After charge-writing the lines, the sample
was incubated in 0.1 mg/ml avidin-fluorescein solution (buffer: 10mM MES, 3 mM
NaCl, pH 5, 0.0016 % sodium azide). The fluorescence images taken of the resulting
patterned attachment are shown in figure 4.12.

Attachment can be seen in the lines where voltage was applied. There is some
non-homogeneous unintended attachment in the surrounding areas but there is an
indication that there is more attachment at the negatively-charged line. This would
be consistent with the hypothesis of electrostatic attachment as avidin-fluorescein
is positively charged at pH 5.5. Some attachment can still be observed on the
positively-charged line. A possible explanation could be the scanning-related effect

described in section 3.2.1.3. A negative surface potential contrast appeared after im-
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Figure 4.12: Fluorescence images of the patterned attachment of avidin-fluorescein on
PMMA Top image (a): line charge-written applying -80 V pulses in tapping mode; Middle image
(b): line charge-written applying + 80 V pulses in tapping mode, Bottom image (c): line scanned
in tapping mode applying 0 V, scale bar = 60 pm

mersing scanned areas in water. Since charge-writing involves scanning the PMMA

surface, a mechanical modification could have been introduced. Such mechanical

modification could lead to an enhanced permanent negative surface potential con-
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trast after immersion in the aqueous solution. Since charge-patterns decay rapidly
in water, the scanning related negative surface potential contrast could be governing
the attachment of the avidin-fluorescein.

To prevent the unintended attachment on the PMMA surface, several attachment
experiments were tried using Tween20®. A PMMA thin film was immersed for
15 min in a solution 10 mM, pH 5.6 MES buffer 0.1 % Tween20®. After rinsing
with pure water and drying under a stream of Ny, the film was negatively and
positively charge-patterned in tapping mode applying voltage pulses. The charge-
pattern was then incubated for 3 min in 0.1 mg/ml avidin, fluorescein conjugated
in 10 mM, pH 5.6 MES buffer. No attachment was observed on the sample.

In another experiment the surfactant was solved with the avidin-fluorescein so-
lution instead of incubating fhe surface first. The film was charge-patterned cor-
rectly but after the incubation with the solution containing avidin-fluorescein and
Tween20®, no attachment was observed on the sample. It seems that the surfac-
tant prohibits any electrostatic attachment. Due to the reduced Debye screening
length (= 4 nm), the electrostatic attachment would only take place if surface and
particles were almost in contact. If the surfactant keeps them away from contact

beyond the Debye length, no electrostatic attachment would be expected.

4.2 Attachment of biomolecules by electric droplet
lithography

DNA and protein arrays provide a powerful tool for extracting large amounts of

information from biological systems. These high throughput analysis techniques
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are capable of separating, identifying and quantifying many biomolecules in paral-
lel using a minimum volume of reagents, thus they are becoming more and more
important in genomics and proteomics research and in other areas of the life sciences.

The use of antibodies in protein microarrays has its origins in the development of
immunoassays for the precipitation and quantification of antigens [Heidelberger 1929].
Antigens are foreign macromolecules, normally proteins, carbohydrates and nucleic
acids that trigger an immune response. Specific antibodies are produced against
an antigen by B lymphocytes in mammals [Voet 1995]. Monoclonal antibodies can
be obtained in virtually unlimited amounts and specific for almost any antigen by
fusing myeloma, (cancer) cells with lymphocites, raised in a mammal, against that
antigen [Kohler 1976]. Monoclonal antibodies have become indispensable biomedical
tools to assay and isolate extremely small amounts of nearly any specific biological
substance. For example, they have made possible the routine testing of blood for
the presenée of HIV [Voet 1995]. In the late 1990’s, with DNA microarray tech-
nology well established, the development of antibody microarrays for quantitative
proteomics started to emerge showing that miniaturization of immunoassays not
only reduced costs due to the lower volumes of reagents involved, but also achieved
the sensitivity and specificity of the macroscopic assays using 1/100 of the capture
antibodies [Silzel 1998].

Protein microarrays contain a large number of addressable protein spots, often
specific antibodies, allowing the simultaneous analysis of the interaction of hundreds
of proteins and peptides [Tomizaki 2005]. There are two main types of microarrays

for protein profiling: forward microarrays and reverse microarrays [Becker 2006].
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In the forward format different known proteins, typically antibodies, are immo-
bilised in each spot of the microarray. The immobilised proteins discriminate their
target affinity reagent (e.g., an antibody. a cell lysate, a recombinant protein or
peptide, a drug) from a complex mixture sample solution. The bound molecules are
detected directly by labelling the analytes with signal generating tags (Fig. 4.13,
(A)) or indirectly via sandwich-type assays in which the bound analyte captures a
secondary labelled antibody (Fig. 4.13, (B)). Thus, in the sandwich method, the
analyte does not require labelling. This is an advantage as some proteins are prefer-
entially labelled in their antigen-binding sites blocking their ability to be captured
[MacBeath 2002]. In the reverse format microarrays (Fig. 4.13, (C)), each spot is
a different sample containing a variety of analytes. The microarray is then queried

with a solution containing known labelled biomolecules.

Figure 4.13: Immunoassay methods used in protein arrays. A)Forward assay, direct de-
tection. The capture antibodies are immobilised on the substrate and the bound proteins, pre-
viously labelled, are detected directly. B) Forward assay, sandwich-type detection. The proteins
immobilised on the substrate capture their target proteins from solution and these proteins are
subsequently detected by specific interaction with a labelled biomolecule. C) Reverse assay. The
sample that may contain the target protein is immobilised on the substrate. The target protein in
the sample is detected by specific interaction with a labelled protein.

The development of microarray technology would also benefit research into tissue-
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engineering and fundamental cell biology. Microarrays of extracellular matrix pro-
teins (e.g. fibronectin. laminin, collagen) or biomaterials are used to screen the
specificity of cell-matrix interactions [Kuschel 2004] or to promote cell adhesion
[Anderson 2004], [Rozkiewicz 2006].

The most important requirements for the fabrication of protein arrays are the
stable attachment of the biomolecules to the surface maintaining their biological
functionality and the precise location of protein spots generated with minimal liquid
volume. Gene microarrays, fabricated combining photolithography and combinato-
rial chemistry, with 11 um feature size, are commercially available [Kreiner 2004].
However, commercial protein arrays are usually fabricated by automated spotting
with piezoelectric arrayers and high-precision robots [Venkatasubbarao 2004]. Usu-
ally, small droplets of biomolecule solution are ejected out of a nozzle producing pro-
tein spot sizes in the 90-120 um range [Hall 2006]. Different approaches to downscale
the feature size of protein arrays are reported in the literature. Methods based in
dip-pen lithography [Lee 2006], microcontact printing [Renault 2003} or nanopipet
delivery [Bruckbauer 2004] achieve feature sizes below 1 pm. Speed and multiplex-
ing, however, still provide technical_challenges.

The method used in this section is based on electrostatically attaching micro-
droplets to a substrate instead of driving them out from a nozzle. This approach was
developed in earlier works [Mesquida 2001], [MesquidaDiss 2002] and it is termed
here as electric droplet lithography (EDL). EDL consists of two main stages: AFM
charge-writing [Stern 1988], explained in detail in chapter 3, and microdroplet de-

livery [Mesquida 2001] in which the charged surface is immersed into a dispersion of

97



4.2. ATTACHMENT OF BIOMOLECULES BY ELECTRIC DROPLET LITHOGRAPHY

water droplets in a non-conductive liquid (a water-in-oil emulsion) [Mesquida 2001].
The dispersed droplets, containing any water-soluble material, are electrostatically
attracted to the charge-pattern on the surface, where they deliver their contents
[MesquidaDiss 2002].

The direct attachment of biomolecules to the AFM-CW charge-pattern from an
aqueous solution has been explored in section 4.1. The rapid decay of the charge-
pattern in water based solutions and the influence of hydrophobic/hydrophilic forces
on the attachment, prevented the electrostatic forces from governing the attachment
of biomolecules to the surface. However, the rapid charge decay can be prevented
by using non-polar liquids, such as fluorocarbons [MesquidaDiss 2002]. Thus, using
water-in-fluorocarbon emulsions is a good approach to simultaneously solve the prob-
lem of the rapid charge decay and provide the right environment for biomolecules
to be functional [Naujoks 2003].

The emulsions were prepared by ultrasonication of the respective biomolecule
solution in FC-77 [Mesquida 2001], [Naujoks 2003|. Figure 4.14 shows a fluorescence
image of an emulsion created by dispersing the 3 yul of avidin-fluorescein (1 mg/ mi
dilution in 10 mM Hepes, pH 8 from Immunopure®Avidin, Fluorescein Conjugated
5 mg/ml in 10 mM HEPES, 0.15 M NaCl, pH 8.5, 0.08 % sodium azide, Perbio
Science UK Ltd., Tottenhall, UK ) in 1 ml FC-77 by 2 min ultrasonication. From
the very low background fluorescence outside the spots (Fig. 4.14), it can be inferred
that the proteins were well encapsulated in the water droplets and did not diffuse
from the water phase intc; the FC-77 during the EDL process.

FC-77 is a dielectric fluorinated oil immiscible in water which is inert, leaves
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Figure 4.14: Avidin Fluorescein Emulsion. Fluorescence image using an inverted light micro-
scope (Olympus IX71, Middlesex, UK) with the 40x, NA 0.60 objective. The excitation/emission
wavelengths of the FITC fluorophore was 490 nm/520 nm. Filters used to image the fluorescence
emission: excitation filter: 460-490 nm, emission filter: 520 nm, dichromatic filter: 500 nm. The
fluorescence image was recorded using a ORCA-ER digital camera (Hammamatsu, Welwyn Garden
City, UK). Scale bar = 10 um

no residue and is non-toxic [FC77]. The confinement conditions in which many bi-
ological processes take place can be emulated using water-in-FC-77 emulsions and
they have thus been used for the study of protein dynamics [Reiner 2006]. Ultrasoni-
cally produced water-in-FC-77 emulsions are unstable. Very high interfacial tensions
have to be overcome as fluorocarbons exhibit very weak intermolecular interactions
compared with the very high associative character of water [Mukerjee 1981]. Suit-
able fluorinated surfactants (which are not commercially available) could possibly
be employed in EDL to stabilize the emulsions, produce smaller droplets and a
narrower droplet size range [Sadtler 1996]. However, for the purpose of fabricating

biomolecule microarrays by EDL, surfactants could possibly cause denaturation of

the biomolecules, affect their adsorption onto the charge-patterned surface and -
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most importantly - impede their biomolecular function. Additional physical homog-
enization was attempted after ultrasonication instead, to produce a narrower range
of droplet sizes.

The application of EDL with the protein avidin has been reported in the litera-
ture [Naujoks 2003]. Further work showed fluorescently labelled avidin from solution
binding, through the well-known avidin-biotin interaction, to biotin-modified anti-
bodies which had been patterned by EDL on a polymer substrate [Naujoks 2004].
However, microarrays for applications such as immunoassays often require differ-
ent antibodies to be immobilised on the substrate and act as capture-molecules to
detect and discriminate between different analytes in a solution by direct antibody-
antibody or antibody-antigen interactions [Liotta 2003]. The immobilised antibodies
are typically not biotinylated and should function in parallel [Liotta 2003]. There-
fore, in multiple-protein microarrays different proteins must be placed on the same
individual surface, maintaining their specific biological functionality without cross-
contamination. Furthermore, to deposit the molecules on materials which poten-
tially allow integration with state-of-the-art microtechnology, such as silicon dioxide,
would also be attractive. These issues were addressed in this thesis using a vari-
ety of biomolecules including non biotinylated antibodies, serum and extracellular
matrix proteins. Thus, a collagen array and a multiple-protein microarray with dif-
ferent immunoglobulin G antibodies and biotinylated bovine serum albumin (BSA)
were fabriacted on silicon dioxide substrates. The ability of the attached proteins
to capture their affinity biémolecules from solution was probed either directly using

fluorescently labelled proteins or with a sandwich assay.

100



4.2. ATTACHMENT OF BIOMOLECULES BY ELECTRIC DROPLET LITHOGRAPHY

Often proteins are not directly physisorbed on bare solid substrates. Surface
coatings are typically used to selectively promote or minimise protein attachment.
Proteins exhibit different affinity for adsorbing on SAMs, depending on their ter-
mination group. Many proteins show low absorption to methyl-terminated SAMs
[Wadu-Mesthrige 2000]. On the other hand, terminating groups such as carboxylic
acid, aldehydes [Wadu-Mesthrige 1999] or biotin [Lee 1994] are known to promote
protein adhesion by electrostatic interactions, covalent binding or biospecific inter-
actions. The use of a surface coating in combination with EDL was explored aiming
to minimise protein attachment in the non-patterned areas. For this purpose, a layer
was coated on SiO,/Si using methyl-terminated n-octadecyltrichlorosilane. It was
shown in section 3.2.3.2 that contact mode AFM-CW can create a charge-pattern
on the underling silicon dioxide and simultaneously engrave the OTS layer. The
implications of this on the EDL attachment and protein functionality were explored
in this chapter using mouse immunoglobulin G (IgG) in phosphate-buffered saline
(PBS) microdroplets and, as a control, plain PBS microdroplets. After the delivery

EDL step, the attached microdroplets were probed with anti-mouse IgG-FITC.
4.2.1 Experimental method

EDL consists of two main steps (Fig. 4.15): AFM charge-writing [Stern 1988] and
microdroplet delivery [Mesquida 2001]. The AFM-CW and sample pretreatment
or surface coatings were discussed in detail in section 3.1.2. The microdroplet
delivery was performed by immersing the charged surface into a dispersion of water

droplets in a non-conductive liquid (a water-in-oil emulsion) [Mesquida 2001]. The
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droplets contained nanoparticles or any other water-soluble material and were driven
electrostatically to the charge-pattern, where they delivered their contents on the
surface [MesquidaDiss 2002].

A

Figure 4.15: Electric droplet lithography method. A) Atomic force microscopy-based charge-
writing. B) Microdroplet delivery.

The emulsions were prepared by dispersion of 20 ul aqueous protein solution
in 2 ml perfluorocarbon oil FC-77 by 1 or 2 min ultrasonication in a Transonic
T310 standard ultrasonic bath (Camlab Ltd., Cambridge, UK) followed by 5 s ho-
mogenisation at 9500 rpm using an Ultra-Turrax T25 homigeniser (Jankle & Kunkel,
Ika-Labortechnik, Staufen, Germany) using the S25 N-8G dispersing tool and 20 s
further ultrasonication. The homogeniser dispersing tool was cleaned by ultrason-
ication in 3 % Decon 90 (Decon Laboratories Ltd., Hove, UK) and in deionised
water, and sterilised with ethanol after each emulsion. The charge-patterned sam-
ple was placed in a 5 ml beaker and the emulsion was poured over it. After 10 min
immersion, the sample was removed from the emulsion. The resulting microdroplet
attachment was i'ma.ged either using an optical light microscope (Olympus BX60,

Middlesex, UK) operated in reflected light DIC (Differential Interference Contrast)
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and recorded using a FireWire DFK 31AF03 colour camera (The Imaging Source,

Bremen, Germany) or by AFM in tapping mode.

4.2.1.1 Collagen Microarray

Positively- and negatively-charged patterns were created on a silicon dioxide sub-
strate previously heated at 200°C for 5 h. 6 x 6 spots arrays with 10 um spacing
were charge-written applying - 70 V and + 70 V pulses during scanning, in tapping
mode, 1 um? area per charge-spot.

The collagen microarrays were prepared using an emulsion containing, in the
water phase, 1 mg/ml type-I-collagen from human placenta (Sigma-Aldrich Com-
pany Ltd., Poole, UK) in PBS diluted from a 2 mg/ml solution in acetic acid. The
solution was dispersed in FC-77 after 2 min ultrasonication. No homogenization
step was performed for this emulsion. After immersion for 10 min, the patterned
collagen spots were imaged with an optical microscope.

The functionality of the collagen array was probed with mouse anti-collagen
IgG, which was subsequently detected with fluorescently labelled anti-mouse IgG-
FITC (Fig. 4.16). The collagen microarray was immersed in blocking buffer for
5 min and incubated for 30 min in monoclonal anti-collagen type I (60 (g/ml mouse
IgG1 isotype in washing solution) (Sigma-Aldrich Company Ltd., Poole, UK). After
washing the microarray, it was incubated for 30 min in GAM-FITC, rinsed with
washing solution, mounted in antifade solution and imaged using a FireWire DFK
31AFO03 colour camera (The Imaging Source, Bremen, Germany) installed in an

. Axioplan Universal Microscope for transmitted light and incident-light fluorescence
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@ Type I collagen
A Mouse anti-type I collagen IgG
X Goat anti-mouse IgG-FITC

A B C

Figure 4.16: Collagen microarray probing method. A) Immersion in BSA blocking buffer for
5 min. B) Incubation in mouse anti-type I collagen IgG for 30 min followed by rinsing in washing
solution. C) Incubation in goat anti-mouse IgG-FITC for 30 min followed by rinsing in washing
solution.

(Zeiss, Gottingen, Germany) with the following filter setting: BP 450-490 nm for

the excitation, FT 510 nm and LP 520 nm for the emission.

4.2.1.2 Multiprotein Array

To create a multiprotein array, each biomolecular species was delivered in a sequence
of EDL cycles. Figure 4.17 shows a diagram depicting the method used for the
creation of a microarray with three different proteins: inmunoglobulin G antibody
raised in mouse (mouse IgG), inmunoglobulin G antibody raised in rabbit (rabbit
IgG) and biotinylated bovine albumin serum (biotin-BSA).

A different emulsion was prepared for each of the three species, containing in
the water phase: (1) mouse IgG emulsion, containing 2 mg/ml mouse anti-human
Anexin IT monoclonal immunoglobulin prepared in-house, (2) rabbit IgG emul-

sion containing 1 mg/ml rabbit anti-rat collagen type I polyclonal immunoglobu-
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lins (Chemicon Europe Ltd., Chandlers Ford, UK) and (3) biotin-BSA emulsion,
containing 2 mg/ml in-house biotinylated BSA.

The in-house biotinylation was made using EZ-Link® biotin-polyethylene oxide-
amine (Pierce, Rockford, IL, USA) in conjunction with EDC (1-Ethyl-3-[3-Dimethyl-
aminopropyl] carbodiimide Hydrochloride) (Pierce, Rockford, IL USA) as follows:
equal volume, 0.5 ml, of biotinylating reagent solution (19 mg/ml EZ-Link®_PEO-
Amine in MES buffer (0.1 M, pH 5)) and BSA solution (5 mg/ml BSA in MES
buffer) were mixed. 50 pl EDC solution (10 mg/ml in MES buffer) was added
and the mix was incubated for 2 h at room temperature. After incubation, any
precipitate formed during the reaction was removed by centrifugation at 13000 rpm
for 20 min in a Biofuge Fresco centrifuge (Heraeus, Hanau, Germany). The non-
reacted biotinylation reagent and EDC by-products were removed from the biotin-
BSA solution by dialysis using a Slide—A—Lyzer® dialysis cassette (10,000 MWCO,
0.5-3 ml capacity) (Pierce, Rockford, IL, USA). The buffer exchange was made in
HEPES buffer (20 mM, pH 8). The resulting solution, 2 mg/ml BSA-biotin in
HEPES buffer, was stored at 4°C.

Each EDL cycle consisted in, firstly, the creation of a row of 6 positively or
negatively charged spots with 1 um? area charge-written each and 10 um spacing.
Secondly, the first emulsion containing one of the species, rabbit IgG, was prepared
and the charge-patterns were immersed in it for 10 min. After the immersion in
the first emulsion, the sample was removed and the remaining charge neutralized
with a Zerostat® anti-static gun (Aldrich, Gillingham, UK). Adjacent to the rabbit

IgG spots, the same procedure was repeated in two more cycles using emulsions
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containing biotin-BSA and mouse IgG, respectively.

A Rabbit IgG
@ BSA-Biotin
JL Mouse IgG

Figure 4.17: Schematic diagram depicting the method used for multiple attachment. (1)
AFM-CW electrical pattern. (2) Immersion in emulsion containing rabbit IgG. (3) Neutralisation of
previous charge-pattern and AFM-CW new charge-pattern. (4) Immersion in emulsion containing
BSA-biotin. (5) Neutralisation of previous charge-pattern and AFM-CW new charge-pattern. (6)
Immersion in emulsion containing mouse IgG. (7) Removal from emulsion.

In order to confirm the location and test the functionality of the attached (pri-
mary) proteins, the muliarray was probed with a mix of three fluorescently-labelled,
secondary proteins: swine anti-rabbit IgG-TRITC (SAR IgG-TRITC), goat anti-
mouse IgG-FITC (GAM IgG-FITC) and streptavidin-Cy5, each of them known to
show a specific biomolecular interaction with the different primary proteins on the
array: SAR IgG-TRITC with rabbit [gG, GAM IgG-FITC with mouse IgG and
streptavidin-Cy5 with biotin-BSA. Non-specific attachment of the secondary pro-
teins was prevented by blocking unspecific binding sites with BSA. After blocking,
the sample was immersed with the fluorescent antibodies/streptavidin mixture (Fig.
4.18).

The detailed procedure for the interrogation of the multiprotein array was con-
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A Mouse IgG & Anti-mouse IgG-FITC
A Rabbit IgG X Anti-rabbit IgG-TRITC
(8 BsA-Biotin o streptavidin-Cy5

e N <t
)_’fx <

Figure 4.18: Schematic diagram depicting the functionality assay. Left: the sample in
immersed in BSA blocking solution to reduce non specific binding. Right: the sample is incubated
for 30 min in a PBS solution containing GAM IgG-FICT, SAR IgG-TRITC and streptavidin-Cy5.

AN VAY

b

ducted as follows: the microarray was immersed in blocking-buffer (1 % BSA/ PBS,
0.05 % sodium azide) for 5 min and incubated for 30 min, in darkness, with a
mix (30 ul) containing equal volumes of GAM-FITC (fluorescein isothiocyanate-
conjugated F(ab’)2 fragment of goat anti-mouse immunoglobulins (Dako, Golstrup,
Denmark), 25 pg/ml in washing solution (0.2 % BSA/PBS, 0.05 % sodium azide),
SAR-TRITC (tetramethyl rhodamine isothiocyanate-conjugated swine anti-rabbit
immunoglobulins (Dako, Golstrup, Denmark), 5 pg/ml in washing solution) and
streptavidin-FlouroLinkTM Cy5TM (Amersham Life Science Inc., Arlington Heights,
IL, USA), 10 pug/ml in washing solution. After the incubation the substrate was
rinsed with washing-solution and mounted in antifade solution (Citifluor Ltd., Lon-

don, UK). The fluorescence images were made using a confocal microscope (Leica
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TCS NT, Leica Microsystems GmbH, Wetzlar, Germany). The FITC, TRITC and
Cy5 fluorophores were excited with 488 nm, 568 nm and 647 nm wavelengths, re-
spectively, and the emission imaged using the filters BP 550/30, BP 600/30 and LP
665. The fluorescence emitted is displaved in green, red and blue respectively and

overlapped by the confocal software (Leica TCS NT, Version 1.6.587).

4.2.1.3 OTS layers and EDL

The attachment of microdroplets containing mouse IgG antibody to OTS-modified
silicon dioxide surfaces was performed as follows. The SiO/Si samples were coated
with a layer of OTS following the procedure described in section 3.1.1.2. The charge-
patterns were written forming a cross-shaped geometry by scanning a 40 pm x 2 pm
area, at 0° scanning angle, (scan size = 40 ym and aspect ratio = 20. 26 lines were
scanned in contact mode in that area at 10 ym/s .tip velocity) and a similar size area
at 90° scanning angle to complete the cross applying either + 80 V or - 80 V voltage
pulses during scanning for creating a positively and a negatively charged cross in
each EDL cycle. The voltage was switched off during the change of scanning angle.

Charge-writing in contact mode over the OTS layer results in the formation
of engraved topographical features (section 3.2.3.2). Therefore, control patterns
were introduced in this experiment taking into account two factors: firstly, the
microdroplets could show a preference to attach the patterns due to the topograph-
ical features instead of due to electrostatic attraction. Secondly, the fluorescently-
labelled secondary antibody, typically used to detect the primary antibody (mouse

IgG) delivered by EDL, could attach preferentially to the surface area modified by
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scanning during AFM-CW, with or without the presence of the primary antibody.
These factors could be a source of unwanted droplet mixing in the first case and false
positive immunoassays in the second case. Thus, two EDL cycles were performed on
the sample: the first one acting as a control, attaching microdroplets of PBS buffer
and a second one attaching mouse IgG solved in PBS buffer having neutralised any

remaining charge from the first cycle.

1

@

® PBS
A Mouse IgG

Figure 4.19: Schematic diagram depicting the method for protein attachment on
OTS/SiO2. (1) AFM-CW positive and negative electrical patterns. (2) Immersion in emulsion
containing PBS. (3) Neutralisation of previous charge-pattern and AFM-CW new charge-patterns.
(4) Immersion in emulsion containing Mouse IgG. (5) Removal from emulsion.

The emulsions were prepared by dispersing 40 ul of PBS buffer solution in 2 ml
FC-77 by 2 min ultrasonication for the control emulsion and 40 pul of antibody
solution (2 mg/ml mouse IgG in PBS buffer) for the antibody emulsion. The im-
mersion time in the emulsion was 10 min for each EDL cycle. The attachment of

microdroplets was imaged by AFM at the end of each cycle.
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After the second EDL cycle, unspecific binding sites were blocked by immersion
the sample in BSA blocking solution for 5 min. The sample was then probed with
the labelled secondary antibody GAM IgG-FITC (25 pg/ml in washing solution
(0.2 % BSA/PBS, 0.05 % sodium azide)) for 30 min in darkness. After the incubation
time, the sample was rinsed with washing buffer, mounted in antifading reagent and
imaged with a firewire, Qimaging 3.3 micropublisher, cooled digital camera (Digital
Pixel, Brighton, UK) installed in an axioplan universal microscope for transmitted
light and incident-light fluorescence (Zeiss, Gottingen, Germany) with the following
filter setting: BP 450-490 nm for the excitation, F'T 510 nm and LP 520 nm for the
emission.

4.2.2 Results and discussion

4.2.2.1 EDL resolution
The resolution of the EDL method was explored by attaching BSA-biotin on silicon
dioxide previously charge written with positive and negative arrays of charged-dots
with approximately 1 pm spacing.

Each charge spot was written by applying a single voltage pulse of + 70 V or
- 70 V. After charge-writing, a water-in-FC-77 emulsion was prepared using, for the
aqueous phase, 2 mg/ml in-house biotinylated bovine serum albumin, fraction V
(Roche, Penzberg, Germany). After immersing the charge-pattern in the biotin-
BSA emulsion for 10 min, the sample was removed and the attachment was imaged
in tapping mode.

Figure 4.20 shows that the protein attached equally well on positively and neg-
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Figure 4.20: EDL resolution. Biotin-BSA microdroplets attached to positive and negative
charge-pattern with approximately 1 pm spacing. a) KFM image of the positive charge-pattern,
scale range = 5 V; b) KFM image of the negative charge-pattern, scale range = 5 V. ¢) AFM to-
pography image of the microdroplets attached to the positive charge-pattern, scale range = 60 nm.
d) AFM topography image of the microdroplets attached to the negative charge-pattern, scale
range = 60 nm. Scale bars = 1 um
atively charged-dot arrays with a resolution of approximately 1 pm. The protein
spots attached to these charge-patterns had diameters in the range of a few hundred
nanometres to 1.4 pum.

The resolution of EDL is limited by the diameter of the microdroplets. How-
ever, charge-patterns with a resolution in the 200 nm range can be written in SiOs

[Jacobs 1999,a], [Uchihashi 1994]] and using SisNy/SiO,/Si layered-electrets an even

higher charge-pattern resolution, 30 nm, has been achieved [Tzeng 2006].

4.2.2.2 Single and multiple-protein microarrays

To demonstrate the EDL method with an extracellular matrix protein, arrays of
type-I-collagen were patterned on silicon dioxide creating a single-protein microar-
ray and their functionality was probed with mouse anti-collagen IgG, which was
subsequently detected with fluorescently-labelled anti-mouse IgG-FITC. No signif-
icant differences were observed for the attachment to charge-patterns of different

polarities (Fig. 4.21, (c), (d)). The different levels of fluorescence signal between
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f

Figure 4.21: Collagen microarrays. a-b) KFM images of the negative (a) and positive (b) charge-
patterns, scale range = 20 V. ¢-d) Reflected light DIC micrograph showing patterns of 6 x 6 spots of
collagen attached to the negative (c) and positive (d) charge-patterns. e-f) Fluorescence images of
the microarrays showing GAM IgG-FITC bound to the collagen-anti-collagen IgG complex. Scale
bars = 10 pym
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different protein spots (Fig. 4.21, (e), (f)) could be explained by differences in the
amount of collagen attached to the charge-pattern (Fig. 4.21, (c), (d)). Part of the
collagen content delivered by the microdroplets may have been washed away during
the different washing steps as the SiO, substrate was not functionalised to promote
attachment.

The charge-patterns used for the attachment of the different proteins in the multi-
protein microarray are shown in figure 4.22, (a), (b). The reflected light DIC images
in figures 4.22, (c-h), show the rows of protein spots attached to their respective
charge-patterns after each EDL cycle. No significant differences in the attachment
were observed for different charge-pattern polarities. In order to confirm the loca-
tion, test the functionality of the attached (primary) proteins and investivage the
possibility of any unwanted mixing and cross-contamination during the EDL pro-
cess, the arrays were probed with a mix of three fluorescently labelled, secondary
proteins: SAR IgG-TRITC, GAM IgG-FITC and streptavidin-Cy5, each of them
known to show a specific biomolecular interaction with the different primary pro-
teins on the array. The fluorescence images in figure 4.22, (i), (j), show, in green,
GAM-FITC attached on the mouse IgG spots, in red, SAR-TRITC on the rabbit
IgG spots and in blue, streptavidin-Cy5 on the biotin-BSA spots, with minimal
cross-contamination.

Thus, the test showed that proteins delivered to the microarray by EDL retained
their functionality to bind specifically to their corresponding fluorescent secondary
proteins. Figure 4.22 shows all the primary proteins attached in the correct location

in the positively charged array. In the case of the negatively charged multiarray, two

113



4.2. ATTACHMENT OF BIOMOLECULES BY ELECTRIC DROPLET LITHOGRAPHY

,3 & 3 * ) 2 4——Rabb|t |gG—’ @ P g T s g

e «——Biotin-BSA —p

9@3&39

i+ % . ¢ 4 <4 Mouse lgGC—p ¥ e vB v

4= SAR IgG-TRITC =p
&= Streptavidin-CY5 =

<4 GAM IgG-FITC

Figure 4.22: Multiprotein microarray. a-b) KFM images of the negative (a) and positive (b)
charge-patterns used for the attachment, scale range = 20 V. c-h) Reflected light DIC micrograph
showing patterns of 6 spots of rabbit IgG (c), biotin-BSA (e) and mouse IgG (g) attached sequen-
tially to negative charge-patterns and 6 spots of rabbit IgG (d), biotin-BSA (f) and mouse IgG
(h) attached sequentially to positive charge-patterns. i-j) Fluorescence image showing in green,
the GAM IgG-FITC on the mouse IgG spots, in blue, the streptavidin-Cy5 on the BSA-biotin
spots and in red, the SAR IgG-TRITC on the rabbit IgG spots in the multiprotein array made
using negative charge-patterns (i) and in the one made using positive charge-patterns (j). Scale

bars = 10 pm
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microdroplets accidentally attached to the substrate in a location corresponding to

another protein, however, a minimum of 5 out of 6 protein spots showed no cross-

contamination for each protein type.
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Figure 4.23: Mean of the fluorescence intensity of the protein spots. A-C) Spots from
the multiarray fabricated positive charge-patterns: A)Mouse IgG spots, B) BSA-biotin spots, C)
Rabbit IgG spots. D-F) Spots from the multiarray fabricated with negative charge-patterns: D)

Mouse IgG spots, E)BSA-biotin spots, F) Rabbit IgG spots.

115



4.2. ATTACHMENT OF BIOMOLECULES BY ELECTRIC DROPLET LITHOGRAPHY

The mean intensity and standard deviation of the fluorescence signal of each pro-
tein spot are shown in figure 4.23. In the positively-charged multiarray (Fig. 4.23,
(A-C)) there waé no overlap between the expected fluorescence signal for each spot
and the background signal. The background signal was calculated as the fluores-
cence signal at a wavelength other than the one corresponding to that location.
This calculation takes into account contributions to the background from cross-
contamination and overlap of optical emission spectra. In the negatively charged
multiarray (Fig. 4.23, (D-F)) theré was significant cross-contamination for one of
the mouse-IgG protein spots.

Each protein type was spotted six times in each multiarray. Thus, the average
and standard error of the mean was calculated for each protein type and showed
in tables 4.2 and 4.1. The minimum signal-to-background-ratio was between 5
and 8. Thus, the coverage of each primary protein type was sufficient to allow clear

discrimination of the secondary proteins by fluorescence microscopy.

FITC Average | TRITC Average | Cy5 Average
Protein Spot | mean intensity | mean intensity | mean intensity
(a.u.) (a.u.) (a.u.)
Mouse IgG 148 + 18 20 £ 4 104 £ 1.5
Rabbit IgG 19+ 2 108 + 48 15.7 £ 1.2
BSA-biotin 2.1 +£0.2 1.08 £ 0.02 134 + 11

Table 4.1: Average of the mean fluorescence intensity for each type of protein in the

multiarray fabricated with positive charge-patterns.
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Protein Spot

FITC Average
mean intensity

TRITC Average
mean intensity

Cy5 Average
mean intensity

(a.u.) (a.u.) (a.u.)
Mouse IgG 71+9 9.0 £ 1.3 16 £ 18
Rabbit IgG 16 + 2 119 + 12 17+ 2
BSA-biotin 1.1 £ 0.1 1.1 £0.1 128 + 4

Table 4.2: Average of the mean intensity for each type of protein in the multiarray
fabricated with negative charge-patterns.

4.2.2.3 Attachment of mouse IgG to charge-patterns written on silicon
dioxide coated with OTS

The surface potential patterns created for the attachment of mouse IgG micro-
droplets and control microdroplets are shown in figure 4.24. The absolute value
of the peak surface potential differences achieved in both cases are > 10 V. Thus,
the KFM image appears truncated. The corresponding topography images show
accumulation of aggregates on the edges of the scanned area as described in sec-
tion 3.2.3.2. Inside the charged area, the topography image was distorted by the
electrostatic forces experienced by the AFM tip due to the charge-pattern.

After performing each EDL cycle, one to attach the control microdroplets and
a second one to attach the mouse IgG microdroplets, the attachment of the micro-
droplets to the patterns was imaged in tapping mode with an AFM. Figure 4.25
shows the attachment of the mouse ‘IgG droplets to the negative (A) and positive
(C) crosses and the attachment of control microdroplets to negative (B) and positive
(D) crosses. The mouse IgG microdroplets are easily distinguishable in the AFM
image. They attached to both polarities with preference to attach on the edges of

the patterns. The agglomerates formed on the edges during AFM-CW could have
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Figure 4.24: Charge-patterns on OTS/SiO;. A) KFM image of a negatively-charged cross
charge-written in contact mode. Scale range = 20 V. B) AFM topography image corresponding to
the KFM image (A). Scale range = 200 nm. C) KFM image of a positively-charged cross charge-
written in contact mode. Scale range = 20 V. D) AFM topography image corresponding to the
KFM image (C). Scale range = 200 nm. Scale bars = 10 pum

clamped the microdroplets once they were attracted to the proximity of the pattern
by the electrostatic charge. No mouse IgG droplets were observed in the control
crosses as the charge was neutralised between EDL cycles.

The PBS control microdroplets were not easily distinguishable from the topogra-
phy features of the OTS/SiO, samples. The microdroplets were smaller and left less
residues than the protein ones. After blocking the sample with BSA, it was probed
with GAM IgG-FITC. Figure 4.25, (E), shows a fluorescence image showing GAM

IgG-FITC bound to the mouse IgG microdroplets only. There was no preferential

attachment to the control patterns. The topography features did not influence the
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Figure 4.25: Mouse IgG attachment to charge-patterns written on OTS/SiO,. A-D)
Tapping mode, AFM topography images of: mouse IgG microdroplets attached to a negatively
charged cross (A) and a positively charged cross (C) and control microdroplets attached to a
negatively charged cross (B) and a positively charged cross (D). Scale range = 200 nm. Scale
bars = 10 ym. E) Fluorescence image showing the GAM IgG-FITC bound to the mouse IgG
microdroplets only. Scale bar = 40 pm.
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attachment of microdroples after the charge was neutralised. Thus, neutralising any
remaining charge after each EDL cycle was enough to prevent cross contamination
between patterns. No fluorescence other than the one related to the mouse IgG
microdroplets could be observed. This indicates that the BSA-block works well pre-
venting any unspecific attachment of the secondary antibody to the topographical

features created by scanning in contact mode.
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Chapter 5

Conclusions and Outlook

The focus of this thesis was to explére the application of AFM-based charge—writihg
to the fabrication of functional biomolecular microarrays. Charge patterns writ-
ten on PMMA, PS and SiO; with an AFM were used as electrostatic templates to
promote the localised attachment of different proteins. Two approaches were in-
vestigated for the attachment: immersion in aqueous solutions which contained the
protein of interest and immersion in water-in-oil emulsions with the protein confined
in the water phase.

The stability of the charge-patterns during the attachment process was a key
issue to be investigated for the electrets used, PMMA, PS and SiOs,, since different
materials have different charge-trapping and charge decay mechanisms. The defini-
tion and stability of the charge-patterns was investigated using Kelvin-probe force
microscopy.

Two main issues were found that could hinder the use of charge-patterns as elec-
trostatic templates: lateral spread of the charge and rapid charge decay in water-
based solutions. Lateral épread of the charge would limit the ultimate resolution

of the pattern that could be achieved and distort its intended geometry. Charge-
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patterns of both polarities showed poor lateral definition in PS. However, it was
found that for PMMA and SiO,, charge-patterns of only one polarity were distorted
by lateral spread: the negative ones in PMMA and the positive ones in SiO,. Using
the EDL approach for the attachment step, the microdroplets dispersed in the di-
electric oil FC-77 can attach to positively- as well as to negatively-charged patterns
due to the contribution of dielectrophoretic forces [MesquidaDiss 2002]. Therefore
it is not necessary to produce high resolution charge patterns in both polarities.

Nevertheless, in the case of SiO, substrates it was possible to improve the charge-
pattern stability and definition. By subjecting the samples to a heat treatment in
order to reduce the amount of water physisorpted in the oxide, the charge stability
improved dramatically for both polarities. The use of OTS layers to minimise the
influence of ambient humidity over the charge-patterns, reduced the lateral spread
of the charge in the positive charge—paﬁtterns only. Positive charges were possibly
located near the air/SiO, interface since lateral charge spread is associated with
surface conductivity related to ambient humidity.

The stability in water of the charge-pattern written in SiO, was nevertheless
very poor. After a few seconds of immersion, no charge-patterns could be detected.
However, after 10 s immersion in water, 30 % of the initial charge could be measured
in charge-patterns written in PMMA and after 20 s immersion, 80 % of the charge
remained charge-patterns written in PS. Consequently, the electrostatic attachment
of the protein avidin-fluorescein was attempted direcly from aqueous solution to
charge-patterns written in PMMA and PS. To prevent charge decay, the attachment

to charge-patterns in SiO, was performed using water-in-oil emulsions.
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Preferential attachment of avidin-fluorescein could be achieved directly from
aqueous solution to charge-patterned PS. However, there are indications that the
attachment was not electrostatic. The protein did not attach to any of the areas
charge-written in tapping mode. Nevertheless, it attached to all the areas charge-
written in contact mode regardless of pattern polarity. Furthermore, it also attached
to the areas scanned in contact mode without applying a bias voltage. It was thus
concluded that topographical modifications created by contact mode scanning were
the determining factor for the preferential attachment.

In the case of PMMA, charge-patterns were written in tapping mode to prevent
any topography-related attachment. The positively-charged protein attached to the
positively- as well as to the negatively-charged areas. If Coulombic forces were
governing the attachment the biomolecule should have attached to the oppositely
charged area only. The attachment to both polarities could be explained by the
scanning-related effect observed in PMMA (section 3.2.1.3). The effect consisted in
the formation of a surface potential contrast in the scanned areas after immersion
in water. The scanned areas showed a negative surface potential with respect to
the areas that had not been scanned. After immersing the sample in water for
onc minute and drying it, the surface potential difference between the scanned and
non-scanned areas was observed to increase by a factor of up to 35. This difference
also increased with the number of times that a particular area was scanned prior
to immersion. Thus. this effect could be a dominant factor over the attachment of
the positively-charged avidin-fluorescein. Charge-patterns are written by injecting

charge-carriers during scanning. The scanning-related effect could thus also occur
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during charge-writing. Since charge-patterns decay rapidly after immersion in water,
the scanning-related surface potential contrast, which is enhanced by immersion in
water, could thus become the factor governing the protein attachment. Nevertheless,
the amount of surface potential contrast produced by scanning PMMA in tapping
mode depended on the tip used and cleaning the AFM-tips with NH,F prevented
this effect from occurring.

The attachment of biomolecules to SiO, was achieved by EDL. Different proteins
were confined in water microdroplets which where dispersed in the dielectric oil FC-
77. Subsequently, the microdroplets attached electrostatically to charge-patterns
written in SiO; delivering their contents on the surface. A resolution of approxi-
mately 1 um was achieved using this method. The resolution was limited by the
diameter of the microdroplets as charge-patterns of less than 100 nm feature size
can be created in SiO, layers. The microdroplets were dispersed by ultrasonication
but the emulsions obtained by this method were not monodisperse. Water-in-FC-77
emulsions are unstable and there are no commercially available, suitable surfactants.
On the other hand, the use of surfactants may promote protein denaturation. An
advantage of using SiO, substrates over polymeric substrates is that they do not
dissolve in non-polar liquids such as heptane or hexane. A wide range of dielectric
sol\‘/ents would thus be compatible with SiO5 and could be employed in the future
for the creation of improved emulsions.

The microdroplets attached to charge-patterns of both polarities. This result
was expected as the charge-patterns consisted of sharp surface potential peaks that

favoured the contribution of dielectrophoretic forces to the attachment. Charge-
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patterns of either polarity could thus be used for driving the microdroplet attach-
ment. Microarrays containing collagen protein, IgG proteins and BSA-biotin were
created on SiOz and their functionality was confirmed by standard immunoassay
techniques. Surface coatings were also explored in the case of OTS /Si0y samples
and proved compatible with charge-writing, protein attachment and functionality.

Furthermore, a multiprotein array containing mouse IgG, rabbit IgG and BSA-
biotin was created. The correct location of the proteins was confirmed by immunoas-
say techniques. The fluorescence images showed minimal cross-contamination. The
attached proteins kept their ability to capture biomolecules from solution via species-
specific interactions or biotin-avidin interactions and were able to function in par-
allel without significant cross-talk. The minimum signal-to-background-ratio was
between 5 and 8. The protein coverage was thus sufficient to allow clear discrimi-
nation of the secondary proteins by fluorescence microscopy.

The creation of a multiprotein array was possible because the driving force gov-
erning the attachment was a local electrostatic force that could be switched on
and off arbitrarily since charge-patterns could be written and subsequently be neu-
tralised. However, this was not the case for the attachment performed by immersion
in aqueous solutions. The force governing the attachment was related to the perma-
nent physical changes generated in the surface of the polymers during charge-writing
rather than to the electrostatic charges injected. Thus, the sequential immersion
of the sample in solutions containing different biomolecules would lead to cross-
contamination. |

In conclusion,' the EDL approach permitted the sequential delivery of micro-
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droplets containing different biomolecules to the same substrate. The immobilised
biomolecules maintained their functionality and a resolution of approximately 1 um
between protein spots was achieved. The fundamental requirements for the fabrica-
tion of high-throughput protein arrays, with applications in high-speed biomedical
diagnostics and drug screening, were thus met. Moreover, the ability to pattern pro-
tein arrays on SiO, substrates could also facilitate the integration of biomolecules
with microelectronics devices.

In order to fabricate protein arrays at industrial scale, a complete automation of
the processes involved in the EDL technique would be necessary. Since AFM-CW
is a serial technique, it can be relatively slow. However several approaches could
be used in the future to increase speed. Charge-writing could clearly benefit from
the development of high-speed scanning probe systems and multiple-tip scanning
[Humphris 2005], [Vettiger 2000]. Charge-patterns can also be produced in parallel
biasing patterned electrodes [Jacobs 2001]. However, the key issue to automate the
technique is to engineer the delivery step to take place without moving the sample
from the instrument used for charge-patterning. One could envisage each emulsion
containing the encapsulated biomolecules being flushed over the sample after each
charge-patterning step. During the delivery step, the charge-patterning tool (a single
probe or a patterned electrode) could be retracted to prevent any contamination and
repositioned for the next location using a high precision robot. The integration of
charge-patterning and biomolecule delivery in the same instrument would maximise
speed and the alignment bétween patterns containing different biomolecules.

Finally, since EDL is a technique based in electrostatic attraction, no chemical
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reactions or specific interactions between the substrates and the species to be at-
tached are needed. Thus, it can be used in a wide variety of substrates, including
polymers, oxide layers key for microfabrication or multilayers.of dielectrics. Surface
coatings may also be employed and virtually any molecule or particle in aqueous
solution could, in principle, be confined in microdroplets dispersed in a dielectric

oil. Thus, the greatest advantage of the EDL technique is indeed its versatility.
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Appendix A

Charge-Writing on Silicon
Scanning-Probe Oxide

Local oxidation of metals and semiconductors is a simple and flexible technique for
the fabrication of nanostructures [Dagata 1995]. Silicon oxide features of a few nm
thickness have been created on hydrogen-passivated Si substrates applying voltages
below 10 V to a metallic coated scanning probe operated in air [Dagata 1990]. Ex-
panding the applications of this method, the possibility of creating charge-patterns
on SPM-oxide structures was explored to selectively build up on such oxide struc-
tures using electrostatic forces.

The substrates used were pieces of a p-type Si < 100 > wafer with p=14.00-cm-
20.0 Q-cm (Scottish Microelectronics Centre, Edinburgh University, Edinburgh, UK).
The surface was cleaned by 120 s plasma cleaning and hydrogen-passivated by 4 min
immersion in a 40 % aqueous solution of NH4F (Fluka, Buchs, Switzerland) to pre-
vent spontaneous oxidation [Higashi 1991]. Polypropylene containers were used since
NH,F etches glass. The substrates were then removed from the etching solution and
rinsed with UHQ-water using a pipette and dried under a stream of N, and fixed to

specimen discs with silver paint. The etching solution used was diluted with water
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and neutralised with a 1 M NayCOj solution before disposal.

The magnitude of the oxide features is strongly dependent on humidity [Fang 2004].
Low humidity results in lower and narrower features. The ambient humidity dur-
ing anodic oxidation was 55 + 5 % measured with a thermo-hygrometer (Scientific

laboratory supplies) placed close to the AFM head.

A

Figure A.1: SPM-oxide pattern written on hydrogen passivated p-type < 100 > Si. A)
Contact mode AFM topography image of the oxidised area. The oxide height was 4.7 + 1.4 nm,
z-scale range = 30 nm. B) KFM surface potential image of the oxidised area. There was a surface
potential difference of up to 200 mV between the bare Si surface and the oxidised area. scale
range = 1 V. Scale bars = 1 pm.

An oxide feature was created on the Si substrate by scanning a 3 x 3 um? area
in contact mode at 0.6 ym/s tip velocity applying -15 V DC between the substrate
and the AFM cantilever tip (W,C-coated Si cantilever B. Table 3.3). The total
number of lines scanned during the anodic oxidation was 512. Figure A.1 shows the
topography and the surface potential of the oxidised area after thermally annealing
the sample at 200°C for 3 h. The oxide height was 4.7 + 1.4 nm. It was calculated
by fitting the distributions of height values to two Gaussian curves, one for the

 distribution of height values of the bare Si and the other for the values on the oxide
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region. The distance between the mean values of each distribution is the height of
the oxide respect to the Si surface. The error of such distance was calculated by

propagating the standard deviation of the distributions.

Figure A.2: AFM charge-writing on SPM-oxide. A) Contact mode AFM topography image of
the SPM-oxide charge-written, z-scale range = 30 nm. B) KFM surface potential image after AFM-
CW. Scale range = 0.5 V. C) KFM surface potential image 2 h after AFM-C'W, scale range = 0.5 V.
Scale bars = 1 um.

A 7 pm-long line was scanned in contact mode across the SPM-oxide feature
applying a - 15 V DC voltage between the tip and the sample. The relative humidity
of the room was 37 %, lower than during the creation of the oxide feature. Thus,
only minor oxidation occurred on the scanned Si surface (Fig. A.2, (A)). The area
of the SPM-oxide where the negative voltage was applied was, as expected, charged
negatively (Fig. A.2, (B)). The surface potential difference between the negatively-
charged area in the oxide and the Si surface was 0.4 V. This surface potential feature
could still be imaged 2 h after charge-writing after decaying to 50 % of its initial
value (Fig. A.2, (C)). This preliminary experiment shows that charge-patterns could
be created on thin SPM-oxides with a good degree of pattern stability and could

~open up new routes for device nanofabrication.
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Appendix B

Pulse Generator
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Figure B.1: Pulse generator. The trigger signal is fed in at Al. The delay between the falling
edge of Trigger IN and the rising edge of the voltage pulse on Pulse OUT is adjusted via R1 and C1.
The pulse length, ¢, is set by R2 and C2. The pulse signal passes an inverter (NOR Gate) before
switching the HV FET at Pulse OUT. The dashed circuit line at the NOR Gate is not necessary for
operation but the LED can be used additionally for checking the device’s operation. Custom-built
by Patrick Mesquida [MesquidaDiss 2002]. Extra resistors were added by Macarena Blanco to
minimise overheating.
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Appendix C

Surface Potential Detection
System
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Figure C.1: Simplified block diagram of KFM surface potential detection. .
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Appendix D

Source Codes

D.1 One-dimensional array of charge-spots

#include <litho.h>

#include <gui.h>

// Generates line of charge-spots.

// Length unit: micrometer. Time unit: second.

// VWriting is enabled by gating a function generator via Ana3.

extern "C"_declspec(dllexport) int macroMain()
{

int 1,j,k;

double v,ss,d,o,p,h,f,s,b;

v=10; // Tip velocity.

ss=1; // Lateral size of each charge-square.
d=10; // Spacing between charge-spots.

p=6; // Number of charge-spots in the array.

o=ss/(2%h); // Number of charging cycles per charge-spot consisting in
// one charge-line written downwards
// and another written upwards separated a distance h.
s=0.1; // Correction of the lateral drift.
b=10; // Origin location from where the tip moves to the first
// charge-spot. Distance respect to the
// left side of the image scanning area.

LITHO_BEGIN

LithoDisplayStatusBox () ; // Display litho status box.
LithoScan(false); // Turn off scanning.

AskOk("1-D array of charge-spots","Select a tip voltage, Up.");
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D.1. ONE-DIMENSIONAL ARRAY OF CHARGE-SPOTS

f=0; // Drift correction.
h=0.1; // Charge-lines separation in a charge-spot.
for (k=1;k<=100;k++) // Tip moves to the left.

{

LithoTranslate(-1,0,v);
}

LithoTranslate(b,0,v); // Tip moves to the origin location.

for (j=1;j<=p;j++)

{

LithoTranslate(d+ss-f,0,v);

for (i=1;i<=9;i++)
{
LithoSet (1sAna3,5);
LithoTranslate(0,-ss,Vv);
LithoTranslate(-h,0,v);
LithoTranslate(0,ss, v);
LithoTranslate(-h,0,v);
LithoSet(1sAna3,0);
}

f=f+s;

h=h+0.005;

}

//

//
//
//
//
//
//
//

//
//

Tip moves to the next charge-spot.

Charge-writing charge-spot:
Sets Ana3 to 5 V.

Writes charge-line downwards.
Tip moves to the next linme.
Writes charge-line upwards.
Tip moves to the next line.
Sets Ana3 to O V.

Drift correction.
Drift correction.

AskOk("1-D array of charge-spots","Disconnect Ana2.");

LITHO_END
return 0;
}

//

0 makes macro unload
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D.2. TWO-DIMENSIONAL ARRAY OF CHARGE-SPOTS

D.2 Two-dimensional array of charge-spots

#include <litho.h>

#include <gui.h>

// Generates p lines with p charge-spots each.

// Length unit: micrometer. Time unit: second.

// VWriting is enabled by gating a function generator via Ana3.

extern "C"_declspec(dllexport) int macroMain()
{

int i,j,k,r,g;

double v,ss,d,o,p,h,f,s,b,m;

v=10; // Tip velocity.

ss=1; // Lateral size of each charge-spot.

d=10; // Spacing between charge-spots.

p=6; // Number of charge-squares per line and number of lines.

o=ss/(2*%h); // Number of charging cycles per charge-spot consisting in
// one charge-line written downwards and another written
// upwards separated a distance h.

s=0.1; // Drift correction.

b=10; // Distance respect to the left side of the image scanning
// area. Charge-writing starting point.

m=0; // Drift correction.

LITHO_BEGIN

LithoDisplayStatusBox(); // Display litho status box.
LithoScan(false); // Turn off scanning.

for (g=1;g<=100;g++)
{
LithoTranslate(0,1,v); // Tip moves to the top side of the image.
}

AskOk("2-D array of charge-spots","Select a tip voltage, Up.");

for (r=1;r<=p;r++)

{

£=0;

h=0.1;

for (k=1;k<=100;k++)

{ ,

LithoTranslate(-1,0,v); // Tip moves to the left.
"}

LithoTranslate(b,0,v); // Tip moves to the origin location.
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for (j=1;j<=p;j++)

{

LithoTranslate(d+ss-£,0,v); //

for (i=1;i<=9;i++)
{ //
LithoSet(1sAna3,5); //
LithoTranslate(0,-ss,v);//
LithoTranslate(-h,0,v); //
LithoTranslate(O,ss,v); //
LithoTranslate(-h,0,v); //

LithoSet (1sAna3,0); //
}
f=f+s; //
h=h+0.005; //
}
LithoTranslate(0,-(d-m),v); //
m=m+0.8; //

Tip moves to the next charge-spot.

Charge-writing charge-spot:
Sets Ana3 to 5 V

Writes charge-line downwards.
Tip moves to the next line.
Writes charge-line upwards.
Tip moves to the next line.
Sets Ana3 to O V.

Drift correction.
Drift correction.

Tip moves to the next line.
Drift correction.

AskOk("2-D array of charge-spots","Disconnect Ana2.");

LITHO_END

// 0

return O;
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D.3. ARRAY OF VERTICAL LINES

D.3 Array of vertical lines

#include <1litho.h>
#include <gui.h>

// Generates o vertical lines of ss/2 length.

// The voltage Up can be selected for each line.

// Length unit: micrometer. Time unit: second.

// VWriting enabled by gating a function generator via Ana3.

extern "C"_declspec(dllexport) int macroMain()

{

int j,o;

double v,ss,s;

v=4; // Tip velocity.
55=20; // Image frame size.
s=4; // Line spacing.
0=6; // Number of lines.

LITHO_BEGIN

LithoDisplayStatusBox() ; // Display litho status box.
LithoScan(false) ; // Turn off scanning.
LithoCenterXY(); // Move tip to center of field.

LithoTranslate(-0.3*ss,0.5%ss,v); // Move tip to starting point.
for (j=1;j<=o0;j++)

{

AskOk("Array of lines","Select a tip voltage, Up.");

LithoSet (1sAna3,5); // Sets Ana3 at 5 V.
LithoTranslate(0,-ss,v); // Writes one line.

LithoSet (1sAna3,0); // Sets Ana3 at O V.
LithoTranslate(s,ss,v); // Moves to start point of next line.
}

AskOk("Array of lines","Disconnect Ana2.");

LITHO_END
return O; // 0 makes macro unload
}
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D.4 Letters IRC

// Generates the letters I R C written with single voltage pulses.
// Length unit: micrometer. Time unit: second.
// Writing is enabled by gating a function generator via Ana3.

#include<litho.h>
#include <gui.h>

extern "C"_declspec(dllexport) int macroMain()

{

double size = 2.5; // Size of the total pattern.

double rate = 60; // Tip velocity.

double step = 0.1; // Distance between applied pulses.

double height = 2+size/5; // Height of the letter.

double width = size/5; // Width of the letter.

double t = 0.002; // Voltage pulse length.

int i;

int o = height/step;

int p = width/step;

int q = p/2;

LITHO_BEGIN

LithoDisplayStatusBox() ; // Display litho status box.
LithoScan(false); // Turn off scanning.
LithoCenterXY(); // Move tip to center of field.

LithoTranslate(-size/3, size/5, rate); // Move tip to first letter.
AskOk("Letters IRC","Select a tip voltage, Up (press 0K).");
//Letter I starting from the top.

for (i=1;i<=o0;i++)
{
LithoTranslate(0,-step,rate);
LithoPulse(1sAna3,5,t);
LithoPause(0.002);
}

for (i=1;i<=o0;i++)
{
LithoTranslate(0,step,rate);
LithoPulse(1sAna3,5,t);
LithoPause (0.002) ;
}

for (i=1;i<=o0;i++)
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{
LithoTranslate(0,-step,rate);
LithoPulse(1sAna3,5,t);
LithoPause(0.002) ;

}

LithoTranslate(width,0,rate);

//Letter R starting from the bottom left.

for

for

for

for

(i=1;i<=0;i++)

{

LithoPulse(1sAna3,5,t);
LithoPause(0.002);
LithoPulse(1sAna3,5,t);
LithoPause(0.002);
LithoTranslate(0,step,rate);
}

(i=1;i<=p;i++)

{

LithoPulse(1sAna3,5,t);
LithoPause (0.002) ;
LithoPulse(1sAna3,5,t);
LithoPause (0.002);
LithoTranslate(step,0,rate);
}

(i=1;i<=p;i++)

{

LithoPulse(1sAna3,5,t);
LithoPause(0.002) ;
LithoPulse(1sAna3,5,t);
LithoPause(0.002) ;
LithoTranslate(0,-step,rate);
}

(i=1;i<=p;i++)

{

LithoPulse(1sAna3,5,t);
LithoPause(0.002);
LithoPulse(1sAna3,5,t);
LithoPause(0.002) ;
LithoTranslate(-step,0,rate);
}

. LithoTranslate(width/2,0,rate);
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for

(i=1;i<=p;i++)

{
LithoTranslate(step/2,-step,rate);
LithoPulse(1sAna3,5,t);

LithoPause (0.002) ;
LithoPulse(1sAna3,5,t);

LithoPause (0.002) ;

}

LithoPulse(1sAna3,5,t);
LithoPause (0.002);
LithoPulse(1sAna3,5,t);
LithoPause(0.002) ;

LithoTranslate(width, 0, rate);

//C

starting from the bottom right

LithoTranslate(width, O, rate);

for

for

for

(i=1;i<=p;i++)

{

LithoPulse(1sAna3,5,t);
LithoPause(0.002) ;
LithoPulse(1sAna3,5,t);
LithoPause(0.002);
LithoTranslate(-step,0,rate);
}

(i=1;i<=0;i++)

{

LithoPulse(1sAna3,5,t);
LithoPause(0.002);
LithoPulse(1sAna3,5,t);
LithoPause(0.002);
LithoTranslate(0,step,rate);
}

(i=1;i<=p;i++)

{

LithoPulse(1lsAna3,5,t);
LithoPause(0.002);
LithoPulse(1sAna3,5,t);
LithoPause (0.002);
LithoTranslate(step,0,rate);
) .

LithoPulse(1sAna3,5,t);
LithoPause(0.002);
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LithoPulse(1sAna3,5,t);
LithoPause (0.002) ;

LithoTranslate(width, -height, rate);
AskOk("Letras IRC","Disconnect Ana2.");
LITHO_END

return 0; //0 makes macro unload
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D.5. ONE-DIMENSIONAL ARRAY OF SINGLE-PULSED CHARGE-DOTS

D.5 One-dimensional array of single-pulsed charge-
dots

#include <litho.h>
#include <gui.h>

// Generates a line of dots applying a single voltage pulse per dot.
// Length unit: micrometer. Time unit: second.
// Single pulses triggered via Ana3.

extern "C"_declspec(dllexport) int macroMain()
{

int i,o0;

double v,s,ss;

v=10; // Tip velocity.

5s5=20; // Scan size.

0=6; // Number of dots.

s=1.5; // Dots spacing.

LITHO_BEGIN

LithoDisplayStatusBox() ; // Display litho status box.
LithoScan(false); // Turn off scanning.
LithoCenterXY(); // Move tip to center of field.

LithoTranslate(-ss/2,0,v); // Move tip to starting point.
AskOk("1-D array of charge-dots","Select a tip voltage, Up.");
LithoTranslate(0.12*ss,0,v);
LithoPause(0.002);
for (i=1;i<o;i++)
{
LithoPulse(1sAna3,5,0.001); // Sets Ana3 to 5 V.
LithoPause(0.002) ;
LithoTranslate(s,0,v); // Moves tip to next dot
}

AskOk("1-D array of charge-dots","Disconnect Ana2.");
LITHO_END

return O; // 0 makes macro unload

}
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Definition of Terms

List of symbols

Acronyms

AFM
AFM-CW
BSA
DIC
DPN
EDC
EDL
FIB
FITC
FWHM
GAM
IgG
KFM
LbL
MEMS
MES
OTS
PBS
PDMS
PG
PLL
PMMA
PS
PTFE
SAM
SAMs

Dielectric permittivity

Surface potential

Electrical resistivity

Molecular weight

Electrical charge

DC offset voltage applied in the KFM measurement
Magnitude of the voltage pulse applied during AFM-CW

Atomic Force Microscope/-y

Atomic Force Microscope Charge-Writing
Bovine Serum Albumin

Differential Interference Contrast
Dip-Pen Nanolithography
(1-Ethyl-3-[3-Dimethylaminopropyl]carbodiimide Hydrochloride)
Electric Droplet Lithography
Focused Ion Beam

fluorescein isothiocyanate

Full Width at Half Maximum

Goat Anti-Mouse

Immunoglobulins G

Kelvin-probe Force Microscopy
Layer-by-Layer

Micro-Electrical Mechanical System
[(2-N-morpholino)ethanesulfonic acid]
n-octadecyltrichlorosilane
phosphate-buffered saline
poly-(dimethylsiloxane)

Pulse Generator

Poly-L-Lysine

Poly(methyl methacrylate)
Polystyrene

Polytetrafluoroethylene

Signal Access Module

Self Assembled Monolayers
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ACRONYMS

SAR
SNOM
SPM
STM
TRITC
UHQ

Swine Anti-Rabbit

Scanning Near-field Optical Microscopy
Scanning Probe Microscopy

Scanning Tunnelling Microscopy

Tetramethyl rhodamine isothiocyanate
Ultra-High Quality (Water)
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