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DESIGN AND DEVELOPMENT OF A SITE SPECIFIC PROTEIN PATTERNING
TECHNIQUE FOR USE IN A MICROFLUIDIC ANTIBODY SEPARATION
DEVICE

by Christopher Johnson

The rapid quantification of the concentration of different immunoglobulins classes
from patient serum is required to diagnose patients in the early stages of sepsis.
Microfluidic point of care technology can improve diagnostics by decreasing the
analysis time, and integrating parallel analysis in a single portable device. The
design of a novel method to fabricate surfaces presenting multiple micron scale
protein motifs, for integration within a microfluidic channel device, is described in
this thesis.

Initial research focussed on conjugating protein motifs on silicon <100>
substrates in micron and submicron scale patterns. A method involving the UV-
initiated conjugation of a heterobifunctional linker, undecylenic acid N-
Hydroxysuccinimde ester (UANHS), to a hydrogen terminated silicon surface was
investigated. A photolithographic mask and phase mask were used to form micron
and submicron UANHS motifs respectively, on silicon. The conjugation of protein
with UANHS motifs was investigated to determine how reproducible the patterns
were. The conjugation of streptavidin, streptavidin-FITC, NeutrAvidin, single
domain protein L and multidomain protein L to silicon surfaces, upon reaction with
UANHS, were investigated. Fluorescently labelled probes that associated with the
protein motifs were used to confirm successful conjugation of protein to the silicon.
Micron scale motifs of streptavidin, streptavidin-FITC, NeutrAvidin and single
domain protein L could be formed reproducibly on silicon. Using a phase mask 140
nm motifs of streptavidin-FITC, conjugated to silicon, were achieved.

Also an alternative method to pattern multiple proteins onto glass surfaces
was investigated. A 500,000 MW dextran was modified to incorporate an aryl azide
moiety, which was subsequently immobilised on glass surfaces. A method to
synthesise and characterise the aryl azide conjugated dextran was investigated, as
well as methods to characterise and improve the reproducibility of the aryl azide
conjugated dextran layer immobilised on the glass surface. Two photolithographic
masks and glass surfaces with alignment marks were fabricated. The masks were
used to form micron scale protein motifs, via a photoinitiated conjugation reaction,
on the aryl azide conjugated dextran surface. An in-house alignment system was
built and a method to produce adjacent protein motifs was investigated. Two
adjacent micron scale patterns of multidomain protein L. and protein A were
achieved. The surface density of conjugated protein L. was investigated and a
density of ~1.16x101! molecules/cm? was confirmed. This approach offers a method
to attach high density micron scale protein motifs, aligned with micron scale
resolution, which is vital to the realisation of a microfluidic point of care device.
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Introduction

1.1 Background and Motivations

Immunoglobulins (Igs), also known as antibodies, are a major part of the
immune response. The number of different Igs produced by an individual in their
lifetime is estimated in excess of 109 [1]. Igs, as part of the immune system, are
fundamental indicators in the diagnosis of many diseases and have been for decades
[2]. They can be used in diagnostic tests to detect a protein associated with disease
or as an endogenous biomarker for an underlying pathology. Quantification of Igs is
relevant specifically in the diagnosis of autoimmune disease [3], cancer [4], and

immunodeficiency [5].

More generally changes in serum Ig levels, compared with standard age
related levels, can be a signal of primary immunodeficiency disorders including X-
linked Agammaglobulinemia [5] and Hyper Ig-M syndrome [6]. The disruption to
normal levels of serum Ig is also a major indication of the onset of sepsis and the
systemic inflammatory response. Sepsis is a condition characterised by a whole body
inflammation state and is associated with severe injury, including those sustained
from burns [7], trauma [8] and major surgery [9]. Sepsis has an estimated mortality
of between 30 and 50 deaths per 100,000 population, regardless of age, and ranks in
the top 10 causes of death globally [10]. In the United States alone approximately
500,000 people develop sepsis and 150,000 people die each year from the condition
[11]. The failure to find effective therapies for sepsis is partly due to a lack of

understanding of the pathogenic mechanism that drives the condition [12]. There is
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a need for fresh diagnostic techniques to quantify the progression of

Immunosupression in sepsis.

T Net immunological response in sepsis
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Figure 1-1 Immunologic progression in sepsis over time. Both pro- and anti-inflammatory
responses are activated early in sepsis; the pro-inflammatory response predominates. As sepsis
progresses the anti-inflammatory response becomes predominant, leading to the suppression of the
immune response. In the early stage of sepsis deaths are due to cytokine storm—mediated events
produced as part of the pro-inflammatory response. Later deaths are caused by the suppression of
the immune system, during the anti-inflammatory response, causing a failure to control pathogenic
infection (Reprinted with permission from [12]).

The current view of sepsis progression is illustrated in Figure 1-1, with an
initial dominant pro-inflammatory response during the early stages of sepsis
followed by a reversal to an anti-inflammatory response over time [12]. It has been
observed that the majority (>80%) of patient deaths occur in the later stages,
presenting with hallmarks of immunosupression [13]. It is in the later stages where
severe sepsis and septic shock occur, the transition from sepsis usually occurring
within the first 24 hours of hospitalisation [14]. Further more the diagnosis and
treatment of sepsis within the critical “golden hours” is essential to provide
maximum benefit in terms of outcome [14-16]. Studies regarding the treatment of
sepsis have focussed on controlling the levels of anti-inflammatory mediators, with
poor results. Of over 20 separate clinical trials of therapeutics for sepsis, only
activated protein C has shown to be of clinical benefit [17, 18]. Protein C has an
inhibitory effect on factors associated with blood coagulation, fibrinolysis and the
immune system [19]. Reduced coagulation has clinical benefit in sepsis but in
certain circumstances can lead to an increase in serious bleeding [20]. Despite the
lack of success of clinical trials, aimed at improving the outcome for patients who
develop sepsis, a better understanding of the clinical manifestations of the disease

has been determined. Potential mechanisms that lead to immunosupression include:
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1. Shift from an inflammatory (type 1 T helper cell) response to an anti-
inflammatory (type 2 T helper cell) response [9, 21]

2. Anergy [8, 22]

3. Apoptosis-induced loss of CD4 T cells, B cells and dendritic cells [23]

4. Immunosuppressive effect of apoptotic cells [11, 24].

The combination of these factors leads to immunosupression and an
enhanced risk of death from bacterial infection. One direct effect of
immunosupression is a reduction in the levels of immunoglobulins. In patients
suffering from burns injuries, decreased IgA, IgD, IgG and IgM have been observed
in the first week after injury [25]. Levels of IgA, IgM and IgG reach a minimum
level within the first 48 hours of injury [26]. Low levels of Ig reduce the body’s
ability to effectively deal with bacterial infection, which is one of the primary
complications resulting in death from sepsis. Levels of IgE fall initially after trauma
but switch to supranormal levels weeks after the injury. This increase is believed to
be caused by the onset of infection and not by problems associated with B-cell

regulation [27].

Clearly the impairment of the immunological response to bacterial infection
after severe injury and trauma is a key marker of the progression of sepsis,
development of severe sepsis, septic shock and cause of death. Immunoglobulins, as
part of the humoral response, are a major part of the immunological response
required to clear infection. Studies of IgM and IgG levels from patients with
septicaemia, by Pollack et al. [28], showed that patients with total IgG
concentrations >1,000 mg/dLL had improved survival compared with patients with
<1,000 mg/dL. Patients with levels of IgM >150 mg/dL showed a reduced
improvement compared with patients with <150 mg/dL. Clinical trials have
attempted to use intravenous injections of IgG, IgM and IgA as therapeutics in

sepsis, to impair the effects of immunosupression, with mixed results [17, 29, 30].

A problem with targeting therapeutics in clinical trials for sepsis is
identifying candidates with comparable clinical symptoms. To determine candidates
that may benefit from intravenous injection the level of immunoglobulins within the
patient’s serum needs to be determined. Current methods to measure the
immunoglobulin content of serum include the enzyme linked immunosorbent assay

(ELISA) [31] and radial immunodiffusion [32]. The problem with these methods is
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that results take a minimum of 2 hours to process by which time the advantage of
early stage treatment is lost. There is a clear need for a rapid method to quantify
the levels of serum immunoglobulin to determine potential candidates that may

benefit from therapeutic interventions in the early stages of sepsis.

Recent advances in microfluidic lab-on-a-chip (LOC) devices for point of care
(POC) diagnostics show promise as a potential means to develop a device for the
rapid measurement of serum immunoglobulin levels [33-36]. POC testing can be
described as bedside, near patient, remote, and decentralised laboratory testing.
Essentially it is a device capable of supplying clinical diagnosis for patients without
the need for laborious laboratory tests [36]. The general requirements for such
devices are portability, high sensitivity and simple operation. More practical
considerations include low cost, low power consumption and an ability to produce
results rapidly, ideally to the extent of real-time patient monitoring. Microfluidic

LOC technology has the capacity to fulfil the requirements of rapid POC diagnosis.

Microfluidic LOC technology can be used in the development of POC
diagnostics for reducing the amount of sample required, decreasing the analysis time
and integrating parallel analysis in a single device [37]. Microfluidic devices can be
designed to integrate sample injection, sample throughput, and sample analysis.
Thus the movement of sample fluid can be precisely controlled by software for simple
operation, which means accurate measurements can be taken without the skill of an

experienced technician.

To measure immunoglobulins obtained from human serum requires the
isolation and purification from a complex mixture often consisting of cells, proteins,
deoxyribonucleic acid (DNA), and other biomolecules. It has been known for decades
that antibody binding proteins can be used for affinity capture and purification of
antibodies [38]. Antibody binding proteins are used for the industrial scale
purification of antibodies using large scale chromatography supports [39]. The
potential of microfluidic affinity chromatography using antibody binding proteins

has yet to be determined for the application to microfluidic POC technology.

Figure 1-2 (see overleaf) illustrates a cross section of a device conceived to
achieve affinity separation of antibodies within a microfluidic channel. The

separation principle is based upon the conjugation of protein patches that have
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different association constants for biomarkers in solution. As the biomarkers flow
through the microfluidic device they associate with the surface and are retained for
different time periods depending upon the size of the device, the size of the protein
motif and the association constant of the interaction [40]. The dimensions of the
device are such as to keep the Reynolds number <2000, which in theory would
ensure that laminar flow occurs in the channel [41]. Using an external pump the
fluid flow can be controlled to ensure the fluid travels at a velocity suitable to allow
effective mass transfer, by convection, of analyte onto the protein conjugated surface

[42].

- A _«/-:Analyte}
+ | Diffusion re—Analyte 2

-v{
4 <7y Y Outlet
. 4 > >
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Inlet  Fluid Flow ——

Figure 1-2 Cross section of a proposed microfluidic affinity chromatography device. The channel
surface is patterned with a bifunctional linker and conjugated with proteins to the surface. As the
two analytes are transported by convection and diffusion they associate with surface immobilised
protein. When the analytes are eluted depends on the size of the device, the size of the protein
motif and the association constant of the interaction.

For such a microfluidic affinity chromatography system to be realised, a
method to pattern high densities of antibody binding protein, in micron scale motifs,
is required. High densities of protein are required to maximise the availability of
association sites on the surface to ensure saturation of the protein patches does not
occur before separation has been achieved. Preferably the proteins need to be
conjugated on the surface in such a way as to ensure each protein is accessible to Ig.
The surface needs to be modified to stop the protein from denaturing upon
conjugation with the surface and to prevent non specific protein adsorption.
Conjugated protein must retain affinity to Igs, ideally with an association constant
comparable to that found in the solution phase, and have long term stability. In
order to separate Igs by affinity chromatography antibody binding proteins with

different association constants for Igs are required.

To integrate the protein patches within a microfluidic channel the
conjugation method must be appropriate to align patterns site specifically on the

surface. To create multiple protein motifs, within a single microfluidic channel,
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requires sequential or simultaneous conjugation of different proteins in adjacent
patterns. An alignment system is therefore crucial to control where the motifs are
patterned on the surface but then also to align a microfluidic channel on top of the

patterns.

1.2 Aims and Scope of Work

The development of conjugation techniques to pattern proteins on surfaces has
increased dramatically over the past decade, witnessed in the high number of
reviews published on the subject [43-48]. One of the main challenges in
manufacturing a viable microfluidic LOC system is manipulating a surface for
compatibility with the conjugation of more than one protein, while retaining protein
recognition properties and preventing non specific protein adsorption. This coupled
with the requirement of features patterned on the micro/nanometre-scale poses a
significant challenge. The aim of this research is to develop a conjugation technique,
which can be used to covalently attach functional antibody binding proteins onto a
surface in high density patches. The long term aims, beyond the scope of this thesis,
is to demonstrate the potential of this technology for the controlled alignment of
antibody binding proteins within a microfluidic device suitable for rapid

quantification of serum antibody content.

The design of a technique to pattern proteins onto surfaces, that includes the
prevention of non specific protein adsorption, the retention of protein recognition
properties and the production of protein motifs at the micron and nanometre scale
are the primary aims of this thesis. The design and fabrication of microfluidic
channels and the quantification of antibody separation are not part of the work
presented in this thesis. However, some attempts to consider the future integration

of microfluidic technology have been included.

1.3 Summary of Main Achievements

A number of innovations were achieved during the course of this research, these are

outlined briefly here:
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A conjugation method for generating protein motifs on silicon was demonstrated.
The protocol was used to conjugate protein in micron and submicron scale motifs

reproducibly.

A set of conditions to give a reproducible film of dextran immobilised on glass
surfaces, using the minimal amount of reagent, was determined. Compared with
previous studies a 30 fold reduction in reagent was achieved. The conditions used to
reproducibly generate dextran films were integrated into the development of a
protein conjugation technique. Protein was conjugated onto glass surfaces using an
aryl azide conjugated dextran. The method produced micron scale motifs of protein,

which retained recognition for analyte.

A novel design for a protein patterning mask was developed to generate adjacent
motifs of protein on aryl azide modified dextran surfaces. With the aid of a novel
alignment/illumination setup, built in-house, two proteins were conjugated in

adjacent motifs.

1.4 Organisation of Thesis

A three-part literature review is presented next. The association of Igs with Ig
binding proteins is first examined. These include the association specificity for
different domains of the Ig specific to the proteins. The second part reviews methods
to conjugate dense, stable proteins on surfaces that prevent non specific adsorption.
This includes substrate modification, use of surface spacers and methods of protein
conjugation. The final section reviews current state-of-the-art methods to generate

micron and submicron motifs of protein on surfaces.

Chapter 3 contains the materials and methods used in the thesis for the

development of a site specific protein conjugation protocol.

In Chapter 4, a novel method to conjugate protein on silicon <100> surfaces is
investigated. The fabrication of a photolithographic mask and the UV-initiated
conjugation of a heterobifunctional linker, used to conjugate protein, to silicon are
described. The evaluation and optimisation of the protein conjugation method,

including characterisation of the silicon modification, are discussed.
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Chapter 5 details the development of a novel approach to conjugate protein to
glass surfaces using a dextran photolinker. A method is proposed detailing the
modification of glass surfaces with an aryl azide conjugated dextran. Firstly
optimisation of a dextran conjugation method, including characterisation of the layer
generated, is discussed. Subsequent modification of the immobilised dextran, to
conjugate protein, is investigated to determine the accessibility and association of
surface conjugated protein with analyte. The synthesis and characterisation of an
aryl azide modified dextran is detailed. A protocol to conjugate the dextran
photolinker to glass is presented, including methods to characterise the
immobilisation and subsequent conjugation of protein with the glass surfaces. The
design and fabrication of two photolithographic masks and how they are applied to

the generation of micron scale multiple protein motifs is documented.

Finally, Chapter 6 contains a summary of the achievements of this research,

which is followed by suggestions for future work.



Biomolecule Patterning for
Microfluidic Applications

2.1 Introduction

Presently, quantification of the different Igs in patient serum requires lengthy
processing approaches for diagnostic purposes. Currently the method of choice, to
determine serum antibody titre of patients, involves application of an enzyme linked
immunosorbent assay protocol [31]. The ELISA involves time consuming procedures
(>2 hours) involving conjugation of antibodies to the ELISA plate surface and
washing of unbound antibody. Also not all ELISA protocols provide quantitative
information on the binding kinetics of the reaction, which has been shown to be

clinically relevant [49].

Advances in microfabrication technology have lead to the miniaturisation of
bioanalytical and diagnostic techniques for POC devices. One of the most studied
are microfluidic devices [50, 51]. Flow in microfluidic devices occurs at low Reynolds
numbers (<2000) and a laminar flow regime is formed. The reduction in scale from
macro to micro channels increases the surface area to volume ratio, which with the
correctly designed system allows for efficient interaction of the soluble agent with
the solid/liquid phase [52]. The scale of the device allows input of smaller (nL/pL/fL)
volumes of sample for analysis and allows processing at the point of care, which can
reduce diagnostic turnaround times [53]. Microfluidic devices have already been
developed for environmental monitoring [54], drug discovery [55], genomics [56],

proteomics [57], and clinical diagnosis [58, 59]. Essentially all these systems



2.1 Introduction 10

function by the same principles involving the quantitative analysis of specific

analyte within a complex solution.

One of the more challenging requirements that is now needed for developing
microfluidic POC technology is the attachment of multiple proteins in micron sized
motifs within a microfluidic channel. Many applications require highly dense
patches of protein attached to the channel surface, which serve as the sensing region
for quantitative analysis. As the scale of devices is reduced, and the number of tests
multiplexed on the same chip, the demand for innovative fabrication techniques
increases. The fabrication of devices containing biomolecules adds an additional
complexity to processing techniques due to the instability of proteins. Proteins can
become denatured in some organic solvents [60], are susceptible to temperature and
pH change [61], ultra violet (UV) damage [62], and are prone to biofouling. To
circumvent these limitations many groups pattern surfaces with chemical linker
groups, which are compatible with processing techniques and can be subsequently
used to conjugate proteins [58, 63, 64]. These linkers are often bifunctional with the
ability to react with the microfluidic channel to present a surface chemistry that can

react with proteins to immobilise them upon the surface.

This review considers proteins that associate specifically with antibodies,
bioconjugate chemistries, as well as methods appropriate to fabricate micron sized
motifs of bioconjugated proteins on surfaces. The current state-of-the-art techniques
used in the fabrication of micron and nanometre scale patterns of bioconjugated

proteins on surfaces are discussed and evaluated.

2.2 Association of Immunoglobulins with
Antibody Binding Proteins

The principle aim of the work presented in this thesis is to develop surfaces for
integration within a microfluidic affinity chromatography device suitable for the
rapid quantification of Igs from patient serum. An understanding of the structural
variation of Ig types and potential methods of separating these molecules is

fundamental to defining a suitable strategy for creating such a device.
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2.2.1 Immunoglobulin Structure

The characteristic structure of a monomeric unit of Ig is a protein consisting of two
identical heavy and light chains held together by a series of disulfide bonds. The
molecule is composed of a total of 12 structural domains, 4 per heavy chain and 2 per
light chain. The domain situated at the N-terminal of each chain is classified as the
variable region, and the remainder are termed constant regions. The constant
domains of the light chain govern whether the chain is kappa (x) or lambda () type,
while the heavy chain constant domains (Cu) mediate cell signalling and determine
the Ig class [65]. The different amino acid sequences responsible for the heavy chain
constant domains form five classes (IgG, IgA, IgM, IgD, and IgE), with a further four
IgG (I-IV) and two IgA (I-II) subclasses. Igs are a group of glycoproteins and contain
between 3 to 13 % carbohydrate, depending on class, which enhance structural
stability. The illustrations in Figure 2-1 (a) (see overleaf) show the classic
representation of the structure of the Ig molecule and potential fragments that have
been produced from the original Ig molecule. The 5 different classes of Ig are shown
in Figure 2-1 (see overleaf) detailing the variation in structure found in the Ig

family.

All Igs are expressed at the cell surface or secreted from B-lymphocytes, where
they act as receptors for foreign species termed antigens. Cell surface antibodies
have an additional hydrophobic transmembrane domain which tethers the antibody
to form a B-cell receptor. In serum there are significant differences in levels of the
five Ig classes, as recorded in Table 2-1, with IgG making up >80 % of total serum
antibody content in humans [66]. The high levels of IgG can be attributed to the
long half-life of 23 days in human serum compared with other Igs (Table 2-1). When
taking into account total human Ig, including serum Igs, the most abundant is IgA
as high levels are found at mucosal surfaces within the lymphatic system. Secretory
IgA is stabilised by association with a secretory component to protect against
proteolytic cleavage. IgA and IgM also form mulitmers connected by a stabilising J

chain, to form a tetravalent dimer and a decavalent pentamer respectively.

Characteristic 1gG IgA IgM | IgD | IgE
Serum level (% of total Ig) | 85.0 | 7.0-15.0 | 5.0 | 0.3 | 0.02
Half-Life (days) 23.0 5.8 5.1 2.8 | 2.5

Table 2-1 Characteristics of Igs in human serum [66]
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Figure 2-1 Ig variation — (a) Immunoglobulin components can be isolated as fragments, each of
which have specific properties. Transgenic organisms have been developed specifically to produce
defined regions of the Ig molecule. Possible fragments include F(ab’)2, Fab, ScFv, and diabodies.
(b) Igs are Y-shaped heteromeric protein complexes composed of two light chains (MW = 25
kilodaltons (kDa)) and two heavy chains (MW = 55 kDa). Light chains form disulfide bridges with
the N-terminus of the heavy chains to form two arms (the Fab portion), which contain the antigen-
binding sites. The Fc domain has the capacity to interact with molecules such as complement or Fc
receptors. Mammals have five different Ig classes (IgA, IgD, IgE, IgG and IgM), the class being
dependent on the heavy chain type. Reprinted with permission from [67, 68].

Certain genera of Gram-positive bacteria carry genes which encode cell surface
proteins that bind Ig of various mammalian species. Three of the most studied
proteins originate from certain strains of Staphylococcus aureus, Streptococcus
pyogenes, and Peptostreptococcus magnus, designated protein A, G, and L
respectively. The Ig binding proteins, along with other cell wall proteins [69], are
implicated in bacterial survival within an infected host [70]. Each protein has
specific Ig binding properties that have been exploited for affinity chromatography
separation of Igs for decades [38]. Work by Schudel et al. [71] demonstrates the
potential of Ig binding proteins for quantitative binding assays within a microfluidic

device.
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2.2.2 Protein A

Staphylococcal protein A (SpA) is an Ig binding protein found on the bacterial cell
wall surface and secreted by Staphylococcus aureus [72]. It is extensively used as an
immunological tool for affinity chromatography in the separation of Igs due to its
well characterised interaction with the Fc region [38]. The protein was first isolated
in 1940, by Verwey [73], and the gene sequence was cloned into Escherichia Coli in
1983, by Lofdahl et al. [74]. The gene sequence for protein A consists of three
regions: the signal sequence, which controls the secretion process [72], 5 highly
homologous extracellular Ig binding domains [75] and the C-terminal X domain,

believed to be responsible for tethering the protein to the bacterial cell wall [76].

The 5 extracellular domains are arranged successively in the order E, D, A, B
and C, from the N-terminus of the protein [75]. Each of the 5 extracellular domains
has an approximate molecular weight of 7000, while the C-terminal X domain is
considerably larger with a molecular weight of 15000. The X domain consists of a
repeat and a constant region, which links the multidomain protein with the bacterial
cell surface. The repeat region has a series of 12 octapeptide repeats that are
involved in binding to petpidoglycan on the bacterial cell wall. The constant region
includes hydrophobic amino acids that are believed to facilitate cell membrane

interaction [76].

2.2.2.1 The Fc Binding Interaction with Protein A

The interaction between protein A and the Fc region of Igs has been well studied and
results show that binding is primarily exhibited between the Cu2-Cu3 domain
interfaces. Lindmark et al. [77] reviewed the binding affinity of protein A with IgG,
IgA, and IgM of different mammalian species. In humans, protein A binds
predominantly with IgG, more notably subclasses I, I, and IV, but can also interact
with IgA, IgM, and IgE. The presence of the positive charge on Arg-435 in IgG III
compared with His, in other subclasses, is believed to cause a steric clash on protein

A interaction.

The crystal structure of the domain B of Staphylococcal protein A, in complex
with human Fec, was solved by Deisenhofer in 1981 with a 2.8 A resolution [78].
Crystallography specified two antiparallel a-helices that form the dominant

secondary elements of the B domain between residues Glu-128 to Leu-136 and Glu-
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144 to Asp-155. Two contacts are observed in the crystal structure but, due to the
low pH (4.1) of crystallisation, only the first is considered to occur at physiological
pH. Formation of the complex buries 1234 A2 of solvent-accessible area, between the
Cu2 and Cu3 regions of Fc and the a-helical regions of domain B [78]. The complex is
primarily composed of hydrophobic interactions, with only 4 hydrogen bonds between

the Fc and domain B.

Nuclear magnetic resonance (NMR) spectroscopy provided evidence for a
third o-helix, using recombinant B domain, which was unresolved by
crystallography. Work by Gouda et al. [79] discovered a bundle of three a-helices:
helix I (GIn-10 to His-19), Helix IT (Glu-25 to Asp-37), and Helix III (Ser-42 to Ala-
55). Helix II and III run antiparallel to each other, while the helix I is tilted at 30°
compared with helix IT and III. Residues involved in binding to Fc were further
refined in subsequent studies to Phe-14, Tyr-15, Glu-16, Leu-18, and His-19 in Helix
I, and Asn-29, Glu-33, Leu-35, and Lys-36 in Helix II [80].

2.2.2.2 The Fab Binding Interaction with Protein A

In addition to binding the Fc region of Igs, protein A has a second distinct interaction
with Fab [81]. The specific site of interaction was defined in 1985, by Vidal et al.
[82], and found to bind with the Ig Va domain. Sasso et al. [83] showed that protein
A binds with Fab of different classes with varying affinity, with 22 % polyclonal IgA,
and 15 % IgG F(ab’)2 bound to protein A agarose. Both Sasso et al. [83] and Roben et
al. [84] reported that protein A interacts specifically through variable regions of the
VHIII subgroup of Igs. Initial work implicated domain D and E as being responsible
for the protein A/Fab binding interaction [84, 85]. Later work, by Jansson et al. [86],
determined that in fact all individual domains of Protein A can bind Fab with similar

affinity.

Structural studies of the interaction between individual protein A domains
and Fab have been carried out showing a structurally separate site to the
interactions made on Fc binding [87, 88]. The crystal structure showed burial of
1220A2 on complex formation between Fab of human IgM and domain D, as
determined with a 1.4-A radius probe. The outcome was comparable to the 1234 A2
observed by Deisenhofer et al. [78] upon binding with the Fc region, but notably the

interactions are significantly different, with Fc¢ binding largely a result of
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hydrophobic interactions and Fab binding being dominated by polar interactions [78,
87]. Figure 2-2 (a) shows residues from the VH site responsible for binding
interactions with domain D. Figure 2-2 (b) shows the interactions between domain B
(brown) and the Vu region residues (blue) of human IgM. The residues from domain
D are found on helix I and II, and the loop between them. Crystallography coupled
with NMR studies performed by Meininger et al. [88] describe the specificity of
protein A for the VHuIII subgroup. Analysis concluded that seven core residues,
Arg/Lys-19, Gly-65, Arg-66, Thr-68, Ser-70, GIn-81, and Asn-82 conserved in the Vu3
subgroup encode specificity. Changes to one or more of these residues, found in
other Vu subgroups, restrict interaction with the Fab binding region of protein A [87,
88].

a) b)

Combining site

Figure 2-2 Structural representation of the complex between domain D of protein A and Fab’2A2
from human IgM. (a) Ribbon diagram of the Vu region of Fab showing the residues of interest that
interact with domain D. (b) Structure diagram detailing the residues of domain D and Fab 2A2
involved in the interaction. Kabat numbering is used for the Vu residues (blue); domain D is
numbered (in brown). Contact residues are identified if 20 A2 or more of their surface are buried in
the interface and if they make at least one van der Waals contact. Figures were reprinted with
permission from [87].

2.2.3 Protein G

The bacterial cell wall Fc receptor protein G (SpG) can be found on the surface, or
secreted by, C and G strains of Streptococcus [89]. It was first purified in 1984, by
Bjorck and Kronvall, from a human group G Streptococcal strain (G148) [90].
Studies by Akerstrom et al. [91] indicated that the SpG has a greater avidity than
SpA for Ig of different mammalian species. SpG was shown to interact with

polyclonal IgG from human, cow, rabbit, goat, rat, and mouse species.
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The structure of SpG consists of 3 Ig binding domains (C1, C2, and C3)
separated by two linker regions (D1 and D2), with a C-terminal membrane anchor
domain. The C domains consist of a sequence of 55 amino acids each separated by a
16 amino acid linker region [92]. The membrane anchor consists of a W and M
domain involved in cell wall and membrane interactions respectively. The W domain
sequence is highly regular and contains specific repeats within the sequence. The
repeats consist of a proline rich region followed by a pentapeptide (Lys-Lys-Glu-Asp-
Ala) repeated six times. The domain is extremely hydrophilic and is believed to be
important in facilitating the orientation of the proteins on the cell surface. The M
domain, similar to that found in protein A, consists of a sequence of 21 hydrophobic

residues that interact with the cell membrane [92].

2.2.3.1 The Fc Binding Interaction with Protein G

Both X-ray crystallography [93-95] and NMR spectroscopy [96, 97] have been used to
determine the structural interactions between the IgG and the SpG domains. The
secondary structure of the Ig binding domain consists of one a-helix and four pB-
sheets. The two inner B-sheets, f1 and B4, are parallel while the outer sheets, 2
and B3, run anti-parallel to Bl and B4 respectively. The a-helix runs diagonally

across the B-sheets at an approximate angle of 140° between the axis of B2 and 33.

SpG has been shown to interact at the hinge region between the Cu2 and Cu3
domain of IgG. Work by Sauer-Eriksson et al. [95] determined that the protein
interaction was made up of three distinct regions. The regions are formed of
hydrogen bonds and salt bridges, the first interface consisting of 4 charged and 3
polar residues. Lys-28 and Gln-32, situated on the a-helix of SpG, form connections
with Lys-248, Glu-280, Glu-382, Ser-426 and GIn-438 of the Fc domain. The second
interface is formed by Glu-27 and Lys-31, from the a-helix of SpG, which form
interactions with Ile-253 and Ser-254. The third region includes Asn-35, Val-39,
Asp-40, Glu-42, and Trp-43 of SpG, which network with His-433, Asn-434 and Tyr-
436 from the Fc domain of IgG.

2.2.3.2 The Fab Binding Interaction with Protein G

The complex formed between SpG and the Fab region of Ig consists of hydrogen
bonds between the second B-strand of SpG and the last B-strand of the Cul domain of

Fab. A hydrogen bond is formed by the strong dipole-dipole interaction between
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hydrogen (e.g. N-H of the peptide backbone) and an electronegative atom (e.g. C=0
from the peptide backbone). The interaction involves primarily backbone residues
from SpG but is also influenced by the burial of non-polar residues from Fab and

SpG, which become shielded upon binding [95].

2.2.4 Protein L

Protein L is a multidomain cell-wall protein found in 10 % of the bacterial species
Peptostreptococcus magnus. This bacterium is part of the native flora of the skin,
oral cavity, gastrointestinal tract, and urogenital tract, but is also the causative
agent in various infections [98]. A study of Peptostreptococcus magnus from patients
suffering a gynaecological infection, bacterial vaginosis, showed 4 of the 7 strains
isolated expressed protein L. A region of coding DNA from these strains was then
used for screening a total of 23 other Peptostreptococcus magnus strains from clinical
specimens as well as streptococcal, staphylococcal, and Escherichia coli DNA
libraries. It was found that the protein L. gene was unique to Peptostreptococcus
magnus and was strain specific, meaning that the gene was missing entirely rather
than down regulated in certain Peptostreptococcus magnus strains [99]. The Ig
binding protein was first discovered in 1985, by Myhre and Erntell [100], and
designated protein L in 1988, by Lars Bjork, because of its specificity for Ig light
chains [101]. Both studies showed the ability of protein L to bind Fab, F(ab’)2, light
chains x and a single A chain, IgM, IgG, IgE and IgA. No binding was found to occur
with the Fc region or the heavy chain of Igs. Importantly the ability to bind antigen
remained when protein L was bound with Ig, which indicated that a binding region
existed away from the antigen binding site. More recently protein L has been used
for the purification of the Fab’, ScFvs, and diabodies (See Figure 2-1, pg 12). These
immunological molecules can be mass produced, using transgenic organisms, and are

promising reagents for the development of future therapeutics [67, 102].

Protein L has been sequenced from two strains of Peptostreptococcus, strain
312 (PpLsi2) [103] and strain 3316 (PplLssie) [104] Pplsiz possesses five homologous
Ig-binding domains, B1-Bs[103), whereas PpLssis possesses four homologous Ig-binding
domains, Ci1-C4, and four albumin-binding domains, D1-D4 [104]. A comparison of
the Ig-binding domain homology of PpLsiz and Pplssis is shown in Appendix A.
Unlike protein A and G, protein L has been shown to target the light chain of Igs,
more specifically only the variable light chain (Vi) [105]. It has been observed that
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protein L binds predominantly to k-light chains, mores specifically I, III, and IV
subgroups [105, 106]. Sequence differences between x-chain subgroups have
revealed that kI, III, and IV have nine amino acids conserved which xII lacks. It is
believed that the presence of a serine residue at position 20 of the chain, instead of
Thr within the other k-chains may affect binding. The existence of a hydrophobic
group at residue 9 and a positively charged residue at 74, are also believed to
interfere with PpL binding [107]. Different species have different complement ratios
of x to A chains, 20:1 in mice, 2:1 in humans, and 1:20 in cows [108]. Within humans
the percentage of x-chain subgroups means that 60 % are kI, 10 % xII, 28 % xIII,
and 2 % xIV, giving PpL a 90 % binding capacity of human k-chains [105].

2.2.4.1 The Fab Binding Interaction with Protein L

Analysis of the binding affinity of a single Ig binding domain of protein L (PpLssie)
with the k-light chain Vi domain of Fab gives an affinity constant (Ka) of 0.9x109 M-1,
while the whole k-light chain has a greater binding affinity of 1.5x10% M-1 [105].
Increased binding affinity is also seen with the whole Ig molecule, with an affinity of
1.5x1010 M-t for IgG, IgA, and IgM [109]. The affinity of a single Ig binding domain
was found to be 100 fold lower than that of the multidomain protein, with a Ka of
1.6x1010 M-1 [103]. Heteronuclear single quantum correlation NMR spectroscopy
data, using H!-N15 coupling studies, showed that residues that were perturbed on
complex formation with PpLssis resided in the framework region of the VL domain
[107]. The residues responsible for binding are residues 8-11, 19-23, and 72-74 of the
framework region, which were already regarded as the likely target as protein L does

not disturb antigen binding.

Combining site

Fab 242 Fab 242

First interface econd interface

Figure 2-3 Dual interface — This figure shows a ribbon diagrammatic representation of the two
binding sites of PpLssis with the VL domain. (Reprinted with permission from [110]).
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NMR spectroscopy studies on Pplssis have shown a secondary structure
composed of two pairs of anti-parallel B—sheets that are linked by a single a-helix
which lies across the B—sheets at an angle of 10 degrees [111]. Similar NMR
spectroscopy studies revealed residues involved in binding that were located on the
2nd B-strand, the C-terminal of the a-helix and located on the loop between the a-
helix and the 3rd B-strand. In addition to NMR studies recent X-ray crystallography
data revealed that protein L has two possible binding sites for the VL domain [110].
Figure 2-3 (see previous page) shows the sandwich effect of two light chains with
protein L between; a previous study had suggested that protein L. might have two
binding sites, but this was largely unexpected [109]. The molecule has therefore
been classified into two interfaces, site 1 and site 2. Site 1 involves the 2rd B-strand
and one side of the a-helix, while site 2 involves the alternate side of a-helix and the
3rd B-strand. A full breakdown of the amino acids involved in binding sites 1 and 2

are given in appendix A and B.

2.2.4.2 The Site 1 Fab Binding Site of Protein L

On formation of the complex between Fab and site 1 a 1300 A2 of solvent-accessible
area is buried with an equal number of residues being affected from each molecule;
this is determined using a 1.4-A radius probe. No backbone conformational change
is observed, on complex formation, from either molecule. The interaction consists of
13 residues from the Fab molecule, there are 10 residues within the VL framework
region and the others consist of Lys-107, Glu-143 and Arg 24 from the variable light-
constant light domain (VL-Cr) connection region, the CrL region and the CDR-L1
region on strand B respectively. Interactions from the protein L. domain include 12
residues in all, mainly from the second B-strand and the a-helix. The interface
consists of 6 hydrogen bonds, which are detailed in Table 2-2 (see overleaf). Three
are formed between main chain atoms, within the second B-strand and strand A of
the Fab molecule, forming a B zipper. Analysis of mutant protein L. has shown that
tyrosine 53 produces a hydrogen bond with Thr-20 of the VL region; the mutation
causes a 23-fold drop in affinity [110].
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Vi Region | PpLssis Domain C | Distance (A)
Ser 9 Glu 38 2.8
Ser 9 Lys 40 3.1
Ser 10 Glu 38 2.9
Ser 10 Glu 38 3.1
Ser 12 Glu 36 2.7
Thr 20 Tyr 53 2.6

Table 2-2 Table listing the amino acid residues from the VL domain of IgG and the C domain of
PpLssie that form hydrogen bonds in the site 1 interface, including the distance between
interacting residues [110]

2.2.4.3 The Site 2 Fab Binding Site of Protein L

The interaction between Fab and the Site 2 causes the burial of a larger surface area
(1400 A2) than site 1, mainly through interactions with B-strands. Altogether 15
residues from the VL region are involved in binding from the Fab molecule, 10 are
common in both sites. There are 14 residues from the PpLssis domain involved in the
second interface from the third B-strand and the a-helix; none of these residues is
common with site 1. Binding is via 6 hydrogen bonds and 2 salt bridges; although
there are more interactions than in the first site, the affinity is 25-55 fold lower than
that of site 1. The specific residues involved in the interface are detailed in Table

2-3.

Vi Region | PpL Domain C | Distance (A)

Ser 7 Asp 55 2.9

Ser 10 Thr 65 3.2

Ser 12 Ala 66 2.9

Ser 12 Leu 68 2.6
Arg 18 Gly 71 3.1
Arg 24 Asp 55 2.7
Lys 107 Asp 67 2.6
Lys 107 Leu 68 2.9

Table 2-3 Table listing the amino acid residues from the VL domain of IgG and the C domain of
PpLasis that form hydrogen bonds and salt bridges in the site 2 interface, including the distance
between interacting residues [110]

2.2.4.4 Evaluation of the Binding Properties of Wild Type and
Mutant Protein L by Stopped Flow Analysis

Fluorescence signals in biological systems can act as reporter groups to demonstrate

changes to the molecular environment of the fluorescent group, which can then be

related to the molecule as a whole. Stopped flow analysis allows for the
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determination of the Kq of an interaction by observation of changes to fluorescence,
in this case when VL binds to protein L. By mutating residues on each interface into
residues that have intrinsic fluorescence (tryptophan, tyrosine, or phenylalanine),
the site-specific Ka can be determined. Both tryptophan and tyrosine have strong
absorption bands at ~280 nm and, when excited by light at this wavelength, have
characteristic emission profiles. The fluorescence of free tryptophan is centred on

350 nm and that of tyrosine around 303 nm.

Site directed mutagenesis is a technique that is used to alter single or
multiple residues of a protein to determine their contribution to the properties of a
protein. Mutations of PpLssie have been made to introduce fluorescent reporter
groups and to prevent binding with Ig at each of the two interfaces, in an attempt to
determine the affinity of each site. In Graille et al. [112], the mutant Y64W was
used to introduce a tryptophan residue into the PpLssis molecule to act as a
fluorescent reporter group. Two double mutants Y53F-Y64W and D55A-Y64W were
made to weaken binding at the first and second sites respectively. The first mutant
disrupts hydrogen bonding between Tyr-53 of PpLssis and Thr-20 of the VL domain.
The second mutant disrupts both the salt bridge between Asp-55 of PpLasis and Arg-
24 of the VL domain and the hydrogen bond between Asp-55 and Ser-7 (Table 2-3, see
previous page). The Kq of Y53F-Y64W and D55A-Y64W were 2.8 uM and 0.145 pM
respectively, compared with the wild type Kq of 0.13 uM [113].

More recent work has been done to produce knockout mutations on site 1 and
2 individually, reported by fluorescent stopped flow analysis [114]. Knockout
mutants, in this instance, are proteins where the genetic template that codes the
protein has been altered to introduce different amino acids in either binding site 1 or
2 of the normal protein. The mutations are designed to disrupt the binding of Ig,
thus preventing (or knocking out) the binding of Ig at that site. The reporter group
mutants I34W and Y64W were used for site 1 and 2 fluorescence analysis
respectively. The mutants I134W/Y53F/L57H and Y64W/A66W PpLssie showed no
changes in fluorescence, upon incubation with Ig and excitation at 295 nm,
implicating a loss of binding at site 1 and 2 of these mutants respectively. A
difference in fluorescence was observed at specific wavelengths as a result of Forster
resonance energy transfer, a phenomenon resulting from the proximity of fluorescent

groups. An observed decrease in fluorescence was caused by an alteration to the
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environment of the tyrosine group Tyr53, which lead to a decrease in the Forster
resonance energy transfer interaction with the Trp64 reporter group upon complex
formation at site 1 but does not affect the complex formation at site 2 [114]. The
observed phenomenon is the cause for the biphasic fluorescence changes that were

seen in previous studies [113].

After the second binding site was determined a new model was established to
interpret the complex fluorescent changes found in earlier research. The model
assumes 2 sites where the Ka of each site depends on the ratios of their dissociation
(k.1 and k.) and association (ki and k2) constants (Figure 2-4). The biphasic
fluorescence change observed is considered to be due to the different Ka values for
each site. The wild type Ka value observed is considered to be from contributions of
association rates from site 1 and site 2 (k1 and k2). Knockout mutants, each with a
reporter group (I34W and Y64W), were used to determine Ka and Ka of each site
individually. The results showed that site 1 has a Ka of 4.8 £0.8 nM and site 2 has a
Ka of 3.4 +0.7 uM. The corresponding K. values showed site 1 had a higher Ka, of
0.25 £ 0.01 uM-1s-1, than site 2 which had a lower value of 0.15 + 0.02 uM-1s-1 [114].
A full list of the 77 mutants found in the literature is displayed in Appendix B.

K'PpL’ + x

'"PpL K + K x 'PpL’x

"PpL'x + k

Figure 2-4 Kinetic model — This model shows the kinetics which govern k-chain binding to PpLsasis,
complex formation is dependent on the Ka of each of the sites. Image reproduced with permission
from [114].

2.3 Current Methods Applied to Conjugate
Biomolecules onto Surfaces

It is crucial that micron sized motifs are bioconjugated to the surface of microfluidic
devices so that high densities of immobilised protein retain specific recognition
properties upon immobilisation. In addition the surfaces should be resistant to non
specific protein adsorption. A number of methods have been developed previously to

achieve this [44, 58, 115]. In this section potential methods to modify substrates
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with protein patterns are discussed and evaluated with respect to attachment of

proteins for association with Ig molecules.

2.3.1 Biomaterials Suitable for Protein Patterning

The choice of surface for the development of a microfluidic device for biological
applications is of paramount importance. Two of the central material properties to
consider are the ease of fabrication and surface chemistry of the substrate.
Substrates that have been used in the creation of protein patterns for microfluidic
devices include silicon [43], porous silicon [116], silicon nanowires [117], glass [118],
quartz [119], gold [120], and polymers [45, 63, 121]. Both silicon and glass benefit
from robust fabrication methodology [61]. However devices fabricated from organic
polymers are becoming more common, especially as cheaper disposable technology is
developed. Silicon, glass and polymer substrates have specific physical and chemical
properties, which can be exploited for attachment of protein with distinct benefits

and limitations.

2.3.1.1 Methods to Modify Silicon Surfaces

Unlike glass and quartz, silicon is composed of a crystal lattice structure of Si-Si
bonds with only a thin oxide layer, approximately <10 A thick [122], on the surface.
Upon removal of the oxide layer terminal hydrogen’s of the crystal structure can be
directly modified. Wafers of two crystal planes, <100> and <111> (Figure 2-5, see
overleaf), are most commonly used for protein patterning. Silicon <100> provides a
high density of Si-H groups that can be used in reactions to modify the surface. The
disadvantage of silicon as a substrate is that the oxide must be removed from the
surface by etching with ammonium fluoride or hydrofluoric acid (HF) leaving
hydrogen terminated surfaces. Hydroxylation reactions are most commonly used to
modify hydrogen terminated surfaces, as reviewed by Buriak et al. [123] and

Leftwich et al. [124].

Two relevant techniques, for protein patterning applications, which have
been used to modify hydrogen terminated surfaces, were demonstrated by Linford et
al. [125]. The techniques involved direct attachment of monolayers of alkene by
photochemical [126, 127] or thermal [125] activation of the hydrogen terminated
silicon surface (Figure 2-5, see overleaf). By building on these methods Yin et al.

[128] achieved a density of 7x10!2 DNA molecules/cm? on hydrogen terminated
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silicon <100> surfaces. The density of DNA hybridised to silicon surfaces was found
to be greater than that found on gold (5x10!2 DNA molecules/cm? [129]) and glass
(1x1012 DNA molecules/cm2[130]) substrates.
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Figure 2-5 Modification of a) silicon <100> and b) silicon <111> by radical initiated alkene
hydrosilylation.

Silicon is a crystalline material that is highly pure with a homogeneous
surface that is extremely robust [131]. The silicon planes that have been modified,
for attachment of biomolecules, are <100> planes and <111> planes, shown
structurally in Figure 2-6 (see overleaf). The <111> plane has greater atomic
flatness than the <100> plane but only has one dangling hydrogen bond, while the
silicon <100> surface consists of Si-H, Si-H2, and SiHs groups [132]. The increased
availability of hydrogen bonds increases the reaction efficiency of the alkene with the

surface.

In order to attach biomolecules to a silicon surface via a linker it is preferable
that the alkyl chain is such that the biomolecule is oriented upwards from the
surface. The structures in Figure 2-6 (see overleaf) show the orientation achieved
with a bifunctional linker with 11 carbon atoms (undecene) and a bifunctional linker
with 10 carbon atoms (decene). The illustration shows that the use of undecene
ensures that the biomolecule (R) is orientated perpendicular to the silicon plane
[133]. Undecene is therefore commonly conjugated to silicon, as described in

previous studies [131-134].

The covalent attachment of linker molecules onto the surface of silicon can be
achieved by (i) thermal or (i1) UV activated free radical initiated reaction [125, 126].

The temperature of thermal activation defines the length of time required for the
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reaction to occur on the surface. At low temperatures (95 °C) the sample required
16-18 hours for surface conjugation. At higher reflux temperatures (165 °C) the
reaction required 2-3 hours to achieve conjugation of an alkene to the hydrogen

terminated silicon [135].
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Figure 2-6 Chemical structure of silicon taken at (a) <100> plain and (b) <111> plain (adapted from
[136]) (c) after the covalent attachment of biomolecules (R) on silicon <100> with an undecene (left)
and decene (right) bifunctional linker.

Activation using UV and visible light has also been used to pattern hydrogen
terminated silicon with alkenes. The wavelength of light used has a significant
impact on the time required for the conjugation reaction to progress. Visible light
was shown by Yang et al. [137] to be effective at producing monolayers of alkene, but
required a 16 hour illumination time using 447 nm light. By using a high intensity
HgXe UV lamp system and a UV power density of 150 mW/ecm2 Yin et al. [131]

showed it was possible to attach alkenes successfully in 90 seconds.

Chemical groups other than alkenes can react with hydrogen terminated
surfaces, which is important to understand when tailoring the surface chemistry.
Initial studies involved the reaction of silicon with un-substituted alkenes, which
displayed no side reactions with the surface. More recently it was observed that
amino substituted alkenes are incompatible with the hydrosilylation reaction with
the surface. Instead the surface can be modified with amine using a protective

group, which can be released after attachment [138]. The carboxylic acid moiety of
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undecanoic acid has been shown to react with hydrogen terminated silicon under

reflux conditions, in mesitylene at 165 °C, but is not seen at 95 °C [139].

The density of biomolecules produced on silicon, compared with other
substrates, is of particular importance when considering its application in biosensor
technology. With the advent of DNA array technology the ability to produce high
density arrays of oligonucleotides for DNA expression profiling has become
important [140]. One of the substrates that have been used for DNA microarray
methods is silicon, largely because of the low autofluorescence, inert surface, and

high density patterning properties of silicon.

The density of DNA molecules that can hybridise with a complementary
sequence, conjugated to silicon, was found to be 7x10!2 molecules/cm?2 [128].
Hybridisation to gold and glass was observed to be lower compared with silicon, with
densities of 5x1012 molecules/cm? [129] and 1x10!2 molecules/cm? [130] respectively.
With respect to protein conjugation to silicon surfaces, Cha et al. [141] modified
hydrogen terminated silicon to introduce a PEG-NHS linker on the surface. A
surface density of ~2x10!3 molecules/cm? of green fluorescent protein [141] and
~1x10!! molecules/cm? of antibody [142, 143] has been reported. On gold, surface
densities of 6.0x10!! [144] and recently 5.8x1012 molecules/cm? [145] have been
reported. Glass surfaces modified with a novel protein linker gave a surface density
of between 5.4-6.8x1012 molecules/cm? [146]. The values in Table 2-4 show the
densities achieved on surfaces using state-of-the-art surface modification techniques.
The potential for producing high densities of active biomolecules makes silicon an

attractive substrate for the development of biosensor technology.

Substrate Density References

(molecules/cm?2)

Silicon DNA - 7x1012 [128]

Antibody - 1x1011 [143]

Gold DNA - 5x1012 [129]

Antibody - 5.8x1012 [145]

Glass DNA - 1x1012 [130]

Antibody — 6.8x1012 [146]

Table 2-4 Table showing reported densities of biomolecules on silicon, glass and gold substrates.
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2.3.1.2 Methods to Modify Silicon Oxide Surfaces

Silicon (with a native silicon oxide layer), glass, and quartz surfaces can all be
chemically treated with silane coupling agents. These molecules chemisorb onto the
surface and subsequently react with the Si-OH groups that are on the substrate
surface. Standard coupling agents are organosilanes (R-SiX3), where R is an organic
functionality that can be modified for protein cross-linking and X is a hydrolysable
group. The most common silane coupling agents are chlorosilanes or alkoxysilanes,

which produce self assembled monolayers (SAMs) of alkylsiloxanes [147].
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Figure 2-7 Structure representation of silanisation depicting condensation reactions between (a)
surface hydroxyls prior to reaction between surface bound silanol’s and (b) free silanol’s prior to
reaction with surface bound hydroxyl groups.

The process of silane bonding onto glass can occur via two primary
mechanisms, as illustrated in Figure 2-7. The first mechanism (Figure 2-7(a))
involves the hydrolysis of the silane followed by chemisorption with surface hydroxyl
groups. This is preceded by a potential condensation reaction to covalently couple
the silane to the surface, or reaction between surface bound silanes to form a
siloxane network. The second process (Figure 2-7 (b)) occurs in much the same
manner except after the silane is hydrolysed, a solution phase polymerisation
reaction occurs between free silanes. The polymer network formed can then
chemisorb onto the surface and form a covalent attachment between the surface and

the polymer network.
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The extent of polymerisation is dependent on the water content in solution,
as this determines the rate of silane hydrolysis. Wang et al. [148] reported
monolayer growth with 1 A root-mean-square roughness under dry growth
conditions, but a long growth time of 2 days. Under wet conditions, smooth
monolayers were not seen as silane aggregates were formed in solution prior to
surface adsorption. The adsorption of aggregates is much faster and surfaces can be
altered within hours. Work by Siberzan et al. [149] has shown that the monolayer
formed is based upon a siloxane network with a water layer between the substrate
and the network connected by a series of bridged covalent bonds [150]. The siloxane
network remains extremely robust to many conditions including acid and solvent
without noticeable degradation. Alkaline conditions have been shown to degrade the
monolayer, due to hydrolysis of the Si-O-Si bond [151]. Applications involving the
use of biomolecules generally use a pH close to physiological pH (7.4) as it is more

appropriate to prevent the protein from denaturing.

Temperature also plays an important role in the production of uniform
monolayers on glass surfaces. The incorporation of a baking step before or after
silanisation has been shown to effect the uniformity of monolayers [152]. Heat
catalyses the condensation reaction between the hydrated glass surface and the
silane, as well as between the adjacent silane molecules. Use of organosilanes is not
only applicable to glass surfaces but has been used for gold [153], polymer [154, 155],
and metal oxide [156] surface modification. The variety of functional groups
compatible with silanisation chemistry makes it an attractive mechanism for protein

attachment.

2.3.1.3 Methods to Modify Polymer Surfaces

Use of polymers for microfluidic applications has progressed rapidly in the last
decade, due to low material costs and the variety of chemical and physical properties
that can be achieved with polymers [45, 157]. The most widely used polymer for the
fabrication of microfluidic devices is poly(dimethylsiloxane) (PDMS), a synthetic
polymeric organosilicon compound. Fabrication is wusually based upon soft
lithographic technology, developed by Whitesides [158], and provides a method to

produce micro- and nano-structures.
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Methods for the surface modification of PDMS are reviewed by Makamba et
al. [159]. The two primary approaches used to modify the surface are surface
oxidation [155] and radical induced grafting [159]. Oxidation can be achieved using
an oxygen plasma [160], UV light [161], corona discharge [162] or chemically [155] to
form a Si-OH surface. The surface can then be modified using silanisation
techniques as discussed previously in §2.3.1.1. Alternatively, the polymer can be
modified by the grafting of chemical groups to the surface using a free radical
initiated reaction between the polymer and a suitable chemical. This mechanism of
free radical polymerisation is illustrated in Figure 2-8. The energy applied to the
surface results in the formation of a free radical capable of inserting within the C=C

bond to form a covalent bond with the surface.
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Figure 2-8 UV radical initiated graft polymerisation reaction scheme on a PDMS surface a)
Formation of radicals on PDMS by UV light b) Initial step of radical initiated polymerisation
(adapted from [163])

2.3.1.4 Evaluation of Substrates for Application to Protein
Patterning
The research presented in this thesis focuses on the use of silicon and glass
as substrates to pattern high density protein patches upon, for future integration
within a microfluidic POC device. The high density of biomolecules previously
patterned on silicon warrants the investigation to determine whether high densities

of protein can be achieved. Glass surfaces offer a cheaper alternative to silicon.



2.3 Current Methods Applied to Conjugate Biomolecules onto Surfaces 30

Both glass and silicon have been used extensively in the fabrication of microfluidic
devices [50, 51, 57]. Choosing a substrate ubiquitous with microfabrication
techniques is beneficial, to the realisation of a microfluidic channel device, as micron

scale processing methods are already developed.

2.3.2 Prevention of Non Specific Protein Adsorption

When considering what substrate is best suited for the development of protein
patterns it is important to understand how proteins interact with surfaces and the
physiological properties that affect the process. Properties that affect protein
adsorption include charge, surface roughness, pH, ionic strength, and analyte
concentration. These parameters alter the hydrophobic, electrostatic, and Van der
Waals interactions between proteins and surfaces [164]. The main driving force for
protein adsorption is the potential gain in entropy on interacting with a surface.
Hydrophobic surfaces are most susceptible to biofouling as a result of hydrophobic
domains of the protein interacting with the surface, which results in the
rearrangement of domains within the protein structure leading to the protein

unfolding on the surface [165].

Unlike hydrophobic interactions, which are predominantly based on the
hydrophobicity of the surface, electrostatic interactions vary greatly for individual
proteins. Surfaces and proteins can both have charge, which, when no external
electric field is present, is largely dependent on the pH of the surrounding aqueous
solution. Both surfaces and proteins have an isoelectric point (pI) defined as the pH
at which a molecule or surface carries no net charge. The pl of silicon dioxide is ~2
which means that when the surface is in contact with a solution of pH greater than
3, hydrogen, from surface hydroxyl groups, will dissociate leaving a negatively

charged surface [166].

Proteins also exhibit a net charge that is governed by the amino acid
sequence of the protein and the number of ionisable residues interacting with the
aqueous environment. The pls of different amino acids, which are the structural
monomer of proteins, are shown in Table 2-5 (see overleaf). At neutral pH (pH 7)
Arg, Lys and His carry a net positive charge, while Asp and Glu have a net negative
charge. Changes to the pH of an aqueous solution will have an effect on the net

charge of a protein. Thus a negatively charged surface will adsorb proteins with a
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net positive charge and repel proteins with a net negative charge [167]. The same
effect is seen in polymer brushes that contain ionisable groups [168]. When ionised
the structure of the brush changes as electrostatic forces modify the brush layer, as
illustrated in Figure 2-9. Concurrently the ionic strength of a solution will alter the
electrostatic interactions between ionisable groups, causing a reduction in the
Coulomb effect at high ionic strength. The change in electrostatic forces has been
used within microfluidic devices to produce an adsorption switch [169]. Suitably
charged proteins adsorb onto the surface, through electrostatic interactions, while
proteins without the suitable charge continue to flow through the microfluidic
channel. The pH of the input solution can then be changed to alter the electrostatic
properties of the protein or surface, leading to the release of a purified protein [168].
This technique is limited in solutions containing multiple proteins as different
proteins can have the same charge reducing the specificity of capture. Therefore
surfaces with ionisable groups are not suitable for the prevention of non specific

protein adsorption of all proteins.

Amino Acid pl Amino Acid pl
Alanine (Ala) 6.02 Leucine (Leu) 5.98
Arginine (Arg) 10.76 Lysine (Lys) 9.74

Aspargine (Asn) 5.41 Methionine (Met) 5.75
Aspartic Acid (Asp) | 2.87 | Phenylalanine (Phe) | 5.48

Cysteine (Cys) 5.02 Proline (Pro) 6.10
Glutamic Acid (Glu) | 3.22 Serine (Ser) 5.68
Glutamine (Gln) 5.65 Threonine (Thr) 6.53
Glycine (Gly) 5.97 Tryptophan (Trp) 5.88
Histidine (His) 7.58 Tyrosine (Tyr) 5.65
Isoleucine (Ile) 6.02 Valine (Val) 5.97

Table 2-5 Table showing the isoelectric point of different amino acids
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Figure 2-9 Polyelectrolyte brush coating exhibiting neutral collapsed (a) and ionised expanded
state (b) (Reprinted with permission from [168])
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Modification to the topography/roughness of a surface can have an effect on
the non specific adsorption of protein. Work by Chen et al. [170] showed a 46 %
increase in fibrinogen adsorption despite a surface area increase of only 8 %. This is
not true for all proteins [171], Rechendorff et al. [172] showed a high increase in
fibrinogen adsorption compared with the surface area increase, while the same
surface had negligible adsorption increase with bovine serum albumin (BSA). The
process is rather more dependent on the supramolecular assembly of the protein on

the surface, which can change with surface roughness [173].

One of the greatest challenges when producing a surface that is resistant to
proteins is finding a material that can prevent non specific adsorption of a wide
variety of proteins that have different adsorption properties. Chapman et al. [174]
listed a series of criteria for a successful surface spacer to resist biofouling.
Properties included: being hydrophilic, containing H-bond acceptors, not containing
H-bond donors and being electrically neutral. Both naturally occurring and
synthetic polymeric compounds have been used that meet the outlined criteria.
Surfaces include poly(2-hydroxyethyl methacrylate) [175], polyacrylamide [176],
dextran [177], pullulan [178], and poly(ethylene glycol) (PEG) [179] have been used

to prevent biofouling of surfaces exposed to biomolecule solutions.

Three adsorption mechanisms were described by Halperin et al. [180]
regarding the interaction of proteins with polymeric surfaces. Primary adsorption
can be described as the compression of a polymeric chain, by the protein, to form an
interaction with the surface. Secondary adsorption is based on Van der Waals
interactions between the protein and the polymeric layer. Finally, ternary
adsorption is attributed to smaller proteins, which are capable of interacting within
the layer [180, 181]. The illustration in Figure 2-10 (see overleaf) shows the three
types of protein adsorption that can occur with polymeric brush layers designed to

reduce non specific protein adsorption.

Two materials widely used to prevent non specific protein adsorption are
PEG and dextran, illustrated in Figure 2-11 a and b (see overleaf) respectively,
which form a hydrophilic layer when conjugated to surfaces [182-184]. PEG is
particularly well characterised and has been modified to form linear SAMs [185],
polymeric brushes [186] and star-shaped configurations [187], each of which have

been covalently attached to surfaces. Dextran has found considerable use in the
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development of surface plasmon resonance sensors [188, 189], and has been modified
to form aminodextran [190] and carboxymethyl dextran (CMD) surfaces [191]. Both
polymers resist proteins by shielding the surface with a well solvated layer that
inhibits interactions with the underlying substrate. The effectiveness of PEG has

been shown to depend on chain density and thickness [192].

A
Q70

Figure 2-10 Illustration of protein adsorption at surfaces carrying PEG brushes, which may occur
via three modes: (a) Primary adsorption involving an attractive contact with the surface. Here, this
case is illustrated for a partially inserted protein shaped as a triangular wedge as suggested by
recent models of BSA. (b) Secondary adsorption at the outer edge of the brush due to van der Waals
attraction to the surface. (¢) Ternary adsorption of protein within the brush itself as a result of
weak PEG-protein attraction. This is illustrated for a small globular protein of spherical shape.
(Reprinted with permission from [180])
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Figure 2-11 Chemical structure of the repeating polymeric units of a) PEG and b) Dextran

The work presented in this thesis involved the use of dextran as a material to
prevent the non specific adsorption of protein. PEG was rejected as work has shown
that PEG is prone to oxidation [193, 194]. In the case of PEG oxidation carboxyl
groups are formed that can form charged surfaces, which is detrimental to the long
term performance of the prevention of biofouling. Dextran has been shown to
remain stable for at least 2 months within aqueous solutions [177], which is
important for the long term aims of the work presented. Any surface proposed for

use in the quantitative analysis of biomarkers, for diagnostic applications, needs to
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be extremely stable over the long term. This is to ensure that diagnosis is accurate

with no risk of false positives that could lead to a misdiagnosis.

2.3.3 Immobilising Proteins on Surfaces

The number of techniques to conjugate patterns of protein onto surfaces has
increased significantly in the past decade, witnessed by the number of reviews
published on current state-of-the-art techniques [44, 47, 195]. Each method has
specific advantages and disadvantages and the choice is often tailored to the protein
of interest. Table 2-6 shows the potential chemistries commonly available on the
surface of proteins, which bioconjugation methods are customised too. These include
the N-terminus and C-terminus of the protein, which are the amino and carboxyl

terminations of the protein polypeptide chain respectively.

Side Groups | Amino Acids

NH: Lys, N-terminus

SH Cys

COOH Asp, Glu, C-terminus
OH Ser, Thr

Table 2-6 Functional groups, found in proteins, exploited to conjugate proteins to surfaces

The main considerations for attachment chemistry are specificity,
orientation, and retention of protein recognition properties. The ideal method for
attaching proteins includes: a single attachment site upon the protein, forming a
homogeneous protein orientation, and immobilising protein with recognition

properties equivalent to protein in vivo.

2.3.3.1 Physical Adsorption as a Method to Conjugate Proteins
to Surfaces

To reiterate, proteins have the capacity to be adsorbed onto surfaces due to

interactions between the protein and the surface. The large variation in possible

attachment mechanisms results in a heterogeneous layer of protein on the surface.

The thickness of the layer will depend on the protein and how it interacts with the

surface.

Often an initial layer of protein will denature onto the surface followed by
further concentration dependent protein adsorption that forms a secondary protein

layer [196]. Not all proteins that adsorb to a surface will necessarily completely
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denature and can retain all or partial activity. The method described by Bayiati et
al. [197] demonstrates the adsorption of BSA-biotin and rabbit y-globulin that retain
binding recognition with streptavidin and anti rabbit IgG respectively. Physical
adsorption, as a method to pattern proteins, has specific disadvantages. The
fundamental problem is a failure to reproduce the protein orientation on the surface.
On adsorption the protein layer has a heterogeneous orientation, which may affect
the protein recognition properties and the density of protein bound to the surface.
The inability to produce a surface with a reproducible protein orientation, density
and recognition properties makes adsorption incompatible for the proposed

application.

2.3.3.2 Covalent Attachment as a Method to Conjugate Proteins
to Surfaces

The most common attachment technique for producing protein patches with defined
orientation, density, and stability is covalent attachment. Covalent chemistry
produces a strong covalent bond between the surface and the protein. The surface
chemistries of proteins can be targeted specifically to form desired covalent bonds.
Amine chemistry is commonly used for the covalent attachment of proteins to
surfaces [198, 199]. One reaction used to couple protein using amine chemistry
involves N-hydroxysuccinimide (NHS) esters that react with primary amines to form
amide bonds, with efficient coupling at neutral pH (pH 7). Accessible a-amine groups
present on the N-termini of proteins and e-amines on Lys residues react with NHS-

esters to form an amide bond [200] (Figure 2-12).
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Figure 2-12 Chemical illustration of the amide bond formed by the reaction between an NHS-ester
and an amino group.

Hydrolysis of the NHS-ester competes with the primary amine reaction. The
hydrolysis rate increases with increasing pH and occurs more readily in dilute
protein solutions. Studies performed on NHS-ester compounds indicate the half-life
of hydrolysis for a NHS-ester is 12 minutes at pH 7.5 in water at 23 °C, decreasing to
1 minutes at pH 9.1 [201]. NHS-esters can be grouped into two separate classes with

essentially identical reactivity towards primary amines: water-soluble and water-
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insoluble. Water-soluble NHS-esters have a sulfonate (—SOs) substitution. They are
advantageous when the presence of organic solvents cannot be tolerated [195]. The
reaction with the sulfo-NHS-esters is performed in aqueous solutions; however, it is
possible to achieve greater solubility when the reagent is dissolved in organic

solvents such as dimethyl sulfoxide (DMSO).

Alternatively an amine can react with aldehyde or oxirane chemistry to form
a covalent bond. The aldehyde reaction, developed by MacBeath and Shreiber [202],
forms a Schiff base (Figure 2-13) that can be reduced from an imine to a secondary
amine by hydrogenation. The simplest oxirane, epoxide, can be used to conjugate
amines and other weak nucleophiles (sulfhydryl and hydroxyl groups) in a ring-
opening process [150, 203, 204]. The process requires long reaction times, especially
with weak nucleophiles, but can be catalysed by using alkaline conditions. The
reactions of the oxirane with amine, hydroxyl, and sulfhydryl groups create

secondary amine, thioether, or ether bonds respectively.
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Figure 2-13 Structural illustration of the Schiff base formed by the reaction between an aldehyde

and amine moiety.

Sulfhydryl groups can also react with maleimides between pH 6.5 and 7.5 to
form a stable thioether linkage (Figure 2-14, see overleaf). The maleimide will also
react with an amine at this pH but the reaction with sulfhydryl is favoured. The
reaction with sulfhydryls is 1,000-fold faster than with amines at neutral pH, but at
a pH >8.5, the reaction favours primary amines [205]. Hydrolysis of maleimides to a

non-reactive maleamic acid can compete with thiol modification, especially above pH
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8.0. Thiols must be excluded from reaction buffers used with maleimides because

they will compete for coupling sites.

N pH>6.5-7.5 N

/ + R—sH ——>

S\R‘
Figure 2-14 Structural illustration of the thioether bond formed by the chemical reaction between

a maleimide group and thiol chemistry.

The a-haloacetyl cross-linkers contain the iodoacetyl group that react with
sulfhydryl groups at physiological pH. The reaction of the iodoacetyl group with a
sulfthydryl proceeds by nucleophilic substitution of iodine with a thiol producing a
stable thioether linkage (Figure 2-15) [206]. Histidyl side chains and amino groups
react in the deprotonated form with iodoacetyl groups above pH 5 and pH 7,
respectively. Work by Wetzel et al. [207] describes modification of N-terminal a-
amino with 90-98 % selectivity using reversible protection of cysteine residues. The
main limitation of using haloacetyls is the reactivity of the compound to different
nucleophiles and the potential production of iodine as a by-product. Iodine can
undergo a substitution reaction with hydrogen from tyrosine, histidine and

tryptophan residues [195].

O\\ pH>7.5 O\\
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Figure 2-15 Structural illustration of the thioether bond formed by the chemical reaction between
an active halogen and a thiol group.

Another potential method for the covalent conjugation of proteins involves
the use of photoactivatable groups, particularly organic azides. Organic azides were
first discovered by Peter Griell in 1864 and since then have become a valuable
intermediate in organic synthesis. The review by Brase et al. [208] documents 602
published papers on the use of organic azide chemistry, representing a huge area of
research. This section will detail the reactivity of the products of azide

photoactivation and how they react to conjugate protein.
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Aryl azides consist of an azide moiety conjugated to an aromatic group that
helps to stabilise the azide chemistry [209]. Upon photolysis the azide is converted
into a reactive nitrene, which can react through different pathways with a protein.
Aryl nitrenes are very reactive short-lived intermediates commonly, but not
exclusively, generated by the decomposition of aryl azides. Figure 2-16 shows a
chemical structure of two potential pathways of the aryl azide as described by
Gritsan and Platz [210]. The aryl azide (1) on illumination forms the reactive singlet
phenylnitrene (13), which can undergo rearrangement to form the triplet
phenylnitrene (33) or benzazirine (4). The benzazirine can undergo further
rearrangement to form a cyclic ketenimine (5). It is the intermediates (3-5) that can
react with the protein to form a covalent link. The singlet nitrene (13) can undergo
an insertion reaction with C-H groups leading to hydrogen extraction or can form a
triplet nitrene, which can dimerise to form the AZO compound shown in Figure 2-16.
The cyclic ketenimine can react with primary and secondary amines, found on Lys

residues and at the N-terminus of proteins, to form an azepine (2).
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Figure 2-16 Chemical structure diagram showing the potential reaction mechanisms exhibited by
phenylnitrene photochemistry (Reprinted with permission from [210]).

For use as crosslinkers four predominant aromatic groups are found in the

literature: phenyl azide [211], hydroxyphenyl azide [195], nitrophenyl azide [212]
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and perfluorophenyl azides [213]. They have been used in formation of organic

polymers [214], protein labelling [215] and surface modification [211].

One of the ultimate challenges in the development of protein patterning
technologies, suitable for microfluidic applications, is the development of a surface
chemistry that is compatible with the attachment of multiple proteins. Reproducible
adjacent patterns that have low levels of non specific binding are essential. Park et
al. [46] describes the synthesis of new “photochemical surface delivery vehicles” as
being ideal for the quantitative control of surface properties at the molecular level.
The cyclic ketenimine formed upon photoinitiation of aryl azides offers a route to

conjugate proteins via its amino groups.

Photochemical reactions can be used to covalently attach proteins to surfaces,
while also allowing the site specific attachment by controlling the area of
illumination. The photo-initiated method of patterning is based on surfaces
presenting a chemistry that when activated by light undergoes chemical transition.
This chemical transition can initiate the activation of a specific region of the surface
that can be used to directly conjugate the protein. An example of this technique,
described by Monsathaporn et al. [216], is the production of electrophilic
azidoformate SAM on silicon. When subjected to UV light, in a solution of
cyclohexane, the azidoformate SAM undergoes hydrogen abstraction to form
carbamate terminated SAMs. Subsequently, a UV mask could be used to selectively

pattern non-reactive groups leaving a back pattern of reactive azidoformate SAMs.

Dillmore et al. [217] studied the attachment of ligands to
nitroveratryloxycarbonyl (NVOC) protected hydroquinone terminated
alkanethiolates derivatised on gold substrates. An alkanethiolates mixture was used
including NVOC protected hydroquinone and oligo(ethylene glycol) alkanethiols, the
latter protecting the monolayer from non-specific protein adsorption. The NVOC
protective group is removed by illumination at 365 nm revealing the hydroquinone
group. This group is then oxidised chemically or electrochemically to form
benzoquinone, without disrupting the remaining NVOC protected hydroquinone.
The benzoquinone can then react with cyclopentadiene conjugate ligands via a Diels-
Alder reaction. The Diels alder reaction involves a cyclopentadiene linker which is
attached to the N-termini of the peptide. The glass surface is derivatised with

alkanethiol SAMs containing benzoquinone groups (dienophiles). The resulting
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reaction between the diene linker and the dienophile produces a covalent bond that
is site-specific [218]. The problems associated with this technique involve the
conjugation of the diene and peptide, as the unnatural moiety is synthetically
challenging to produce. This technique requires an azido group to be formed as
either a main chain or side chain group of a peptide or protein. The photo product
produced on azide activation can then react with phosphinothioester immobilised
surfaces to form an amide bond. This technique has already been used on the model
protein Ribonuclease S’ with an immobilisation time of less than a minute and a
retention of 92 % protein activity. The advantage of this technique is that the

methods for creation of azido proteins are already established [219].

Covalent attachment of protein is well suited to the production of stable, high
density, orientated protein patterns. The amine and sulfhydryl groups, present on
the surface of proteins, are of particular use for the covalent attachment of proteins
as there are well defined chemical reactions specific to these groups. Limitations of
amine and sulfhydryl chemistry are a requirement of aqueous environments to
perform modifications. The site of conjugation between the protein and the surface
is dependent on the number and distribution of side chains on the protein surface
that can react to conjugate the protein. The number and distribution of conjugation
sites will contribute to how reproducible a protein patches properties are on the

surface, which is a fundamental requirement of the proposed research.

2.3.3.3 Affinity Immobilisation as a Method to Conjugate
Proteins to Surfaces

Proteins can have, or be modified to present, chemical groups that have highly
specific recognition properties with a surface bound molecule. The process involves
patterning the surface with a molecule that has a high affinity for the protein of
interest. The strong binding affinity between the two molecules can immobilise the
protein on the surface. A well characterised affinity reaction is the biotin-avidin
interaction that has one of the strongest known naturally occurring affinity
interactions in biochemistry with a dissociation constant (Ka) of 10-15 M [220]. The
interaction has been used in microarray technology as a means of producing ordered
protein arrays on avidin derivatised slides (Figure 2-17, see overleaf). Using the
intein fusion system [221], proteins fused by a C-terminal thioester to intein can

undergo selective cleavage using a biotinylated thiol-cleaving reagent (Cys-biotin).
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This forms a bond between the thiol and the Cys releasing the protein from the
intein before undergoing spontaneous rearrangement. The biotinylated protein can

then be attached, site-specifically, to avidin derivatised glass slides.
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Figure 2-17 Strategy for the biotinylation of protein using the intein-fusion system for
immobilisation of protein on to avidin derivatised glass slides (Reprinted with permission from
[222]).

An alternative method is the production of recombinant proteins that have a
polyhistidine tag (His-tag), which can be purified by affinity chromatography. The
His-tag has a high affinity for nitrilotriacetic acid in the presence of Ni2*. Nickel-
nitrilotriacetic acid coated slides have been used to capture these recombinant
proteins specifically [223]. Copper ions (Cu2+) have also been used to immobilise His-
tag protein by linking with a chelating iminodiacetic acid group. The work by [141]
incorporates a PEG coated Si<111> coated slide that is terminated with
imidodiacetic acid (IDA) groups. The resulting Cu2+-IDA-mPEG-Si<111> surface
was shown to specifically bind His-tag protein as well as green fluorescent protein

and sulfotranferase.
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Affinity based mechanisms have the advantage of being very specific to the two
interacting molecules, thus reducing non specific binding. Recombinant proteins can
have a single His-tag introduced onto the protein, which means the protein can be
orientated on the surface. The disadvantage of using affinity based systems is the
modification required to form the affinity interaction. Not all proteins remain stable
when modified with a His-tag and the introduction of a biotin moiety onto a protein

may alter the recognition properties of the protein.

2.3.3.4 Evaluation of Methods to Conjugate Proteins

The covalent attachment of a protein onto a surface forms a stable linkage and the
number of orientations can be limited by attachment using a single chemistry found
on the protein. There are a number of potential reactions that can be used to form a
covalent bond with proteins. Amine groups are routinely used for attaching proteins
as they are more commonly found on proteins compared with sulfhydryl groups.
Therefore attachment using amine chemistry is preferred as there is no need to
modify the protein structurally prior to attachment, which may have an effect on the
recognition properties of the protein. Conjugation of proteins upon reaction with
NHS-esters can be achieved at neutral pH, which is desirable to prevent protein
denaturation from high or low pH conditions. Physical immobilisation is not suitable
for the proposed application as the layer produced has a heterogeneous protein
orientation which may affect the accessibility of analyte to the surface immobilised
protein. Altering the protein chemically to provide attachment using affinity based

immobilisation risks changing the proteins recognition properties.

2.4 Microfabrication for Protein
Patterning Applications

The conjugation of protein in micron or nanometre scale patterns to surfaces
requires development of extremely precise techniques for fabrication. During the
conjugation reaction the protein must not be exposed to conditions that cause
denaturation or photodegradation. This includes controlling pH and salt content of
organic media and preventing the use of high temperatures in processing the
surface. If patterns of different proteins are to be conjugated in separate motifs,

then either sequential or parallel fabrication steps are necessary. For the
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application described in this thesis, micron-scale pattern resolution is required. This
section discusses the current state-of-the-art techniques used for protein conjugation

to surfaces in micron-scale motifs.

With the advent of DNA and protein microarray technologies, significant
effort has been focussed upon improvement of the bioconjugation of biomolecules on
surfaces in motifs [224, 225]. Fabrication processes have been developed where
dense, reproducible patterns have been achieved on a variety of different substrates
with submicron and micron scale resolution. The different methods can be separated
into two main categories: contact and non-contact lithography. Contact involves a
physical interaction with the surface; while for non-contact no physical interaction is

required.

2.4.1 Contact Lithography

In 1998 Xia and Whitesides [158] reviewed the development of a non-
photolithographic technique for patterning surfaces with submicron features termed
soft lithography. Soft lithography is a biocompatible technique that utilises a soft
elastomeric “stamp” with micron-scale patterned relief structures [226]. Elastomeric
materials are utilised as they can make conformal contact with non-planar surfaces.
Fabrication of stamps often involves the creation of a master which is used to cast
stamps [227]. Micro contact, microfluidic and stencil patterning are potential
methods that apply soft lithography techniques to pattern biomolecules on surfaces
with micron scale resolution [228, 229]. More recently nanoparticle and dip pen
lithography have been used as an alternative to the classic photolithography process
[230]. Nanoparticle lithography takes advantage of the self assembly properties of
particles on surfaces that can be used as a mask to pattern the surface [231] or as a
mask for etching the surface (including deep RIE [232]). Dip pen lithography uses
an atomic force microscopy (AFM) tip as a scribe mechanism to pattern the surface

[233]. Each of the contact patterning techniques is discussed in detail below.

2.4.1.1 Micro Contact Printing for Patterning Surfaces

The fabrication of stamps used in microcontact printing (uCP) is a well documented
process adapted from the silicon microprocessor fabrication techniques [234]. A
silicon or glass wafer is spin coated with a thin layer of photoresist, which is a

viscous material that is sensitive to UV light, and can be patterned by UV
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photolithography. UV light is illuminated through a patterned mask, often
composed of chrome/gold, onto the photoresist. Negative photoresist, for example
Microchem SU-8 10, undergoes a crosslinking reaction upon exposure to UV light;
any un-crosslinked photoresist can then be removed with a specific solvent to
develop the pattern. The patterned photoresist can then be used for casting of
PDMS directly [235] (Figure 2-18), or as a mask for deep reactive ion etching of

silicon to form a patterned silicon template [236].
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Figure 2-18 Diagram illustrating the fabrication of a PDMS stamp (Reprinted with permission
from [235]).

Once the PDMS stamp is cast it is peeled from the mould and the surface
“inked” with protein for surface micropatterning. The dimensions of the stamp
features are crucial to ensure good patterning, and in preventing feature collapse.
Potential collapse occurs in three prominent areas, lateral collapse of the stamps
surface features, collapse from the stamp weight, and sagging of the stamp onto the
surface (Figure 2-19). To reduce collapse the stamp is often formed as a submicron

thick layer on a rigid surface.

Printing of biomolecules can be classified into two categories, direct and

indirect. Direct methods entail inking with biomolecule solutions for direct
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patterning on the surface [237]. Indirect patterning requires patterning SAMs to

present specific surface chemistries for biomolecule conjugation [234].
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Figure 2-19 Diagram illustrating different microcontact printing failure events. (a) PDMS stamp
with features of height h, width w, and gap distance d. (b) Lateral collapse occurs when adjacent
structures make contact and remain adherent. (¢) Collapse happens when the features buckle
under the weight of the stamp. (d) Sagging occurs when the roof of the stamp collapses against the
substrate (Reprinted with permission from [235]).

The scale of patterns produced by uCP varies and is dependent on the
fabrication process used to create the master. Routine patterns are developed using
deep reactive ion etching of silicon and limitations are caused by the current state of
the art microfabrication techniques. The paper by Pla-Roca et al. [238] describes
patterns with dimensions of 150 nm with 400 nm periodicity, produced using
poly(methyl methacrylate) (PMMA) stamps. Elastomers, like PDMS, are the most

commonly used stamps due to their high elasticity and ease of fabrication.

The disadvantage of PDMS in biomolecule patterning is the hydrophobic
surface, which causes poor stamp wetting properties and stamp biofouling. As
dimensions reduce, elasticity also causes problems as small features have weak
structural integrity under pressure. Various other polymers including hydrogels
[239], PMMA, and olefin co-polymers are being investigated for use in pCP. The
elasticity, or Young’s modulus, of a substance has also been found to affect stamp
alignment. The paper by Pagliara et al. [240] demonstrates a reduction in
misalignment from 4.96 +0.02 to 0.50 £0.01 um achieved by increasing the Young’s
modulus from 1.8 to 2600 MPa. When producing multi-protein surfaces successive
patterning requires such dimensional control to ensure that patterns are separate.
Various biomolecules have been patterned using uCP including BSA, streptavidin,

antibodies, and DNA.
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The use of pCP has a number of advantages over other patterning
techniques. Processing involves routine equipment found in cleanrooms and
depending on feature dimensions rapid prototyping can be achieved. The array of
polymers compatible with this technique allows development of surface chemistries
suitable for protein patterning and biocompatibility. Using chrome mask plates can
be expensive but cheaper acetate masks can be used, depending on the desired
feature resolution. Ink drying, poor stamp wetting properties, stamp collapse and
possible feature variation from stamp contact pressure changes are problems
associated with pCP. These problems can be alleviated by choosing the correct
polymer and processing steps, but requires specific optimisation for different
biomolecules. The stamp can also only be re-used so many times before biofouling of

the hydrophobic PDMS surface becomes a problem.

2.4.1.2 Microfluidic Channel Patterned Surfaces

The use of microfluidics to pattern proteins for use in microfluidic channels may
seem counterintuitive, but provides a number of advantages over other fabrication
techniques. Microfluidic protein patterning uses micron scale channels to define
regions for the introduction of biomolecules onto a substrate with high resolution.
Channels are fabricated in PDMS using the same methods described for pCP
(2.4.1.1), with etched silicon or SU-8 providing a master for subsequent PDMS
channel casting [241]. The channels are then aligned on surfaces and clamped
together to make a conformal seal. Solution is then drawn though the channel by

capillary forces between a reservoir and a flow promoting pad [242] (Figure 2-20).
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Figure 2-20 Liquid flows between the filling pad and flow-promoting pad by capillary action filling
the channels and introducing biomolecules to the channel surface (Reprinted with permission from
[242]).

The technique has been developed to form gradients of biomolecules on
surfaces [243], which has led to its integration with uCP to pattern biomolecule
gradients with stamps [244]. Channel dimensions have been patterned at close to
submicron scales [50] and then used to deposit Igs, protein A, and BSA [245]. More

recently the technique has been used to create miniaturised quantitative
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immunoassays [246], and in the development of enhanced patterning channels [247].
Microfluidic patterning has a number of attractive properties for the fabrication of
multiple protein patches within a channel. The fabrication uses methodology
identical to uCP but instead of inking the surface the solution flows within the
channels. This prevents the risk of ink drying, poor stamp wetting properties, and
possible feature variation from stamp contact pressure changes. As the process
works by capillary action the system does not require pumping and only small
volumes of liquid (nL) are necessary to form a pattern. The main drawback of this
process is the risk of channel collapse, depending on the choice of polymer and

channel dimensions.

2.4.1.3 Stencil Lithography Patterned Surfaces

The process of stencil or template patterning works via a similar process to uCP.
Instead of inking a stamp and contacting it with the surface, a polymer is used to
coat the whole surface and the pattern is formed as reliefs in the polymer. These
reliefs are filled with biomolecule solutions to allow conjugation with an active
surface. Subsequently, the stencil and surface are washed before the stencil is
peeled from the surface, as the interactions between the hydrophilic surface and the
polymer are weak [248]. PDMS was originally used for stencil formation [249], but
more recently poly-para-xylene (Parylene™) has been used, due to the ease of
fabrication and because it peels easily from hydrophilic substrates. The process of
stencil fabrication is illustrated in Figure 2-21 (see overleaf). A thin layer of
Parylene™ (1-15 um) was deposited by chemical vapour deposition on the surface.
The Parylene™ was then coated with photoresist and patterned by UV
photolithography to form an etch mask for Parylene™ dry etching. After the layer
was baked, Oz plasma etching removed unmasked Parylene™ to form the relief
structures. Biomolecules were then incubated with the surface, to allow surface
interaction, before washing and peeling of the Parylene™ from the surface. Multiple
protein patterning was achieved by K. Atstuta et al. [250] by controlling the spatial

deposition by integration with microfluidic patterning as described in §2.4.1.2.
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Figure 2-21 Fabrication and selective patterning process using a patterned Parylene™ sheet and a
microfluidic system. (a) Parylene™ is patterned by oxygen plasma using an aluminium layer as a
mask. (b) Microchannel patterns are transferred from the SU-8 mold to PDMS. (¢) The PDMS sheet
with microchannels is aligned and placed on the patterned Parylene™ layer for the protein
patterning. After the solution is introduced and the PDMS /Parylene™ sheet removed, the samples
are selectively patterned on the planar glass surface (Reprinted with permission from [250]).

samples

Stencil patterns have been used to conjugate kinesin, microtubules,
adenosine-5'-triphosphatase (ATP)ase enzymes, and BSA [251] onto substrates (i.e.
silicon, glass, and cyclic-olefin-copolymer) [252]. Pattern dimensions of 2 pm have
been reported and, by integration with microfluidics, multiple protein patterning can

be achieved. Surface attachment of molecules, reported in the literature, relies on
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adsorption but the potential for covalent chemistry is applicable. The technique has
similar advantages to microfluidic protein patterning, as it uses a solution to interact

with the surface.

The disadvantages are the requirement of photolithographic processing and
the use of a cleanroom environment. There is also the possibility of stencil debris
remaining on the surface after peeling. As the number of processing steps, to
pattern multiple proteins within a microfluidic channel, increases the complexity of

the fabrication protocol will also increase, which is undesirable.

2.4.1.4 Nanoparticle Lithography Patterned Surfaces

Recent developments in nanoparticle lithography have been adapted to create
stamps without the requirement of UV photolithography. The process works on the
principle of monolayer self assembly by nanoparticles formed during solvent
evaporation [253]. There are many variations on the fabrication process but the
underlying principle remains the same. A monolayer of nanoparticles is formed on
the surface and then etched, often with Oz plasma, to reduce the particle size [254].
The surface can then be used to directly produce a stamp with PDMS, or an oxide
layer grown to form a master mold (Figure 2-22, see overleaf) [255]. Another process
includes the addition of a thin film that is patterned to form the stamp using the

nanoparticles [256].

The advantage of this technique is that it can be achieved without the
requirement of photolithographic processing. The disadvantage is the control of the

pattern geometry, as currently only dot arrays can be fabricated.



2.4 Microfabrication for Protein Patterning Applications 50

(a) Initial nano-sphere monolayer

fﬂ

(b) O, plasma etching
OO0 00 O00O0O0

-

(c) SiO, deposition
.omo.o.n.om-.fx

(d) Nano-sphere lift-off
R 55 5 5B B 5 S S X
Si

Figure 2-22 Scheme of the process for the creation of the nanotemplate: (a) nanosphere monolayer
of polystyrene, is deposited on a silicon substrate; (b) plasma etching of the polystyrene beads,
reduction of the size; (c) plasma enhanced chemical vapour deposition of a SiOx layer; and (d)
mechanical removal of the beads (Reprinted with permission from [255]).

2.4.1.5 Dip Pen Nanolithography Patterned Surfaces

Dip pen technology uses an AFM tip to directly pattern the surface. Two main
protocols are found in the literature for surface patterning, the first involves inking
the AFM tip with biomolecules, which are subsequently transferred onto the surface
where the tip and surface interact. The second protocol involves scratching the
surface with the AFM tip to remove SAMs, the revealed scratched pattern can then
be backfilled with SAMs suitable for conjugating biomolecules [233]. Inking entails
coating a tip with a desired biomolecule which can then be patterned by the
nanoscale tip. This process has been developed to include the “volcano” or
“nanofountain” tip, which integrates a capillary or microfluidic system into the tip

fabrication process (Figure 2-23) [257].
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Figure 2-23 Writing mechanism of the Nano Fountain Pen. Molecular ink fed from the reservoir
forms a liquid—air interface at the annular aperture of the volcano tip. Molecules are transferred by
diffusion from the interface to a substrate and a water meniscus is formed by capillary
condensation (Reprinted with permission from [233]).
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The aim of the volcano tip is to allow continuous writing of biomolecules
without the need to re-ink the tip. Alternatively, tips can be used to remove a mono-
molecular layer coated on the surface, which can then be back-filled with a desired
SAM or biomolecule [258]. The advantage of this technique is the scale of deposition
due to the nanoscale size of the tip. Problems with this technique arise from the cost
of development of such systems as AFM tips and specialised volcano tips require

expensive fabrication methods.

2.4.2 Non Contact Lithography

Non contact methods include photolithography and printing to form patterns on
surfaces. Although contact is not directly required for these processes it is used to
enhance the spatial control of the patterning, which is critical to achieve submicron

resolution.

The process of optical lithography or photolithography for patterning surfaces
with biomolecules stems from the adaptation of photoresist technology from the
microfabrication industry. Essentially, photolithography utilises UV light to produce
a surface able to conjugate biomolecules [259]. Short wavelength UV light can cause
damage to proteins, and should be avoided when patterning proteins directly.
Instead photolithography is used to couple or activate SAMs on the surface of

substrates which can be used to conjugate a biomolecule.

More recently standard photolithography processes have been modified by
the integration of scanning near-field optical microscopy (SNOM). SNOM is
conventionally used to interrogate nm scale structures on surfaces [260]. The use of
SNOM as a method to pattern with nm scale resolution is described in the review by
Leggett [261]. Essentially the process uses an aperture to propagate light onto the
surface. The propagated light is subject to diffraction but if the aperture is close
enough to the surface, evanescent electric fields lead to the optical excitation at the
tip. This process can be used to pattern features with sub 100 nm feature resolution
[262, 263]. Protein patterns have been created on the nm scale by using this method
to pattern a layer of oligo(ethylene glycol) terminated SAMs to produce aldehydes for

subsequent protein immobilisation [264, 265].

Printing of proteins can be classified into two main areas, ink jet and laser

printing. Inkjet involves the dispensing of protein droplets onto a surface by the
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actuation of a piezoelectric crystal to eject the protein from the printer head onto the
surface. Laser printing involves a forward transfer process where the protein is
transferred from the surface upon vaporisation of a laser absorption layer which

vaporises transferring the protein onto the substrate.

2.4.2.1 Using Photoresists for Biomolecule Patterning

The use of a photoresist for protein patterning stems from the adaption of techniques
used in the microfabrication of electronic components. Positive and negative
photoresists have been developed that react to UV light to form specific features on
the surface. Two photoresists that react differently under UV illumination are
positive and negative photoresists. When developed a positive photoresist forms
relief features only in areas illuminated with UV light. Conversely a negative
photoresist, when illuminated with UV light, forms crosslinks leading to the
production of relief patterns in non-illuminated regions when developed (Figure
2-24). For application in protein patterning the reliefs produced reveal the surface,
for modification, while protecting the rest of the surface with the remaining resist.
After the photoresist is patterned, the surface can be treated to form new surface

chemistry compatible with protein binding.
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Figure 2-24 Tllustration of relief structures formed after the patterning and development of a
positive or negative photoresist.
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Dong et al. [266] coated a surface with PEG and then applied a photoresist to
form relief patterns. Oxygen plasma was used to etch away the PEG layer in the
reliefs, which were then backfilled to eventually form a poly(acrylic acid) brush layer.
BSA-FITC was then immobilised on the poly(acrylic acid) brush using EDC/NHS-
mediated coupling (as described later in §3.1.1), which revealed the patterned

surface by fluorescence microscopy. This EDC/NHS coupling process is compatible
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with the attachment of a single protein. To apply two proteins, Lee et al. [267] and
Jiang et al. [268] used a variation of the process described by Dong et al. [266]. Lee
et al. [267] coated a surface with antibody, followed by a protective layer of agarose.
Jiang et al. [268] coated a surface with either DNA or protein, followed by a
protective layer of gold. The protective layers were incorporated to prevent damage
to the biomolecules during surface processing. The agarose was coated with
photoresist and patterned to form reliefs before using oxygen plasma to remove the
agarose/antibody layer in the relief features, while the gold was patterned directly
using ion beam milling. Lee et al. [267] then removed the photoresist and agarose
and incubated the surface with a second antibody to form patterns of two different
antibodies side by side. dJiang et al. [268] then introduced a second biomolecule
before removing the gold layer. The requirement of multiple processing steps to
produce more than two proteins, using this type of method, limits its application as a

simple multiple protein patterning method.

To produce multiple patterns on a surface Petrou et al. [269] showed that some
resists are compatible with biomolecule processing. The work demonstrated the
integration of a polymeric film used to promote biomolecule adsorption at the
surface. A commercial photoresist was coated over the polymeric film and
illuminated to pattern reliefs for the subsequent adsorption of biomolecules. The
surface could then be illuminated again to form a new set of reliefs and the process
was repeated with a second biomolecule. The use of mild conditions for resist
development and illumination prevented protein from denaturing when undergoing

further surface processing.

2.4.2.2 Patterning of Surfaces Conjugated with Photoactive
Caged Groups

One of the most common methods employed for the photoactivation of surfaces
involves the use of caged groups. The use of caged chemistries stems from work
carried out by Kaplan et al. [270], which describes a photoactivatable ATP analogue
(ATP1). On photolysis the ATP1 generates ATP, which can then react with an
ATPase enzyme. The term “caged” is used to define such protected molecules, which
become de-protected on exposure to light. In the same way a caged group bound to a
surface, when exposed to light, can react to form a new surface chemistry. Del

Campo et al. [271] used a mixture of two different silanes, one with an NVOC
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protecting group and one with a benzoin protecting group, for patterning
applications. Each group can be individually de-protected as they cleave at different
wavelengths. On illumination with UV light at 411 nm the NVOC group is
photochemically cleaved leaving an amine terminated surface, while illumination at
254 nm de-protects the benzoin group forming a carboxyl terminated surface. The
process was used to covalently attach carboxylated poly(butyl methacrylate)

particles, followed by modification in further work to pattern biomolecules [272].

Work by Christman et al. [225, 273] illustrated a novel method to de-protect a
caged group without direct UV de-protection. Instead an acid caused surface de-
protection, which was initiated using a photo-acid generator. In this case an N-teri-
butoxycarbonyl protecting moiety bound to a methacrylate group was used to form a
copolymer on a silicon surface. The terminal N-tert-butoxycarbonyl group was then
coated with a thin film of photo-acid generator, before illumination with 365 nm
light. The UV initiates the formation of an acid on the surface leading to de-
protection of the N-tert-butoxycarbonyl group only in illuminated regions. The de-
protection of the surface left an aminoxy side chain, which reacted with an N-

terminal a-ketoamide modified streptavidin to form a covalent amide bond.

2.4.2.3 Photodegradation of Surfaces to Generate Biomolecule
Patterns

Illumination with UV light can initiate a chemical degradation of surface conjugated
groups to modify the surface chemistry. This process can be utilised to pattern
regions of the surface for the subsequent attachment of protein. Reynolds et al. [262]
describe the UV initiated oxidation of perfluorinated alkylthiolates, absorbed on gold
surfaces, to alkylsulfonates, which are easily displaced by a fresh carboxylic acid
terminated thiol. By using a photolithographic mask the oxidation and displacement
can be controlled to create carboxylic acid terminated features for subsequent protein
attachment. Further work, carried out by the same group, demonstrated the
photochemical modification of oligo(ethylene glycol) terminated SAMs to produce
aldehyde terminated surfaces [264]. The resulting aldehyde terminated surface could
be used to immobilise protein directly or for further chemical modification. Work
presented by Reynolds et al. [265] showed the aldehydes could be reacted with

nitrilotriacetic acid terminated amines. The nitrilotriacetic acid terminated surface
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was then used for the site specific immobilisation of a His-tag yellow fluorescent

protein (Figure 2-25).

Figure 2-25 His-tagged YFP bound to photodegraded NTA-functionalised PEO-terminated films:
(a) confocal microscopy image of a micrometre scale pattern of YFP formed by exposure through a
mask; (b) tapping mode AFM image of the same pattern, reprinted with permission from [265].

2.4.2.4 Photoinitiated Conjugation of Biomolecule Patterns

Photoinitiated conjugation involves the modification of a surface to introduce a
chemical termination capable of attaching protein upon activation. One such
mechanism uses a bi-functional photochemical linker to couple a new chemical
moiety to the surface. An example of such a linker is N-5-azido-2-
nitrobenzoyloxysuccinimide (ANB-NOS), which upon photochemical activation
introduces an NHS-ester moiety onto a surface. Kim et al. [274] used ANB-NOS to
modify PEG hydrogels with NHS-ester groups, for the subsequent conjugation of
protein. When illuminated with UV the azide is converted into a highly reactive
singlet nitrene, which can react with C-H, alkyl, and nucleophiles through a variety
of different reaction pathways, as described by Levya et al. [275]. The modification
of the hydrogel was shown to occur throughout the PEG and was not just limited to
the terminal hydroxyl group. The work carried out by Choi et al. [276] used an aryl
azide to covalently couple a biotin moiety to a variety of chemically functionalised
surfaces (Figure 2-26, see overleaf). Glass modified to form carboxyl, poly-L-lysine,
aldehyde, aldehyde/BSA, and amine terminated surfaces was analysed to determine

which chemistry improved the uniformity of biotin photo-conjugation.
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Figure 2-26 Images reproduced from [276] illustrating the conjugation of photobiotin micropatterns
on a silanised glass surfaces.

Azide i1s not the only chemical suitable for the covalent photoinitiated
conjugation of biomolecules to surfaces. Dankbar and Gauglitz [63] studied the
potential of ketyl-reactive benzophenone (BP), anthriquinone, nitrene-reactive
nitrophenyl azide and carbine-reactive phenyl-(trifluoromethyl)diazirine as
molecular linkers on polymer surfaces [63]. The work showed that phenyl-
(trifluoromethyl)diazirine had the best overall photolinking efficiency on the surfaces

studied using oligonucleotides as the model biomolecule.

Photoinitiated reactions are not only suitable for altering the surface chemistry
but can also be used to directly conjugate proteins. One of the earliest examples of
this technique, described by Rozsnyai et al. [277], involved the immobilisation of
antibodies onto solid supports. The process used a photo-active BP group to
covalently attach the antibody onto the surface. The process was described more
recently, by Toh et al. [278] (Figure 2-27, see overleaf), for patterning gradients of
multiple proteins onto a surface. Upon illumination with 365 nm light the BP forms
a transient diradical that can insert into a C-H bond of a proximal biomolecule to
form a covalent bond. As the diradical is only formed upon illumination the

remainder of the surface stays active for subsequent protein patterning.
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Figure 2-27 Illustration of the covalent patterning of proximal biomolecules upon BP modified
surfaces by illumination with 365 nm light (Reprinted with permission from [278]).

2.4.2.5 Electron-Beam Lithography Patterned Surfaces

The current state-of-the-art technique within the microelectronics fabrication
industry for producing nm scale features involves the use of electron beam (e-beam)
lithography. The process involves scanning an e-beam over a surface, which in the
microfabrication industry leads to the selective exposure of a resist. The process can
produce features at the sub 100 nm scale without the requirement of a mask as the
e-beam can be used to write directly upon the surface. E-beam lithography can also
be used as a method to pattern surfaces at the nm scale for protein patterning
applications [279]. 250 nm size features have been patterned for the introduction of
both DNA [280] and protein [281]. Both these methods involve the removal of a SAM
by e-beam lithography before back filling with 3-aminopropyltriethoxysilane
(APTES), which is subsequently modified to allow the conjugation of biomolecules. A
more recent protocol involves patterning multiple proteins using a set of chemically
modified star PEGs. The PEGs have different chemical terminations that are used
to conjugate specific proteins, which means multiple proteins can be patterned at the

nm scale [282].

2.4.2.6 Printing Patterned Surfaces

The method of laser printing known as laser assisted forward transfer is a non-
contact process to expel liquid onto a surface using laser power, as illustrated in
Figure 2-28 (see overleaf) [283]. Generally the technique requires a precursor film
which adsorbs the power from the laser and vaporises. This process causes the
ejection of a biomolecule layer onto a desired substrate [284]. The physical
parameters which affect the physical characteristics of the transfer are still not well

understood as this is a relatively new process [285].



2.4 Microfabrication for Protein Patterning Applications 58

Laser Absorption Layer

Energy Meter

[

= == | CCD Camera

Transparent
Support Layer

Laser

73

Microscope
Objective

Protein
Solution

T O]
arget
\

Support 4

T T — hwid Jetting
0

| Microarray Substrate |

Figure 2-28 Diagram illustrating the type of apparatus used for laser printing protein microarrays.
A fluid jetting mechanism enables the efficient transfer of high-resolution droplets of protein
solution to microarray substrates (Reprinted with permission from [284]).

The most common form of ink-jet printer used to pattern biomolecules is
drop-on-demand printing, where a specific volume of liquid is ejected by force; the
types of force mechanism can be subdivided. Thermal drop on demand uses heat to
vaporise a proportion of liquid, the resulting bubble expands forcing the remainder of
the droplet through the dispensing nozzle. Piezoelectric drop on demand is the
preferred approach for biological fluids as thermal approaches require high
temperatures for droplet deposition, which is not ideal for protein samples. A
piezoelectric drop on demand uses mechanical displacement, produced adjacent to

the fluid filled chamber, which expels a droplet onto the substrate [286].

Both commercial [287], and in-house [288] fabricated ink-jet technologies have
been used to deposit biomolecules. A fabricated device by Xu et al. [289] could
generate spot and line diameters of 12 um, with the capability of patterning multiple
proteins simultaneously. Biomolecules patterned by ink-jet include IgG, BSA,

streptavidin, and cell cultures.

2.4.3 Protein Patterning Rationale

As demonstrated in §2.4.1 and 2.4.2 there are a variety of potential methods to
pattern biomolecules in micron and nm scale patterns upon appropriate surfaces.
Photolithography provides a suitable method for the attachment of nm scale protein
patterns and also integrates the ability to align the patterns accurately on a surface.

For the development of a protein patterning mechanism that can be used to pattern
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proteins within a microfluidic channel device this is a key requirement. Soft
lithography techniques are limited by the requirement to re-fabricate stamps,
stencils, or channels to pattern surfaces. Photolithographic masks can be fabricated
from more robust materials that can last longer and be re-used more often. Use of e-
beam, SNOM, and printing requires specialised equipment that increases the cost of
the overall process. Photolithography can be achieved without the requirement of a
cleanroom environment and UV lamps can be used that are low in cost. These
advantages have led to the rationale for integrating chemistry compatible with

photolithographic processing.

2.5 Summary

The use of biomaterials, prevention of biofouling, and fabrication of protein
patterns for microfluidic biosensor applications were discussed. The production of
microfluidic devices using silicon, glass, and polymer surfaces has excellent potential
for application to medical diagnosis. The work by Fan et al. [290] demonstrates the
potential of using microfluidic devices for diagnostic applications. The goal is to
provide a robust technology for POC quantification of diagnostic biomarkers for

enhanced patient care.

Among the materials considered silicon has been shown to achieve higher
densities of biomolecules compared with that of glass and polymers, as an
immobilisation substrate [128]. For the production of microfluidic channels PDMS
show the best properties for simple fabrication and integration of sample
connections. The rapid prototyping method demonstrated by Kim et al. [291] is
particularly valuable for the development of low cost devices. Both PEG and dextran
have similar effectiveness in preventing non specific protein adsorption [292].
Dextran has the advantage of better long term stability compared with PEG, which
has been shown to self oxidise over time [293]. From the various methods to attach
proteins onto surfaces the use of NHS-esters chemistry allow immobilisation at close
to physiological pH to produce stable covalent attachment. The attachment using
amine chemistry limits the potential orientations of a protein on the surface
dependent on the number of Lys residues present on the protein surface.

Photoattachment chemistry is particularly suitable in conjunction with the method
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of photolithographic patterning. Methods of patterning biomolecules using this
technique have already shown promise for producing reproducible patterns of
multiple proteins. Holden et al. [294] reacted biotinylated fluorophores using a 488
nm laser to initiate a photobleaching free radical initiated surface functionalisation

to produce patterns of biotin on the surface.

Silicon has been successfully patterned with DNA and protein using photo-
attachment of NHS terminated monolayers [128, 137]. These surfaces have been
well characterised and identified as potential surfaces for producing reproducible
protein patterns for potential LOC applications [135, 218]. There have been limited
attempts to use this technique for integration with microfluidic applications. A novel
application involving the immobilisation of antibody binding proteins in micron and

submicron resolution patterns on silicon is discussed in Chapter 4.



Materials and Methods

This chapter details the experimental protocols that were applied in the development
of a site specific conjugation technique for patterning multiple proteins as outlined in
Chapters 4 and 5 of this thesis. All chemicals were obtained from Aldrich Chemical
Company used without further purification, unless stated otherwise. Deionised
water (ELGA genetics system) was used for all the aqueous solutions. Deuterated

chloroform was purchased from Apollo Scientific.

3.1 Conjugation of Proteins on Silicon
Surfaces

3.1.1 Synthesis of the Bifunctional Linker Undecylenic
Acid N-Hydroxysuccinimide Ester

The functional alkene linker undecylenic acid N-Hydroxysuccinimide ester (UANHS)
was synthesised as described previously [131]. Molecular sieves were oven-dried
over 2 days or microwave-activated. Glassware was oven-dried overnight before use
for reactions requiring exclusion of moisture. A mixture of undecylenic acid (0.92 g,
5.0 mmol), 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) (1.4
g, 7.3 mmol) and NHS (0.85 g, 7.3 mmol) in 10 mL dichloromethane (DCM) was
stirred at room temperature. The reaction was monitored by thin layer
chromatography (1:9 methanol:DCM). After 1 hour the reaction was stopped and 20
mL of DCM was added. The resulting mixture was washed twice with 2 mL aqueous
potassium chloride (saturated). The collected organic layer was dried over sodium

sulphate, concentrated and purified by column chromatography yielding pure

61
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product as a white solid (0.92 g, 3.3 mM, 66 %). The chemical structure in Figure 3-1

illustrates the reaction mechanism that leads to the formation of UANHS.
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Figure 3-1 Chemical structure of the EDC/NHS coupling reaction showing the reactants (A-
Undecylenic Acid, B-EDC, and C-N-Hydroxysuccinimide), the unstable O-acylisourea intermediate
(D) and the amine reactive product UANHS (E) and the urea by-product (F).

A 'H NMR spectrum was recorded at 400 MHz using a Bruker DPX400
spectrometer. The UANHS was dissolved in deuterated chloroform to a
concentration of 25 mg/mL before being placed in an NMR tube. The chemical shifts
were given in ppm, with the spectrum calibrated to the solvent peak. The J values

were correct to within 0.5 Hz.

3.1.2 Photolithographic Mask Fabrication

To fabricate the chrome/gold photolithographic masks UV grade fused silica discs
(Suprasil, 2 mm thick, 2.5 cm diameter, UQG Ltd, UK) were used. The discs were
cleaned by sonication in acetone, isopropanol and deionised water, for 10 minutes
each, to remove any grease from the surface. Next, the discs were treated in a
piranha solution, which typically consist of a 3:1 mixture of 95 % weight per volume
(w/v) concentrated sulphuric acid (electronic (MOS) grade, Fisher Scientific, UK): 30
% (w/v) hydrogen peroxide (general laboratory work (SLR) grade, Fisher Scientific,
UK), for 30 minutes to remove any organic contaminants. The discs were then
removed and washed in deionised water before baking in an oven (ED 23 Bench top
Oven, Binder UK) overnight at 120 °C. Baking dehydrates the surface, promoting
adhesion of evaporated metal, by the removal of surface water. Next surfaces were
placed into an E-Beam evaporator (Edwards auto E500A) under vacuum at <6x10-6
mbar. The slide surfaces were coated with a 10 nm adhesion layer of chrome (99.99

% pure, C6-5016-M, Testbourne Ltd., UK) followed by a 70 nm layer of gold (99.99 %
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pure, G4-5005-M, Testbourne Ltd., UK), before being removed from the evaporator

and left to cool overnight, stored in a petri dish, within the cleanroom.

The positive photoresist Shipley MICROPOSIT® S1813 (Rohm and Haas
Ltd., UK) was spin-coated onto the chrome/gold coated UV fused silica slides, gold
surface face up, using a programmable photoresist spin coater (SCS G3P-8 Spincoat,
Specialty Coating Systems (SCS) Coating Centre, UK). A typical program includes
the following steps: 1) spin at 500 rpm for 5 seconds to spread the photoresist; ii)
ramp to 5000 rpm for 60 seconds for a uniform coating; and iii) reduce to 500 rpm for
5 seconds to settle the photoresist. The thicknesses of the S1813 photoresist,
achieved using the described spin cycles, were between 1.1 pm and 1.5 pm, as

measured using the KLA-Tencor P-16 stylus surface profiler.

The S1813 coated slides were prebaked for 30 minutes at 90 °C on a hotplate
(EMS 1000-1, Electronic Micro System Ltd. UK). The slides were then left to cool for
30 minutes then positioned in a mask aligner (MA-6, Suss MicroTec Ltd. UK) and
placed in contact with a mask plate. A schematic of the mask features is shown in
Figure 3-2, consisting of a series of 10 um lines with a 40 um periodicity. The full
pattern consisted of 120 lines each 10 pm wide and 2 mm long. The S1813 coated
slides were illuminated through the mask plate with UV light (300 mdJ measured
with a 365 nm power meter, Suss MicroTec Ltd. UK) for 7 seconds and then removed
from the aligner. The UV patterned S1813 was developed with Shipley
MICROPOSIT® MF®-319 (Rohm and Haas Ltd., UK), for 75 seconds. The samples
were then immersed in deionised water, to stop the developer from further etching

the photoresist, before gently rinsing in deionised water.

10 20 30 40 50 60 70 80
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Figure 3-2 Screenshot of an L-edit software design used for mask plate manufacture. The features
in pink represent transparent regions on the mask plate and consist of 10 pm wide lines with a
periodicity of 40 um.
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The patterned photoresist was imaged by light microscopy (Nikon LV100D,
UK) to determine whether the feature dimensions were correct. The pattern was
transferred into the chrome/gold by immersion in gold etchant (1 %-10 % iodine: < 25
% potassium i1odide, OM Group Ultra Pure Chemicals Ltd., UK) for 60 seconds and
chrome etchant (OM Group Ultra Pure Chemicals Ltd., UK) for 10 seconds. The
photoresist was cleaned from the surface by washing with acetone for 20 minutes, or
until the resist was removed from the surface. The surface was then rinsed with
isopropanol and deionised water before storing in a suitable container to prevent
surface scratching. Surfaces were analysed by light microscopy (Nikon LV100D, UK)
to ensure the feature sizes of the chrome/gold photolithographic mask and alignment

features were the same proportions as the original mask plate designs.

3.1.3 Photopatterning of NHS-ester Terminated
Alkene on Silicon Surfaces

A single-polished silicon wafer <100>, 1 x 1 cm, was pre-cleaned by sonicating for 20
minutes in solutions of acetone, isopropanol, and deionised water in a cleanroom
environment. The samples were then immersed for 30 minutes in fuming nitric acid
before washing in deionised water. The oxide was removed by etching in 5 %
aqueous HF for 5 minutes, washed thoroughly with water and dried under nitrogen.
Immediately after drying a 50 pL droplet of UANHS (100 mg/mL in DCM) solution
was deposited on the silicon and spin coated for 60 seconds at 2000 rpm. After spin
coating the samples were transferred from the cleanroom to the laboratory, protected

from UV light, for further processing.

To conjugate the alkene with the hydrogen terminated silicon, the surface
was 1lluminated using an HgXe UV lamp (Oriel, Newport). The UV beam passed
through a 254 nm bandpass filter (Thorlabs) before being reflected onto the surface
through a chrome/gold photolithographic mask (the setup is shown overleaf in Figure
3-3). Prior to illumination the power density of the UV beam was recorded using a
UV power meter with a 254 nm head attachment (Karl Suss), placed on the sample
holder. Before illumination of a sample, the setup was configured by altering the
distance between the UV source and the sample and adjusting the focus of the UV
light in order to produce a 1 mW/cm?2 power density. The sample was then placed on
the sample holder and put in contact with the chrome/gold mask before being

illuminated. After illumination the wafer was washed twice with DCM for 5 minutes
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and for 2 minutes with acetone. As a negative control surfaces were processed in the

same way except the UANHS was not spin coated onto the surface.
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Figure 3-3 Equipment setup used for the UV illumination of silicon samples to conjugate the
bifunctional linker UANHS to the H-terminated silicon surface.

3.1.4 SEM of Photopatterned Alkene Surfaces

Scanning electron microscopy (SEM) (LEO 430 SEM, Oxford Instruments) was used
to image the UANHS patterned silicon surfaces, which were scanned at a low voltage
without gold coating. The UANHS patterned surfaces, once evaluated by SEM, were
not used for any further analysis. The negative control samples were also imaged to

determine if a pattern was produced.

3.1.5 X-ray Photoelectron Spectroscopy of
Photopatterned Alkene and Protein Conjugated
Surfaces

Silicon samples were diced into 1 x 1 cm chips and labelled on the reverse with a
diamond pen, in preparation for use with XPS. Chip surfaces were cleaned, etched
with aqueous HF and spin coated with UANHS using the same methods outlined
previously (§3.1.3). The whole sample was then exposed using an HgXe UV lamp
(Oriel, Newport) beam (1 mW/cm? power density measured using a 254 nm UV
power meter (Karl Suss)), which passed through a 254 nm bandpass filter and was

reflected onto the sample surface. After illumination the samples were washed twice
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with DCM for 5 minutes and for 2 minutes with acetone, before drying under
nitrogen. A 10 uL droplet of NeutrAvidin (1 pM in 0.1M sodium hydrogen carbonate
buffer (pH 8.4)) was deposited on the UANHS coated silicon surface and spread with
a glass cover slip (18 x 18 mm, Fisher Scientific, UK). Four samples were taken at
each stage of surface modification (UANHS conjugation, NeutrAvidin-UANHS
conjugation), dried under nitrogen and stored at 4 °C before analysis by XPS. The
XPS experiments were performed by Dr David Morgan in Cardiff, on a Kratos Axis
Ultra-DLD photoelectron spectrometer using monochromatic Al Ka radiation (photon
energy 1486.6 eV). Survey scans were performed at a pass energy (PE) of 160 eV,
whilst detailed scans were performed at PE 40 eV. All data were analysed using
CasaXPS(tm) software (Version 2.3.15). All data were calibrated to the C(1s) signal,
which was assigned a value of 285 eV, which is a reference value assigned to

aliphatic carbons present in the organic materials studied.

3.1.6 Conjugation of Protein to Photopatterned Alkene
Surfaces

Wild type single domain protein L (strain Pplssis) was purified by Dr. Steve
Harrison, as described by Bottomley et al. [295], and freeze dried. Fluorescently
labelled IgG was prepared using the protocol provided with the fluorescein labelling
kit (Roche, Cat. No. 11 386 093 001). The protein patterning protocol was based on
work described by Yin et al. [128] for the successful conjugation of DNA to silicon
surfaces. During the research 7 different proteins were conjugated to the silicon
surface for analysis: streptavidin, Pplssis, multidomain protein L (strain 312),
multidomain protein A, NeutrAvidin and biotinylated protein A. All proteins, except
single domain protein L, were commercially available from Aldrich chemical
company. Protein samples were dissolved in a 0.1 M sodium carbonate solution (pH
8.4) to a concentration of between 1 and 10 pM for conjugation experiments. An
aliquot of 8 uL of the protein solution was deposited on the UANHS patterned silicon
wafer and covered with a cover slip (1.8 x 1.8 cm). The wafer was incubated for 20
hours at room temperature in a humid chamber. After incubation, the wafer was

washed with deionised water for 1 hour.

Surfaces were analysed to determine if the addition of a 1 hour incubation in
a 1 % solution of BSA, in deionised water, prior to characterisation reduced non

specific adsorption upon characterisation. Surfaces were stored in deionised water
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at 4 °C prior to characterisation. Surfaces conjugated with PpLssis, multidomain
protein L. and multidomain protein A were revealed by incubation with a fluorescein-
labelled murine IgG (500 nM) for 30 minutes in dark conditions. Surfaces conjugated
with streptavidin and NeutrAvidin were revealed by incubation with biotin-FITC (1
uM) for 30 minutes in dark conditions. Unbound fluorescent probes were removed
from the surfaces by washing in deionised water for 1 hour. As a positive control a 5
uL droplet of NHS-FITC (1 uM) was deposited on protein L conjugated surfaces and
spread with a cover slip (18 x 18 mm). After 1 hour the surface was washed in
deionised water. All surfaces were visualised using a Zeiss Axio Observer inverted
microscope, coupled with epifluorescence illumination and fitted with filter sets. For
imaging, wafers were placed face down over a microscope slide towards an EC Plan-
Neofluoar 10x, LD A-Plan 20x or an LD Plan-Neofluar 63x objective lens.

To optimise the reproducibility of the conjugation reaction between the
UANHS modified silicon and protein a series of experiments were carried out to
determine if the conditions described by Yin et al could be improved on [128, 131].
Three different incubation buffers were used as a replacement for the 0.1 M sodium
carbonate solution. 0.1 M sodium phosphate, potassium phosphate and potassium
carbonate solutions, all at pH 8.4, were analysed. The power density of the UV light
and the illumination time used to photopattern the UANHS was also analysed.
Power densities of 1, 3, and 5 mW/cm? were tested using a 5 minute illumination
time. To analyse the effect of changing the illumination time a 1 mW/cm2 power
density was used to pattern surfaces using 1, 3, 5, 10 and 15 minute illumination

times.

3.1.7 Submicron Photopatterning of Alkene on Silicon
and Subsequent Protein Conjugation

To pattern surfaces with submicron features a continuous wave UV laser beam,
wavelength 266 nm, was provided by a frequency-quadrupled Nd:YAG laser
(Thomson, DIVA II) as an illumination source. The beam was expanded, spatially
filtered and collimated before being focused. The focused spot had a radius of
approximately 1 mm and a laser fluence of 0.6 md/cm2. To pattern the silicon the
collimated beam was illuminated through a phase mask (700 nm period, Ibsen
Photronics) placed in contact with a UANHS coated silicon sample (1 x 1cm). The
surface was illuminated for 30 seconds before being washed twice with DCM for 5

minutes and for 2 minutes with acetone. After washing, surfaces were either
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analysed directly under the SEM or incubated with Streptavidin-FITC (1 uM in 0.1
M sodium carbonate buffer) for 20 hours. After incubation surfaces were washed for
1 hour in deionised water and dried under nitrogen before imaging with a Zeiss Axio

Observer inverted microscope using a Plan-Apochromat 100x objective lens.

3.2 Conjugation of Proteins on Glass
Surfaces

3.2.1 Surface Cleaning and Silanisation of Glass
Surfaces

Surfaces were cleaned and silanised as described by Elender et al. [203]. Glass slides
(76 x 26 mm, Fisher Scientific, UK) were sonicated in acetone, followed by
isopropanol and deionised water, for 30 minutes in each solution to remove any
grease from the surface. The slides were then washed in deionised water and dried
under nitrogen. Next slides were immersed for 30 minutes in a 1:1:5 ratio of 35 %
(w/v) aqueous solution of hydrogen peroxide (1.14000, Alfa Aesar, UK): 50 % (w/v)
ammonium hydroxide: deionised water respectively. This process removes organic
contaminants from the surface and leaves a more hydrophilic surface. Finally the
glass slides were rinsed with copious amounts of deionised water and stored

separately in sealed containers, in deionised water at room temperature, before use.

Cleaned glass slides were removed from the deionised water and baked in an
oven at 75 °C for 1 hour. The pre-baked glass was placed in a desiccator, under
nitrogen flow, for 5 minutes. Glass slides were then immersed in two different
concentrations, 0.1 % volume per volume (v/v) and 1 % (v/v), of GOPS, in anhydrous
toluene, for 5 minutes, 1 hour, or 24 hours under nitrogen. The illustration in Figure
3-4 (see overleaf) shows the siloxane bond formed from the reaction between the
silane and the hydroxyl groups present on the glass surface. After silanisation the
glass was washed twice for 10 minutes in toluene, followed by a 10 minute wash with
ethanol. Finally the slides were dried under nitrogen and baked in an oven for 1
hour at 75 °C and left at room temperature for 12 hours. The 12 hour period allows
time for the slow crosslinking reaction that occurs between the hydrophilic surface
and the GOPS. Slides were placed in sealed containers at room temperature until

required.
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Figure 3-4 Illustration of the silanisation reaction between the glass surface and GOPS used to
form an epoxide terminated surface.

3.2.2 Conjugation of Dextran to an Epoxy
Functionalised Glass Surface

Solutions of dextran-FITC with concentrations of 1-300 pM were dissolved in
deionised water, at room temperature. GOPS modified slides were spotted with 10
uL of each dextran solution for 12 hours, at room temperature, to determine the
lowest dextran concentration required for a reproducible dextran surface coating.
Slides prepared using the same method had a 10 pL droplet deposited on the surface
and spread with a glass coverslip (18 x 18 mm, Fisher Scientific, UK), to determine
the reproducibility over a larger area. During the 12 hour incubation period all
slides were placed in a humid chamber consisting of a petri dish containing moist
tissue and sealed with Parafilm® (Fisher Scientific, UK), to ensure the solutions did
not dry out. After 12 hours the surfaces were removed and washed in deionised
water for 1 hour before images were captured with an epifluorescence microscope
(Axio Observer, Carl Zeiss, UK). The illustration in Figure 3-5 (see overleaf) shows
the ether bond formed from the reaction between the oxirane ring of the epoxide and

the hydroxyl group of the dextran.
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Figure 3-5 Ilustration of the oxirane ring opening reaction between the epoxide terminated glass
surface and dextran (500,000 MW).

To give a clear picture of how to functionalise glass with a monolayer of
silane, the silanisation conditions were tested to see if the conjugation of dextran
changed under different silanisation conditions. The typical parameters discussed in
the literature [148, 171, 203] for altering the formation of monolayers of silane
primarily involve the concentration of silane solution used in the process and the
period of time the silane is incubated with the glass. Glass surfaces prepared with
concentrations of 0.1 % and 1 % silane were studied, with the time of incubation for
each concentration analysed at 5 minutes, 1 hour and 24 hours. The surfaces were
spotted with 10 pL droplets of 5, 15 and 20 uM dextran-FITC to determine which

conditions generated a reproducible dextran layer.

3.2.3 Water Contact Angle Measurements

Surfaces at different stages of processing were studied to determine the water
contact angle on the surface. Static contact angle measurements were performed
using a drop shape analysis system (DSA100, Kriiss) using 1 puL droplets deposited
onto the surface. The surface was maintained at 25 °C in humid conditions by
sealing the surface in a glass chamber with a water reservoir. Measurements were
taken by analysing sessile drops using the sessile drop fitting software (Kriiss), with

a total of five measurements averaged over each sample.
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3.2.4 Protein Conjugation to Carboxymethyl Dextran
Surfaces

GOPS coated slides were immersed in a 30 % (w/v) dextran solution for 12 hours and
then washed with deionised water for 1 hour. Next dextran coated slides were
immersed in a solution of 1 M bromoacetic acid and 2 M sodium hydroxide, at room
temperature, for 16 hours to form CMD. Slides were rinsed with plenty of deionised
water before the carboxyl groups were activated, to produce an active ester (O-
acylisourea)-leaving group, using a 3:1 solution of EDC:NHS in ethanol for 4 hours
[296]. The chemical modifications of the dextran surface, to introduce an NHS-ester

moiety, are represented structurally in Figure 3-6 (see overleaf).

Streptavidin-FITC (10 uM) and protein L (10 uM), dissolved in 0.1 M sodium
carbonate buffer (pH 8.4), were made up for incubation with the dextran-NHS-ester
surface. Protein solutions were spotted or spread, with a glass coverslip (18 x 18
mm, Fisher, UK), over the dextran-NHS-ester surface and incubated for 2 hours
before washing for 1 hour in deionised water. The protein L surface was then
blocked, by washing with a 1 % (w/v) BSA solution for 1 hour, before incubation for
30 minutes with IgG-FITC (500 nM). The strep-FITC and protein L/IgG-FITC
surfaces were analysed by fluorescence microscopy (Axio Observer, Carl Zeiss, UK)

to determine biofouling and protein immobilisation properties of the surface.

Two methods were used to introduce the NHS-ester moiety to the surface by
immersing the glass in EDC/NHS solution and by applying a droplet and spreading
the solution with a coverslip. The coverslip controlled where the solution interacted,
while reducing the quantity of EDC/NHS required. Multi-domain protein L was
used for surface conjugation with the NHS-ester modified surface. On surfaces that
were immersed in EDC/NHS solution the protein L was spotted onto the surface,
before blocking and IgG-FITC incubation. On surfaces where the solution was
restricted to the coverslip area the whole surface was incubated with protein L, prior
to blocking and IgG-FITC incubation. The whole surface was incubated with IgG-

FITC to directly infer the non-specific protein adsorption properties of the dextran.
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Figure 3-6 Chemical structure of surface modifications depict (a) dextran immobilised on the
silanised surface, (b) the introduction of a carboxyl group by the reaction of the dextran surface
with bromoacetic acid. The chemical process illustrated in (d) is the EDC mediated coupling of
NHS to the carboxyl terminated dextran resulting in the formation of an NHS-ester terminated
dextran shown in (c).

3.2.5 Aryl Azide Conjugated Dextran Synthesis

The method described by Bhat et al. [211] was used to conjugate an aryl azide
photolinker with dextran. In brief the dextran (1 g, (500,000 MW)), illustrated in
Figure 3-7 (a) (see overleaf), was dissolved in 50 mL of dry DMSO in a 100 mL
round-bottomed flask, and protected from light. 4-azidobenzoic acid (0.5 g, 6.13 X
10-3 mol), illustrated in Figure 3-7 (b) (see overleaf), and 4-dimethylaminopyridine
(DMAP) (0.0375 g, 6.13 x 104 mol) were added to this solution with stirring, before
the solution was cooled to 0°C. DCC (0.625 g, 6.05 x 10-3 mol) was added to the

solution and stirring was continued for 5 hours. An illustration of the conjugation
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reaction between 4-azidobenzoic acid and dextran to form an ester bond is shown in
Figure 3-8. After filtering off the precipitated dicyclohexyl urea, the azidated

dextran was precipitated from solution by adding excess methanol.
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Figure 3-7 Chemical structure diagrams of the two reactants used to synthesise an aryl azide
conjugated dextran, (a) dextran and (b) 4-azidobenzoic acid. The chemical groups highlighted react
to form an ester bond, as illustrated in Figure 3-8.
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Figure 3-8 Illustration of the Steglich esterification reaction used to form an ester bond between
the carboxylic acid moiety of R (4-azidobenzoic acid) and the hydroxyl group of R1 (dextran). The
DCC is a coupling agent and DMAP is a catalyst.
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The precipitate was filtered, washed several times with methanol to remove
any free 4-azidobenzoic acid, vacuum dried and stored at 4 °C [211]. Aryl azide
conjugation was confirmed by attenuated total reflectance fourier transform infrared

spectroscopy (ATR-FTIR), elemental analysis and UV absorption spectroscopy.
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3.2.6 Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy

A Nicolet FTIR Spectrometer (Nicolet instrument Co.) equipped with a diamond ATR
accessory was employed for ATR-FTIR experiments. Powder samples of 4-
azidobenzoic acid, dextran and AACD were sampled, using the same pressure for all
measurements. Each spectrum comprises 32 co-added scans measured at a spectral
resolution of 4 cm~! in the 400-3600 cm~! range. Spectral data were acquired with
Omnic E.S.P. software version 5.2 (Nicolet instrument Co.). Baseline and ATR

corrections were used for processing the spectra before quantitative analysis.

3.2.7 Elemental Analysis

Elemental analysis was used to determine the azide content of the AACD. A CE440
elemental analyser was used to determine the carbon, hydrogen, and nitrogen
content, referred to as a CHN analysis, of the AACD product. The analyser is used
to combust the material in pure oxygen, at a heat of 1800 °C, to vaporise the
compound. The gaseous products of combustion are carried using helium as it is a
relatively inert element compared with the material components and has a very high
co-efficient of thermal conductivity. The products are passed over catalytic reagents
designed to ensure complete oxidation and removal of potential contaminates. Any
oxidised nitrogen is reduced and excess oxygen removed before the gases are
homogenised at precise volume, pressure, and temperature. Finally a sample
volume of the products is passed through three pairs of thermal conductivity meters,
used to measure the product constituents. The first pair measures the thermal
conductivity before and after an absorption trap, used to remove water, which is
representative of the hydrogen content. The second pair is between a carbon dioxide
trap, which measures the carbon content of the product. The remaining constituent
is the nitrogen content mixed with the helium carrier, this is measured using a
thermal conductivity meter referenced with a helium sample under the same

conditions.

A 4 mg sample of AACD powder, protected from light, was sent to Warwick
Analytical Service (UK) to obtain a carbon, hydrogen, nitrogen (CHN) elemental
analysis of the AACD compound. The company used a CE440 elemental analyser to

run the AACD sample in duplicate, to improve the accuracy of the result.
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3.2.8 UV-Vis Spectrophotometry

To measure the UV absorption spectra of compounds and materials a UV-Vis
spectrophotometer (Cary 50 UV-Vis spectrophotometer, Varian, UK) was used. A
cuvette (Hellma) was filled with 100 pL of deionised water and placed in a UV-Vis
spectrophotometer and used as a baseline signal, measured between 250-400 nm.
Solutions of 1-12 uM AACD were prepared in deionised water. A 100 uLi sample of
each concentration of AACD was pipetted into a cuvette and the absorption
measured between 250-400 nm using the spectrophotometer. The same protocol was
used to measure concentrations of dextran, dissolved in deionised water. The 4-
azidobenzoic acid did not dissolve in water so was made up in methanol. The base
line signal for 4-azidobenzoic acid was measured between 250-400 nm with

methanol.

To measure the UV absorption spectra of the UV fused silica, used to
fabricate photolithographic masks, and the bandpass and longpass filters that were
used in the illumination setup (see §3.2.14) the measurement protocol using the UV-
Vis spectrophotometer was modified. Firstly a baseline signal was measured
between 200-500 nm with no cuvette in the machine. Then in place of the cuvette
the UV fused silica or filter were placed in the cuvette holder where the light beam
would travel through them, allowing the absorption properties of the glass and
filters to be measured. The absorption of the UV fused silica and filters was

measured separately between 200-500 nm using the UV-Vis spectrophotometer.

3.2.9 Conjugation of Aryl Azide Conjugated Dextran to
Silanised Glass Surfaces

Although aryl azide is stable under standard laboratory conditions all AACD
samples were protected from light, when being prepared, to prevent potential
photoinitiation reactions. A 1 % (w/v) solution of AACD, in 2:1 solution of deionised
water:DMSO, was made up and mixed for 1 hour to ensure it was fully dissolved.
GOPS slides were prepared using the optimised protocol described previously
(§3.2.2) and immersed in 1 % (w/v) AACD solution for 12 hours, at room

temperature, before being washed in deionised water for 1 hour.
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3.2.10 X-ray Photoelectron Spectroscopy of Aryl Azide
Conjugated Dextran Surfaces

Glass slides were diced into 1 x 1 cm chips and labelled on the reverse with a
diamond pen, in preparation for use with XPS. Chip surfaces were prepared using
the same methods outlined previously (§3.1.5). A 10 pL droplet of NeutrAvidin (1
uM) was deposited on the AACD surfaces and spread with a glass cover slip (18 x 18
mm, Fisher Scientific, UK). A 500W UV lamp (Oriel-Newport, UK), was used to
illuminate the sample, through a 280 nm long-pass filter (Schott glass, 280 GY 25,
Comar, UK), which had a power density of 1 mW/cm2 (Measured by a 365 nm UV
power meter, Carl Suss, UK). The whole 1 x 1 cm surface was illuminated for 10
seconds before washing for 1 hour in deionised water. Four samples were taken at
each stage of surface modification (silanisation, AACD conjugation, and protein-
dextran conjugation), dried under nitrogen and stored at 4 °C before analysis by
XPS. The XPS experiments were performed by Dr. David Morgan in Cardiff using

the same parameters defined in §3.1.5.

3.2.11 Mask Fabrication for Multiple Alignment
Patterning

UV grade fused silica (Spectrosil 2000®, 5 x 5 cm, 1 mm thick, UQG Ltd, UK) was
used in the fabrication of chrome/gold photolithographic masks. Glass slides (56 x 5
cm, 1 mm thick, Fischer Scientific, UK) were used for patterning surface alignment
marks. All surfaces were prepared and deposited with chrome/gold using the same
protocol described in §3.1.2. To fabricate photolithographic masks the positive
photoresist Shipley MICROPOSIT® S1813 (Rohm and Haas Ltd., UK) was spin-
coated onto the chrome/gold coated UV fused silica surfaces and processed using the
same protocols described in §3.1.2, using mask plate 1 and 2 (see Appendix C 1.2 and
C 1.3 respectively).

To fabricate alignment features the negative photoresist Microchem SU-8 10
(Chestech Ltd., UK) was spin-coated onto the chrome/gold coated fused silica glass
surfaces, gold surface face up, using a programmable photoresist spin coater (SCS
G3P-8 Spincoat, Specialty Coating Systems (SCS) Coating Centre, UK). A typical
program includes the following steps: 1) spin at 500 rpm for 5 seconds to spread the

photoresist; 1) ramp to 3000 rpm for 30 seconds for a uniform coating; and iii) reduce



3.2 Conjugation of Proteins on Glass Surfaces 77

to 500 rpm for 5 seconds to settle the photoresist. The thicknesses of the SU-8 10
photoresist, achieved using the described spin cycles, were between 9.9 pm and 10.2

um, as measured using the KLA-Tencor P-16 stylus surface profiler.

The SU-8 10 coated samples were prebaked for 2 minutes at 65°C on a
hotplate (EMS 1000-1, Electronic Micro System Ltd. UK) and then the temperature
was ramped slowly (10°C/minute) to 95°C and held for 5 minutes. The SU-8 10
coated samples were left to cool for 30 minutes then positioned in a mask aligner
(MA-6, Suss MicroTec Ltd. UK) and placed in contact with Mask 1 (see Appendix
C.1), Photronics Inc, UK). The SU-8 10 samples were illuminated through the mask
plate with UV light (300mJ measured with a 365 nm power meter, Suss MicroTec
Ltd. UK) for 25 seconds and then removed from the aligner. The UV patterned SU-8
10 was then post baked for 1 minute at 65 °C on a hotplate and then the
temperature was ramped slowly (10 °C per minute) to 95 °C and held for 2 minutes.
Next the surface was allowed to cool for 10 minutes before being developed with
Microchem SU-8 Developer (Chestech Ltd., UK), for 90 seconds. The samples were
then rinsed with isopropanol, to stop the developer from further etching the

photoresist, before drying under nitrogen.

The patterned photoresist, both S1813 and SU-810, were imaged by light
microscopy (Nikon LLV100D, UK) to determine whether the feature dimensions were
correct. The pattern was transferred into the chrome/gold by immersion in gold
etchant (1 %-10 % 1odine: < 25 % potassium iodide, OM Group Ultra Pure Chemicals
Ltd., UK) for 60 seconds and chrome etchant (OM Group Ultra Pure Chemicals Ltd.,
UK) for 10 seconds. The photoresist was cleaned from the surface by washing with
acetone for 20 minutes, or until the resist was removed from the surface. The
surface was then rinsed with isopropanol and deionised water before storing in a
suitable container to prevent surface scratching. Surfaces were analysed by light
microscopy (Nikon LV100D, UK) to ensure the feature sizes of the chrome/gold
photolithographic mask and alignment features were the same proportions as the

original mask plate designs.

Two masks plates were designed and used for the fabrication of alignment
features and two photolithographic patterning masks. The two mask plates, Mask 1
(Appendix C.1) and Mask 2 (Appendix C.2), were designed to pattern aligned
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features of proteins on a single substrate. Different sections of the masks were

required to make the alignment marks and photolithographic masks separately.

3.2.12 Single Protein Patterning on Aryl Azide
Conjugated Dextran Surfaces

Three proteins were used for the study of conjugation to AACD surfaces by UV
initiated photo-attachment, streptavidin-FITC, IgG-FITC, and protein L. Stock
solutions of streptavidin-FITC (1 pM), protein L (10 pM) and IgG-FITC (2.8 uM)
were made. AACD surface were prepared as described in §3.2.9 and a 10 uL droplet
of protein was pipetted on an AACD chip and spread by a photolithographic mask,
gold face down. The surface was then illuminated with a 500W Hg(Xe) UV lamp
(Oriel-Newport, UK), through a 280 nm long-pass filter (Schott glass, 280 GY 25,
Comar, UK), for between 1 and 40 seconds at a power density of 1 mW/cm2,
measured using a UV power meter (365 nm head, Karl Suss). Chips made using
streptavidin-FITC (1 uM) and IgG-FITC (2.8 uM) were washed in deionised water for
1 hour before imaging by fluorescence microscopy (Axiovert Observer, Carl Zeiss)
using an EC Plan-Neofluar 10x objective. The protein L. (10 uM) chips were washed
in deionised water for 1 hour, followed by a wash in 1 % (w/v) BSA wash for 1 hour to
block the surface. The protein L surface was then rinsed in deionised water and
dried under nitrogen. IgG-FITC (2.8 uM) was further diluted to give an aliquot of
500 nM IgG-FITC. Protein L chips had a 5 pL droplet of 500 nM deposited on the
surface and spread with a glass coverslip (22 x 50 mm, Fisher Scientific, UK). The
surfaces were incubated for 30 minutes with IgG-FITC (500 nM) before washing for 1
hour in deionised water. Finally the surfaces were dried under nitrogen and imaged
by fluorescence microscopy (Axiovert Observer, Carl Zeiss) using an EC Plan-

Neofluar 10x objective.

3.2.13 Purification and Characterisation of IgG
Fragments Prior to Conjugation with a
Fluorescent Probe

The purification, labelling and characterisation of IgG fragment described in this

section, was performed by Dr. Lucy Braddick.

Papain from Papaya Latex (10 pL, 10 mg/mL suspension) was mixed with 90

uLL of freshly prepared activation buffer (1 mM ethylenediaminetetraacetic acid
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(EDTA), 10 mM L-cysteine, 50 mM sodium phosphate buffer pH 7.0) and incubated
for 10 minutes at 37 °C. The L-cysteine was removed from the reaction mix by
centrifugal ultrafiltration (10 kDa molecular weight cut off) and the L-cysteine free
activated papain was reconstituted into 100 uL of digestion buffer (1 mM EDTA, 50
mM sodium phosphate buffer, pH 6.3). The digestion was initiated by the addition of
activated papain to the antibody solution (1 mg/mL polyclonal mouse IgG) to give a
papain/antibody ratio of 5 % (v/v). The solution was incubated at 37 °C for 2 hours.
The reaction was stopped by addition of iodacetamide (30 mM final concentration)
and the digest was analysed by SDS-PAGE. A Waters Biosuite Q AXC 7.5 x 75 mm
column was equilibrated at 1 mL/minute with 20 mM TRIS Cl, pH 8.0. Elution of the
antibody fragments was by a linear gradient 0-500 mM NaCl in 20 mM TRIS Cl. The
eluted fragments were dialysed extensively against deionised water (10 kDa

molecular weight cut off), freeze dried and reconstituted in 100 uL. PBS.

Eluted fragments were labelled with Cy5.5 (GE Healthcare). Briefly Cy5.5
NHS-ester (5.4 uLi, 1 mg/mL in DMSO) was added to 50 uL of purified sample and
incubated on a shaker at room temp for 2 hours. The labelled fragments were then
dialysed (3.5 kDa molecular weight cut off) against 0.15 M sodium chloride for 4
hours at room temperature then overnight at 4 °C. The solution was then changed
to a 0.01 % sodium azide in 0.1 M PBS and dialysed for 4 hours at room temperature

then overnight at 4 °C.

F(ab’)2 fragment (Pierce) was labelled with rhodamine, all buffers and
reagents were degassed in a vacuum prior to use. A 10 fold molar excess of
dithiothreitol (28.5 mM in PBS) was added to F(ab’)2 (42.78 uM, 0.01 M sodium
phosphate, 0.25 M sodium chloride, pH 7.6) and incubated at 37 °C for 2 hours. The
mixture was dialysed (3.5 kDa molecular weight cut off) extensively against PBS.
Labelling was carried out under nitrogen and in the dark. 20 fold molar excess of
freshly prepared tetramethylrhodamine-5-maleimide (10 mM in DMSO) was added
to the reaction mix and incubated at room temperature for 2 hours. The reaction was
stopped by adding excess mercaptoethanol. The labelled F(ab’)2 was then dialysed
(3.5 kDa molecular weight cut off) against PBS extensively. The successful
purification and labelling of Fc and F(ab’)2 was confirmed by dot blot against protein
A and L.
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3.2.14 Multiple Protein Patterning on Aryl Azide
Conjugated Dextran Surfaces

Two protein combinations were used for patterning of multiple proteins on surface a
control pattern, using IgG-FITC and NeutrAvidin, and an application pattern, using
protein L and protein A. Stock solutions of IgG-FITC (500 nM) and protein L (10
uM) were used, made up as described in §3.2.12. Stock solutions of NeutrAvidin (1
uM), protein A (10 uM) and biotin-4-fluorescein (1 pM) were made up in 0.1 M
phosphate buffer saline (PBS, pH 7.4). Glass surfaces with patterned alignment
marks, fabricated as described previously (§3.2.1 and 5.6) were conjugated with
AACD using the same method as surfaces in §3.2.9. To pattern multiple proteins an
alignment system was used, which was built in-house with help from Dr. Nic Perney.
The surfaces were attached to a sample holder platform (Figure 3-9 (a)) with double
sided tape (Fisher Scientific, UK) to prevent the sample from moving, while allowing
simple removal after processing. The sample was aligned, using the mask holder

platform (Figure 3-9 (b)), close to the surface but without full contact.

Sample holder and
360° rotation stage

Chrome/Gold
photolithographic mask

Vertical
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{1 Mask holderand
tilt control

Horizontal
XY translation stage

Figure 3-9 Images of alignment setup containing a) XY translation stages and 360° sample rotation
stage (Newport), and b) chrome/gold mask XY and Z translation stages (Newport) and a tilt control
(Thorlabs).
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The alignment system shown in Figure 3-10 was then brought together and fine
alignment achieved. Once alignment was complete the mask was removed from the
surface and a 20 pL droplet of protein was deposited between the mask and sample.
The mask was then brought back close to the sample surface and re-imaged, to

ensure correct alignment, before placing the mask in full contact.
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Figure 3-10 Image of complete alignment setup with alignment mark and mask image capture
system (Gene Snap software), CCD camera (LW135M, Framos), lens (Comar, UK), 5x objective
(Carl Zeiss, UK), dichroic mirror (Comar, UK), and white light source (Thorlabs, UK)) shown over
the sample holder/mask platform system used for surface alignment.

The image capture system was then removed and replaced by the UV
illumination setup shown in Figure 3-11 (see overleaf). A 500W Hg(Xe) UV lamp
(Oriel-Newport, UK) was used for illumination, through a 280 nm long-pass filter
(Schott glass, 280 GY 25, Comar, UK), for 10 seconds at a power density of 1
mW/cm2, measured using a UV power meter (365 nm head, Karl Suss). The aligned
mask/sample was first blocked from the UV beam, using aluminium foil and the
electronic shutter (Oriel-Newport, UK) opened. The beam trajectory was aligned to
fall upon the mask/sample through the 280 nm longpass filter. The shutter was then

closed and the aluminium foil removed from blocking the mask/sample. The shutter
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was then opened, allowing UV to illuminate the mask/sample, for 10 seconds before
being closed. The mask was then carefully retracted from the surface and the
sample pealed from the rotation platform. Next surfaces were rinsed with deionised
water to remove any un-conjugated protein then dried under nitrogen. The sample
was then returned to the rotation platform and the process repeated using the next

set of alignment marks and a second protein solution.

500W HgXe
UV lamp source

Mask holder
platform

Sample holder
platfrom

e AL

Figure 3-11 Image of the illumination setup. The 500W Hg(Xe) UV lamp (Oriel-Newport, UK) has
a digital shutter (Oriel-Newport, UK), which when opened illuminates the 45° mirror (Comar, UK),
which reflects light through the 280 nm longpass filter (Comar, UK) onto the aligned mask/sample
below.

After illumination samples were washed in deionised water for 1 hour
followed by a 1 % (w/v) BSA wash for 1 hour. Samples conjugated with IgG-FITC
first then NeutrAvidin had a 10 pL droplet of biotin-4-fluorescein (1 uM) deposited
on the surface and spread with a glass coverslip (22 x 50 mm, Fisher Scientific, UK).
Surfaces were incubated for 40 minutes before washing in deionised water for 1 hour
and imaging by fluorescence microscopy (Axio Observer, Carl Zeiss, UK). The
surfaces conjugated with protein A and protein LL had a 10 uLi droplet of IgG-FITC
(500 nM) deposited on the surface and spread with a glass coverslip (22 x 50 mm,
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Fisher Scientific, UK) for single binding studies. For specific binding studies a 10 uL
droplet of rhodamine labelled F(ab’)2 (2.2 uM) was used instead of IgG-FITC (500
nM). Surfaces were incubated for 40 minutes before washing in deionised water for
1 hour and imaging by fluorescence microscopy. Filter set 15 and filter set 9 (Carl
Zeiss, UK) were used to analyse the rhodamine and FITC surfaces, by fluorescence

microscopy, respectively.

3.2.15 Protein Surface Concentration Analysis

AACD surfaces were prepared using the same protocol as described previously
(§3.2.9). A 5 uL droplet of protein L (10 uM) was deposited on the surface and spread
with an 18 x 18 mm glass coverslip. The whole surface was illuminated using the
same 500 W Hg(Xe) UV lamp (Oriel-Newport, UK), through a 280 nm long-pass filter
(Schott glass, 280 GY 25, Comar, UK), for 10 seconds at a power density of 1
mW/cm2, measured using a UV power meter (365 nm head, Karl Suss). The surfaces
were then washed in deionised water for 1 hour, followed by a wash in 1 % (w/v) BSA
wash for 1 hour to block the surface. The protein L surface was then rinsed in
deionised water and dried under nitrogen. A 10 uL droplet of IgG-FITC (500 nM)
was deposited on the protein L patch and spread over the whole surface using a 22 x
50 mm glass coverslip and incubated for 40 minutes. Finally, the surface was

washed in deionised water for 1 hour and dried under nitrogen before stripping.

To strip the surface a 10 mL solution of sodium hydroxide (0.1 M, pH 12) was
used. The IgG-FITC/protein L chip was placed in a petri dish (5 cm diameter) and 1
mL of the sodium hydroxide solution deposited over the patterned surface. The
surface was placed on a shaker at 30 rpm for 30 minutes before the solution was
removed. The solution was neutralised with 6 ul. of 5 M hydrochloric acid before
aliquoting into 500 uL vials for freeze drying. The samples were frozen in liquid
nitrogen and then placed under vacuum in a freeze drier (Perkin Elmer, UK) and left
overnight. The samples were re-suspended in 200 pL of PBS buffer (0.1M, pH 7.4)
and the fluorescence of the solution analysed using a fluorimeter (Perkin Elmer,
UK). The solutions were excited at a wavelength of 494 nm and the emission

scanned between 500 and 560 nm.

To determine the concentration of IgG-FITC stripped from the surface a

standard curve of fluorescence intensity against concentration was produced. Serial
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dilutions of IgG- FITC were made to produce concentrations of between 50 and 500
nM. A 200 uL sample of each concentration was treated with 1 mL of 0.1 M sodium
hydroxide (pH 12) for 30 minutes before neutralising with 6 pl. of 5 M hydrochloric
acid. The samples were freeze dried under the same conditions and re-suspended in
200 pL of PBS (0.1 M, pH 7.4). Each concentration was analysed by fluorimetry
using an excitation wavelength of 494 nm and the emission scanned between 500

and 600 nm.



Bioconjugation of Micron and
Submicron Protein Motifs on
Silicon Surfaces

4.1 Introduction

Many challenges still remain with respect to selective bioconjugation of proteins to
surfaces in defined micron sized patterns. The creation of highly dense, reproducible
patterns of protein conjugated on a surface, where the protein retains specific
recognition for analyte is key [50]. Further criteria include: defining patterns with
submicron scale resolution and producing a homogeneous orientation upon the
surface. To achieve the criteria set it is advantageous to ensure biomolecular
recognition molecules are covalently linked by a method that later allows integration

of a microfluidic channel.

As discussed in Chapter 2, the conjugation of DNA to silicon surfaces was
achieved in far higher densities than for any other substrate [128] and thus the
investigation of protein conjugation on silicon is warranted. Silicon is a robust
atomically flat substrate with a low intrinsic autofluorescence [297] that has been
utilized in the fabrication of microfluidic devices [50]. Described here is a UV
initiated conjugation reaction to covalently attach a heterobifunctional cross-linker
onto a hydrogen terminated silicon <100> surface. Previous work has revealed that
the cross-linker undecylenic acid N-hydroxysuccinimide (UANHS) is capable of
producing highly dense patterns of DNA with excellent reproducibility on silicon
[128].
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4.2 The Fabrication of Photolithographic
Masks for Silicon Patterning

In order to produce highly dense patterns of protein a photolithographic mask was
required. The mask defines where the UV light illuminates the surface, which
directs the conjugation of the bifunctional linker. The mask can also be used to align
the protein patches for integration with a microfluidic channel. The protocol used to

fabricate chrome/gold photolithographic masks is described in §3.1.2.

Transmission images of the chrome/gold patterned masks produced after
fabrication are shown in Figure 4-1. The image shows white lines, which are
transparent regions, where the chrome/gold has been etched to form the pattern.
The scale of the features correlates to within <1 um of the original mask design.
Results taken from the whole surface recorded 120 lines of 10 um x 2 mm dimensions

as defined from the original mask pattern.

a) ||
20um
(u

Figure 4-1 Transmission image of 10 um features of the Chrome/Gold Photolithography mask
captured at (a) EC Plan-Neofluar 10x objective and (b) a LD A-Plan 63x objective.
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4.3 Photopatterning of Alkene Patterns on
Silicon

4.3.1 Synthesis of Undecylenic Acid N-
Hydroxysuccinimide ester

The protocol used to synthesise and characterise UANHS, by NMR, is
described in §3.1.1. The NMR assignment, in Figure 4-2, was consistent with that
for UANHS described by Yin et al. [131].

11 O
H 10 8 6 4 2 o
= 1 ~
9 7 5 3 N
0
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'H NMR (400MHz, CDCls) § 5.81 (1H, ddt, = 17.1, 10.0, 6.5Hz, H'%), 4.98 (1H,
ddd, J = 17.1, 3.5, 1.5Hz, H'?), 4.92 (1H, ddt, J = 10.0, 2.0, 1.5Hz, H11), 2.59 (2H,
t, J = 7.5 Hz, H?), 2.03 (2H, qt, J = 7.01, 1.5Hz, H?), 1.74 (2H, qn, J = 7.47, H?)
1.46-1.34 (4H, m, H4#), 1.36-1.27 (6H, m, H>6.7);

Figure 4-2 NMR spectra assignment of undecylenic acid N-hydrosuccinimide (UANHS)

4.3.2 Scanning Electron Microscopy of
Photopatterned Silicon

Surfaces were Photopatterned with UANHS and analysed using SEM, as described
in §3.1.4. The images in Figure 4-3 (see overleaf) show 10 um lines, of UANHS,
patterned on the silicon surface. The number of lines and periodicity of the features
are consistent with the features defined on the chrome/gold mask. The contrast
change seen in the image is due to a change in the secondary electron profile, on
conjugation of the UANHS. No pattern was observed on control samples, which were
not coated with UANHS, indicating the pattern is a result of the conjugation of
UANHS on the silicon surface.
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(a) (b)
Figure 4-3 SEM image of UANHS derivatised surfaces with 10 pm features. Captured at (a) 350x
magnification and (b) 800x magnification.

4.3.3 X-ray Photoelectron Spectroscopy of
Photopatterned Silicon

The first application of X-ray photoelectron spectroscopy (XPS), or electron
spectroscopy for chemical analysis, was demonstrated in 1967 by Siegbahn and co-
workers [298]. The research described the irradiation of a sample with X-rays
causing the emission of photoelectrons, which were detected to produce an energy
spectrum. The principle is governed by the photoelectron effect described by

Einstein in 1905. The process can be represented by the equation:
KE = hv - BE

where the kinetic energy of the emitted photoelectron (KE) is equal to Planck’s
constant, A (6.62x10-3¢ J s), multiplied by the frequency of radiation, v (Hz), minus
the binding energy (BE) of the electron. All elements, except hydrogen, have core
electrons whose binding energy levels are characteristic of the specific element.
Each element will therefore produce a characteristic set of peaks in the photoelectron
spectrum [299]. The peak intensity can be used to quantify the concentration of the
element within the sampled region. Quantification of chemical changes to the
element, from oxidation or bond formation, can be determined from chemical shifts
in the peaks. The local chemical environment has an effect on the binding energy,
which can be used to characterise bonding. The XPS protocol is limited to probing
chemistry within the first 5-10 nm of the surface, dependent on the X-ray source
used. The reason for this is that, once emitted, the photoelectron can only penetrate
a certain distance before undergoing scattering. This distance is dependent on the

initial kinetic energy of the photoelectron and the nature of the solid [300].
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Surfaces were prepared as described in §3.1.5 for analysis by XPS. The full

XPS spectra for UANHS and NeutrAvidin functionalised silicon can be seen in

Appendix D (1.1 and 1.2). The main peaks are given below and assigned to specific

HN

surface chemistry.

(@) (b)

Figure 4-4 Illustration of the two surface modifications involved in conjugating protein with silicon
including: (a) Conjugation of UANHS with silicon and (b) Immobilisation of NeutrAvidin on the
UANHS conjugated surface.

The peaks shown in Figure 4-5 (see overleaf) were measured from silicon
surfaces conjugated with UANHS, as illustrated in Figure 4-4 (a). The three carbon
peaks of Figure 4-5 (see overleaf) (a) (285.2, 286.89 and 289.09 eV) can be attributed
to the aliphatic carbon chain, the a-carbons adjacent to the carbonyl carbon atoms
and the carbonyl carbon atoms respectively [137]. The single peak at 400.6 eV,
shown in Figure 4-5 (see overleaf) (b), is from the nitrogen of the V-

Hydroxysuccinimidyl-ester on the silicon.
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Figure 4-5 Peak fitting of data from XPS experiments (see §3.1.5) carried out on UANHS
conjugated surfaces showing a) peaks assigned to carbon bonds and b) peaks assigned to
nitrogen bonding

The peaks shown in Figure 4-6 (see overleaf) were measured from UANHS
modified silicon surfaces conjugated with NeutrAvidin, as illustrated in Figure 4-4
(b) (see page 89). The introduction of a peak at 288.06 eV is characteristic of the
amide bond present in peptide linkages of NeutrAvidin and formed by the
conjugation of the protein onto the UANHS surface [301, 302]. The observation of
two nitrogen peaks at 400 eV and 401 eV, compared with one at 400 eV for UANHS
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surfaces, shows the clearest evidence for the immobilisation of NeutrAvidin on the

surface [302].
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Figure 4-6 Peak fitting of data from XPS experiments (see §3.1.5) of NeutrAvidin

conjugated silicon surfaces showing a) peaks assigned to carbon bonds and b) peaks
assigned to nitrogen bonding.

The XPS data presented here shows that the silicon surface has been
successfully modified with UANHS, which was then used for the subsequent
conjugation of NeutrAvidin, as illustrated in Figure 4-4 (a) and (b) (see page 89).
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4.4 Immobilisation of Proteins on Alkene
Patterned Silicon

4.4.1 Conjugation of Streptavidin

First attempts at patterning the silicon surface with protein used streptavidin-FITC
as a model protein. Streptavidin is commonly used for attachment to surfaces as it is
a potential intermediate to allow further conjugation based upon the affinity reaction
with biotin [273]. First trials used streptavidin-FITC to determine directly if protein
could be conjugated to a UANHS patterned silicon surface. The structures in Figure

4-7 shows the stages involved in conjugating the streptavidin-FITC to the surface.
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Figure 4-7 Chemical structures of the surface modifications used to produce the images in Figure

4-8 (see overleaf) including: (a) Conjugation of UANHS to silicon and (b) Conjugation of
streptavidin-FITC.

Fluorescence images of the streptavidin-FITC (10 uM) immobilised surface can be
seen in Figure 4-8 (see overleaf). The attachment protocol is effective at conjugating
a reproducible pattern of streptavidin-FITC to the UANHS patterned surface. The
next stage of conjugation analysis was to determine if once bound to the surface the

protein retained recognition properties.
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Figure 4-8 Epifluorescence images of streptavidin-FITC (10 uM) captured using (a) an LD A-Plan

20x objective, 5 second image capture and (b) an EC Plan-Neofluar 10x objective , 3 second image
capture.

To analyse whether the protein remained binding specificity upon patterning
the surface was conjugated with streptavidin (10 uM), and visualised by incubation
with biotin-FITC (1 uM). The surface processing, illustrated in Figure 4-9, involved
conjugation of streptavidin with the UANHS patterned surface before incubating
with fluorescently labelled biotin. To reduce non specific biomolecule adsorption the

protocol included a 1 % (w/v) BSA wash, as described in §4.4.
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Figure 4-9 Chemical structures of the surface modifications used to produce the images in Figure
4-10 (see overleaf) including: (a) Conjugation of UANHS to silicon, (b) Immobilisation of
streptavidin and (¢) Incubation of the streptavidin immobilised surface with biotin-FITC.

The images in Figure 4-10 (see overleaf) show the fluorescent pattern
revealed upon incubation of the streptavidin surface with fluorescently labelled
biotin. The images show the retention of recognition between the immobilised

streptavidin and the fluorescently labelled biotin. The retention of recognition



4.4 Immobilisation of Proteins on Alkene Patterned Silicon 94

properties by the immobilised biomolecule is paramount for the development of

functional protein patches aligned within a microfluidic channel.

Figure 4-10 Epifluorescence image of biotin-FITC (1 uM) bound to streptavidin (10 uM) derivatised
surfaces captured with (a) an EC Plan-Neofluar 10x objective, 3 second image capture and (b) an
LD A-Plan 20x objective, 5 image capture.

4.4.2 Conjugation of Single Domain Protein L

Having attached streptavidin to the surface successfully and shown that the binding
properties for biotin were retained, the single binding domain PpLssis was similarly
attached to the surface. The difference between single domain protein L and
multidomain protein L are discussed in §2.2.4.1. The steps taken to immobilise
PpLssie on the surface are shown in the chemical structures in Figure 4-11 (see
overleaf). The surface was incubated with PpLasis (10 uM) and subsequently
incubated with fluorescently labelled polyclonal mouse IgG (500 nM) to reveal the

protein patterned surface.

Samples were analysed, using the protocol described in §3.1.6 with and
without a 1 % BSA wash to determine how effective the step was at preventing
surface fouling when using fluorescently labelled IgG. Silicon itself has low auto-

fluorescence which makes it a good substrate for fluorescent imaging.

A key problem in the site specific immobilisation of protein is biofouling by
biomolecules during incubation. When these biofouling molecules are fluorescent
they mask specific interactions taking place on the surface compared with the non
specific interactions. To prevent such fouling BSA, which is anticipated to adsorb on
the surface, is used to provide a barrier that will reduce the association of fluorescent

biomolecules of interest with the surface thus preventing non specific adsorption.
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Figure 4-11 Chemical structures of the surface modifications used to reveal the immobilisation of
PpLsasis on silicon, including: (a) Conjugation of UANHS to silicon, (b) Immobilisation of PpLssis
and (c) Incubation of the PpLasis immobilised surface with IgG-FITC.

Figure 4-12 (a) shows a PpLssie (10 uM) patterned surface incubated with
fluorescently labelled polyclonal mouse IgG (500 nM) without blocking with 1 %
BSA. High levels of non specific binding can be observed over the surface, which
mask any specific interactions. Conversely Figure 4-12 (b) shows a surface made
using the same protocol with the addition of a 1 % BSA wash for 1 hour. The
blocking step clearly reduces the non-specific binding of fluorescent IgG with the
surface. The contrast between the pattern and the background is greatly increased

and specific surface interactions can be observed.
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Figure 4-12 Epifluorescence image of IgG-FITC (500 nM) bound to PpLssis (10 uM) derivatised
surfaces incubated after (a) no BSE pre-wash and (b) a 1 % BSA pre-wash. Both images were
captured using an EC Plan-Neofluar 10x objective with a 4 second image capture.

Analysis of different buffer conditions showed no significant change in the
reproducibility of PpLssie patterning. Experiments therefore used the original buffer

solution, 0.1 M sodium carbonate, which gave the best results. The buffer was kept
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at pH 8.4 to ensure amine groups present on the PpLssis remained in a de-
protonated form allowing non-charged amine groups to interact with the ester group
on the UANHS patterned surface. A high pH increases the rate of hydrolysis of the
NHS-ester groups [201]; however the conditions used here showed no significant

prevention of protein conjugation, thus negating the need to reduce the pH of the

buffer.

To improve reproducibility, the effect of changing the UV power density and
exposure time on PpLssie conjugation was analysed. The protocol described in §3.1.6
was used with changes to the power density investigated. Surfaces processed with
recorded power densities of 1, 3 and 5 mW/cm? were analysed. Samples that were
exposed to power densities >1 mW/cm2 showed over exposed regions, which did not
conjugate proteins. The protocol described in §3.1.6 was then used with changes to
the time of exposure. Samples were illuminated at 1 mW/em? for 1, 3, 5, 10 and 15
minute illumination times. All samples prepared with an illumination time below 5
minutes showed no protein conjugation and above 5 minutes showed overexposure.
5 minutes was therefore used as the threshold time for conjugation to occur using
the setup defined. Examples of PpLssis surfaces incubated with IgG-FITC that have
been over and underexposed can be seen in Figure 4-13 (a) and (b) respectively (see
overleaf). Finally the protocol described in §3.1.6 was used to investigate the effect
of using different protein buffer conditions on conjugation. Results showed samples
prepared using 0.1 M sodium carbonate buffer produced more reproducible results

compared with samples prepared using the other buffers analysed.

The work described led to the determination of a set of conditions that gives
reproducible coverage of PpLssis patterns on the surface of silicon. The optimised

parameters are:

Use of a 254 nm bandpass filter
A recorded surface power density of 1 mW/cm?

An 1llumination time of 5 minutes.

L

A PpLssie concentration of 10 uM dissolved in a 0.1 M sodium carbonate
buffer (pH 8.4).
5. Incubation with 1 % BSA solution for 1 hour before fluorescent probe

incubation.
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The samples displayed in Figure 4-14 show a characteristic surface produced
with the optimised parameters, with a surface coverage of ~80 %. The variations in
intensity over the lines may be a sign of reduced coverage as a result of different
accessibility of the PpLssis with IgG-FITC.
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Figure 4-13 Images of IgG-FITC (500 nM) bound to PpLsasis (10 uM) derivatised surfaces that have
been (a) over and (b) under exposed. Images were captured with an EC Plan-Neofluar 10x
objective, 5 second image capture.

Figure 4-14 Images of IgG-FITC (500 nM) bound to PpLsasis (10 uM) derivatised surfaces captured
with an EC Plan-Neofluar 10x objective, 5 second image capture.

4.4.3 Conjugation of Multidomain Protein L

Experiments involving multidomain protein L, carried out using the protocol
described in §3.1.6, did not react as well using the optimised conditions determined
for PpLssie. The images in Figure 4-15 show results obtained with the multidomain
protein L (10 uM) on incubation with IgG-FITC (500 nM). The first striking feature
is the increased intensity within the patterned lines compared with patterns of
PpLssis. This is not unexpected as multidomain protein L has 5 possible Ig binding
domains (see §2.2.4.1), compared with one Ig binding domain in the case of PpLsa3is,
which may increase the number of IgG molecules able to bind. The other noticeable

feature is that the conjugation is not reproduced over the whole surface, as only
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patches of functional protein are observed on the surface. The steps taken to
immobilise multidomain protein L on the surface are shown in the chemical

structures in Figure 4-16 .

W -
-1004" L e

Figure 4-15 Images of IgG-FITC (500 nM) bound to protein L (10 uM) derivatised surfaces captured
with an EC Plan-Neofluar 10x objective with a 1 second image capture.
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Figure 4-16 Chemical structures of the surface modifications used to produce the images in Figure
4-15 including: (a) Conjugation of UANHS to silicon, (b) Immobilisation of multidomain protein L
and (c) Incubation of the protein L immobilised surface with IgG-FITC.

4.4.4 Conjugation of NeutrAvidin

Further work to improve the reproducibility of the pattern did not provide improved
results. To determine why the protocol was not working a previously successful
model system (NeutrAvidin) was analysed. This was to determine if the result was

protein specific or a problem with the batch of silicon or alkene being used.
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Figure 4-17 Chemical structures of the surface modifications used to produce the images in Figure
4-18 including: (a) Conjugation of UANHS to silicon, (b) Immobilisation of NeutrAvidin and (c)
Incubation of the NeutrAvidin immobilised surface with biotin-FITC.

To circumvent the conjugation problems associated with direct conjugation of
multidomain protein L the protocol described in §3.1.6 was used to conjugate
NeutrAvidin (1 puM) to the surface. By conjugating the surface with avidin, which
had been shown to conjugate previously (§4.4.1), the biotin/avidin reaction could be
used to conjugate a biotin modified protein. The steps taken to immobilise
NeutrAvidin on the surface are shown in the chemical structures in Figure 4-17 (see
previous page). NeutrAvidin was chosen as this protein is neutrally charged
compared with streptavidin, which may reduce electrostatic adsorption. First it was
confirmed whether NeutrAvidin was capable of forming reproducible protein
patches, with retained protein viability. Figure 4-18 shows a NeutrAvidin (10 uM)
surface incubated with biotin-FITC (1 uM), the surface shows a reproducible

intensity over the surface. The contrast between the motif and the surface

demonstrates the prevention of biofouling on the silicon surface.

Figure 4-18 Epifluorescence images of biotin-FITC (1 uM) bound to a NeutrAvidin (10 puM)
conjugated surface captured at LD A-Plan 20x objective with (a) a 5 second image capture and (b) a
4 second image capture.
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4.4.5 Conjugation of Biotinylated Protein A

NeutrAvidin (10 uM) was conjugated to surfaces using the protocol described in
§3.1.6. The NeutrAvidin was then used as a surface anchor for subsequent
attachment of a biotinylated protein A (1 uM). The surface was then incubated with
fluorescent murine IgG (500 nM) to analyse if the protein A remained viable on the
surface. The images in Figure 4-19 clearly shows the addition of the NeutrAvidin
prior to protein A-biotin conjugation allows the protein A to remain viable when
conjugated to the silicon surface. The steps taken to immobilise biotinylated protein

A on the surface are shown in the chemical structures in Figure 4-20.

m
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Figure 4-19 Epifluorescence images of IgG-FITC (500 nM) bound to a protein-A biotin (1 pM) ,
which is associated to a NeutrAvidin (10 pM) immobilised surface taken using a) an EC Plan-

Neofluar 10x objective, 3 second image capture and b) an LD A-Plan 20x objective, 5 second image
capture.
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Figure 4-20 Chemical structures of the surface modifications used to produce the images in Figure
4-19 including: (a) Conjugation of UANHS to silicon, (b) Immobilisation of NeutrAvidin, (c)
Incubation of the NeutrAvidin surface with biotin-protein A and (d) Incubation of the protein A
terminated surface with IgG-FITC.



4.5 Submicron Patterning of Protein on Silicon 101

4.5 Submicron Patterning of Protein

The chrome/gold masks fabricated using the protocol described in §4.2 are not
suitable for submicron patterning. To pattern protein motifs at the submicron scale
a phase mask was used. The illustration in Figure 4-21 shows the formation of an
interference pattern produced by the phase mask. The features fabricated in the
phase mask cause the beam to diffract generating two outgoing beams. This creates

an interference pattern dependent on the period of the phase mask used.

Illumination

Phase Mask
Sample

+2. order -2. order

|

0. order

+1. order -1. order

Figure 4-21 The phase mask uses a +1/-1 order principle, where light is diffracted equally into the
plus first and minus first orders. Self-interference between these two orders creates an interference
pattern with half the pitch of the Phase mask pitch (Reprinted with permission from Ibsen
Photonics).

Figure 4-22 (see overleaf) shows an SEM image of a submicron patterned
UANHS surface with 140 nm wide features. Surfaces incubated with fluorescently
labelled streptavidin showed concurrent patterns with the same dimensions as
observed under SEM (Figure 4-23) (see overleaf). The results demonstrate that
submicron patterns of protein on silicon are achievable, which represents a

significant achievement.
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Figure 4-22 SEM image of UANHS derivatised Figure 4-23  Epifluorescence image of
surfaces with 140 nm features (magnification streptavidin-FITC (1 uM) conjugated surfaces.

x15,000) Imaged wusing a Plan-Apochromat 100x oil
immersion objective, 11.2 millisecond image
capture.

4.6 Summary

High densities of DNA conjugated with silicon surfaces had been achieved
previously [128]. In fact, based upon a literature review, silicon was found to have
the highest density of DNA conjugated with the surface compared with other
substrates [130, 145]. Silicon therefore warranted investigation to determine if high
density patterns of protein were achievable. Protein conjugation techniques were
based upon the work of Huabing Yin [128, 131], which describes the covalent
attachment of DNA oligonucleotides to the surface of silicon <100>. The protocol was
modified to attach proteins onto silicon including: streptavidin, NeutrAvidin, single
domain protein L and multi domain protein L. The effect of buffer, UV power
density, and illumination time on the reproducibility of patterning was investigated.
Prevention of non-specific binding was examined resulting in the integration of a

blocking step using 1 % BSA to reduce biofouling.

The linker, UANHS, used to conjugate protein on the silicon was successfully
characterised by NMR and chemically modified surfaces were analysed by XPS. The
NMR data was comparable with results published by Yin et al. [128], which used
UANHS to conjugate DNA with silicon. The XPS data was also compared with
published results, demonstrating that UANHS was successfully conjugated with the
silicon surface [137]. The XPS data also confirmed that the UANHS remained
functional, allowing the subsequent immobilisation of NeutrAvidin [302]. This

study, similar to research undertaken with DNA [128], demonstrated that submicron



4.6 Summary 103

scale motifs of protein were achievable. Feature sizes as small as 140 nm were
possible using the silicon patterning technique described in this thesis. Patterns of
streptavidin, NeutrAvidin and single domain protein L. were reproducible. The
successful conjugation of submicron scale protein motifs on surfaces that prevent non
specific adsorption, shown here, is vital to the development of microfluidic

technologies.



Bioconjugation of Multiple Micron
Sized Protein Patterns on (Glass
Surfaces

5.1 Introduction

The results presented in Chapter 4 demonstrate that photolithography can be used
as a method to fabricate bioconjugated micron and submicron patterns of protein on
silicon. It was found that the surface was prone to biofouling and non specific
adhesion. To build upon the work described in Chapter 4, a protein attachment
technique was devised that is based upon conjugation via a surface ‘spacer’ to the
protein. The method integrated photoinitiated conjugation of protein with biofouling
prevention and minimised the requirement of a cleanroom environment for surface
processing. To date no patterning method has incorporated (i) an anti-fouling
dextran layer, (i1) silane chemistry and (ii1) a photolithographic method together to
create protein patterns on a surface. The material of choice for this work was glass,
a low cost transparent substrate, but the process would be expected to be useful for

bioconjugation of protein to any silicon oxide surface.

The work presented in this chapter focuses on the development of a novel
method to attach multiple proteins to a surface using a dextran modified with a
photocrosslinker. The method allows for the sequential conjugation of different
protein motifs to the surface. Full characterisation of surfaces and intermediates are

described.

104
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5.2 Protein Patterning on Glass Surfaces

Glass surfaces have received a lot of attention in the development of protein
microarray technology, as it is a compatible surface with current DNA microarray
hardware and software tools [64]. The process of silanisation, as described in §2.3.1,
has been used previously as a method to modify surfaces for conjugation with
proteins [303]. Typically the surface is cleaned and oxidised, using chemical [304] or
plasma oxidation [305], increasing the proportion of hydroxide groups on the surface.
This leaves a hydrophilic surface available to undergo a condensation reaction with
free silanols to covalently couple the silane to the surface. The important group, in
terms of protein patterning, is the variable R-group which is presented on the

surface once silanisation has taken place.

5.2.1 Evaluation of Methods used to Silanise Glass

Glass surfaces described in this chapter were modified with a silane linker, 3-
glycidoxypropyltrimethoxysilane (GOPS), to present a monolayer on the surface
terminated with epoxide groups. A more common method involves the use of APTES
for surface functionalisation, because of the reactivity of the amino terminated
surface. Work by Yu et al. [306] demonstrates the use of APTES to attach dextran to
PDMS surfaces, for the subsequent patterning of antibodies, within a microfluidic
device. Silanes have also been directly conjugated or modified to produce aldehyde
[307], poly(lysine) [308], NHS-ester [309], carboxyl [310] and maleimide [311]
functional groups on surfaces. As well as being used to modify glass with
chemistries that can conjugate biomolecules, silanes can also be terminated with
chemicals designed to passivate a surface. The work by Jo and Park [312]
demonstrated the conjugation of a silane with a polyethylene glycol, directly coupled

to the silane, capable of preventing non-specific protein adsorption.

Aspects of the silanisation process have been studied in an attempt to
produce a reproducible dextran layer on the surface. Different solvents have been
used for the liquid phase deposition of silanes including ethanol [313], isopropanol
[203], acetone [314], and toluene [150], amongst others [315]. The work by

McGovern et al. [315] found that the use of toluene gave uniform, high density, films.
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This was attributed to the ability of toluene to extract water from the substrate,
required to hydrolyse the silane, which produces free silanols that are able to couple
with the surface. The amount of silane used also affects the silanisation process
significantly, as the higher the concentration of silane, the more water is required for

silane hydrolysis to occur.

In this chapter the effect of silane concentration and silanisation time are
studied to determine which conditions are best suited to increase the reproducibility
of a dextran-FITC layer on the glass surface. The solvent conditions, pre and post
bake temperatures and the use of a nitrogen atmosphere for silanisation are
integrated into the method based on previously published work [203, 315]. The wide
range of potential surfaces and possible biologically active chemistries compatible

with silane chemistry, make it suitable for a universal attachment methodology.

5.2.2 Conjugating Protein to Dextran Surfaces

As outlined in §2.3.2 dextran is a naturally occurring carbohydrate composed of a
chain of glucose units. The chain is formed of a main chain of a-1,6-glycosidic
linkages [316], between glucose monomers, that generate a hydrophilic polymer.
Dextran has been used widely in the development of surface plasmon resonance
based biosensors [317, 318]. Commercially available Biacore chips (Biacore AB,
Uppsala, Sweden) use carboxymethyl dextran (CMD) surfaces with different chain
lengths, suitable to different applications. The CM-5 surface, considered the most
versatile chip, is formed of a 500,000 MW CMD coupled to a gold surface
(www.biacore.com). An illustration of a CMD coupled to a gold surface is shown in
Figure 5-1 (see overleaf). The paper by Lofas et al. [319] describes methods for the
chemical modification of CMD surfaces, used to couple biomolecules, for application
in surface plasmon resonance systems. The methods described do not use a
photochemical reaction to attach biomolecules to the surface and are therefore

incompatible with protein patterning using photolithographic techniques.

To produce a surface capable of conjugating proteins using photolithography a
method of attaching a photocrosslinker to the dextran, prior to immobilising the
modified dextran on the surface, was required. The work by Elender et al. [203]
described a simple methodology to covalently couple dextran to glass surfaces using

GOPS. The oxirane ring undergoes a ring-opening reaction with hydroxyl groups
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[320], present on the dextran, which can be used to form a covalent bond between the
dextran and the surface. The resulting dextran surface has been used to attach
biomolecules by conversion of the dextran to CMD, which can be modified to present
NHS-ester moieties [296, 321]. This process uses a carbodiimide (IV,N'-
dicyclohexylcarbodiimide (DCC) [322], N,N'-diisopropylcarbodiimide [321] and EDC
[296]) that reacts with carboxyl groups to form an unstable intermediate, which can
react with N-hydroxysuccinimide to form an NHS-ester [195]. The NHS-ester moiety
is capable of covalently binding proteins by reacting with amines on the protein

surface to form an amide bond.
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Figure 5-1 Illustration of a gold surface modified with CMD, reprinted with permission from [323].

The methods outlined in §2.3.3.2 show the range of techniques that have been
applied to conjugate biomolecules by photoinitiation. The technique applicable to the
aims of this thesis needs to be effective at attaching multiple proteins covalently to a
surface. Patterning with photoresist is compatible with the production of multiple
protein motifs, by using specific solvent and environmental conditions [269].
However, the method described by Petrou et al. [269] is not suitable for the aims of
this thesis because the protein is adsorbed on the surface and not covalently
attached. As discussed in §2.3.3.1 protein adsorption is potentially reversible and
produces a heterogeneous protein orientation, which may change the proteins’
recognition properties. Ideally, protein patterns require covalent attachment such
that the protein remains stable and retains recognition properties. The use of caged
photochemistry is limited by the reactivity of the chemistry towards proteins once
de-protected. With any sequential patterning technique, a method to alter the
surface after de-protection (e.g. EDC/NHS modification) would impact the chemistry
of any proteins already bound with the surface. This is also true of any

photoattachment technique used to conjugate a protein reactive chemistry with the
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surface. For example the NHS-ester group of ANB-NOS can react with protein

conjugated surfaces prior to UV initiated immobilisation.

Both photodegradation of the surface and surface conjugated photolinkers are
suitable to the formation of multiple protein patterns. Aldehyde groups, formed by
photodegradation, can react with a protein to form a Schiff base, which can be
reduced to a stable amide bond. As the photolinker is immobilised on the surface it
cannot interact with protein immobilised prior to activation. Surface coupled
photolinkers have the same benefits of site specific activation without the potential
for unwanted cross reactions. When considering a method suitable to covalently
couple active patterns of multiple proteins, sequentially, a surface coupled
photochemistry is desirable. Surface bound photolinkers can conjugate proteins
upon photoinitiation and are suitable for integration with photolithography [324]. A
protocol is envisaged whereby a dextran, modified with an aryl azide photolinker,
can be immobilised on a surface for the subsequent conjugation of multiple protein
motifs. A proposed method to conjugate proteins using an aryl azide conjugated

dextran (AACD) is illustrated in Figure 5-2.

UV Illumination

R

a) b) c) d) e)

Figure 5-2 Illustration of the process envisaged to conjugate protein motifs on glass surfaces. Bare
glass (a) 1s silanised with GOPS (b), which when incubated with AACD conjugates the dextran
photolinker with the surface (c). Upon illumination with UV light a photoinitiated reaction forms a
covalent attachment with protein in solution (d). Using a photolithographic mask the site of
illumination can be controlled to produce protein motifs (e).

5.3 Optimisation of Conditions to
Immobilise Dextran on Glass

The first stage in the development of the proposed protocol was to optimise the
silanisation of glass for the conjugation of dextran to the surface. In the paper by
Elender et al. [203] a 30 % w/v, or 300 uM, solution of dextran is used for attachment
to the silanised surface. This is a high concentration of reagent. It was important

therefore to determine if such an excess was required for surface modification, or if
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the reagent use could be reduced, with no discernable effects on the reproducibility of

the resulting layer.

The images shown in Table 5-1 depict results obtained using three
concentrations of dextran-FITC attached to glass surfaces silanised with 1 % GOPS
for between 5 minutes and 24 hours. The black regions of the image show the
background signal from the bare glass substrate, while the grey and white regions
show the dextran-FITC immobilised surface. Results show that the dextran-FITC on
the surface silanised for 5 minutes has a lower intensity compared with the samples
silanised for 1 and 24 hours. After 1 hour there is a small increase in intensity

compared with surfaces silanised for 24 hours.

Dextran-FITC concentration (uM)

5 15 20

1 % GOPS

5 minute silanisation

1 % GOPS
1 hour
silanisation

1 % GOPS
24 hours
silanisation

Table 5-1 Table depicting the fluorescent edge of spots of dextran-FITC (5-20 pM) incubated with
silanised glass surfaces. Glass surfaces were prepared with a 1 % GOPS solution incubated with
the glass for between 5 minutes and 24 hours. All images were captured using an EC Plan-
Neofluar 10x objective with a 2 second image capture (Axio Observer, Carl Zeiss, UK) for
comparison.

The images shown in Table 5-2 (see overleaf) illustrate results obtained using
three concentrations of dextran-FITC attached to glass surfaces silanised with 0.1 %,
GOPS. When comparing these images with results found using 1 % GOPS there is a
marked improvement in the overall reproducibility of the dextran-FITC surfaces

produced. Therefore the use of 0.1 % GOPS compared with 1 % GOPS increases the
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intensity of dextran-FITC conjugated with glass surfaces. Unlike the results shown
in Table 5-1 the surfaces silanised for 1 hour and 24 hours in Table 5-2 show no
significant difference in fluorescence intensity. To determine the minimum dextran-
FITC concentration required, five images of each surface were captured under the
same conditions (10x magnification, 2 second image capture) and processed to
determine the minimum concentration that gave a reproducible intensity of dextran-
FITC. A set of 3 repeats of each surface concentration, prepared identically, were
analysed. The use of repeats improved the accuracy of the result and ensured the
process was reproducible. By preparing the samples in bulk using the same reagents
it was possible to negate a potential influence from processing abnormalities. The
surfaces were therefore prepared in parallel and each image was captured using the
same parameters for comparison. Each image was processed, using Matlab, to give
the mean greyscale value, and the average of the three values taken. The average
values were plotted on a graph showing the average grey scale intensity versus

dextran-FITC concentration, including the degree of error (Figure 5-3, see overleaf).

Dextran-FITC concentration (uM)

15

5 minute silanisation

1 hour
silanisation

24 hours
silanisation

Table 5-2 Table depicting the fluorescent edge of spots of dextran-FITC (5-20 pM) incubated with
silanised glass surfaces. Glass surfaces were prepared with a 0.1 % GOPS solution incubated with
the glass for between 5 minutes and 24 hours. All images were captured using an EC Plan-
Neofluar 10x objective with a 2 second image capture (Axio Observer, Carl Zeiss, UK) for
comparison.

The graph shows the greyscale intensity increases rapidly between 1 and 20

uM, after which the intensity plateaus out. For this set of processing conditions 20
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uM can be defined as the minimum concentration above which there is no significant
intensity increase. This concentration equates to a 30-fold reduction in dextran

required to give an appropriate surface, compared with previously published work
[203, 325].

The results presented in this section were evaluated to establish the best set
of conditions for the fabrication of a reproducible layer of dextran on glass surfaces.
A protocol involving the silanisation of glass for 1 hour in 0.1 % GOPS prior to

incubation with 20 pM dextran produced the most reproducible layer.
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Figure 5-3 Graph showing the average greyscale of surfaces incubated with different
concentrations of dextran-FITC, captured by epifluorescence microscopy (Axio Observer, Carl
Zeiss, UK). Each image was taken using an EC Plan-Neofluar 10x objective and captured with an
exposure time of 2 seconds. The average grey scales of 3 images were taken and the standard
deviation between the averages calculated.

5.3.1 Water Contact Angle Measurements of Glass
Surfaces Immobilised with Dextran

Water contact angle measurements were taken using the method described in §3.2.3.
The contact angle measurements, shown in Table 5-3 (see overleaf), demonstrate the
transition from a hydrophilic surface when clean to a more hydrophobic surface upon
silanisation with GOPS. The contact angle recorded is in agreement with previously
published data on GOPS silanised surfaces [43, 326]. The reduction in contact angle,
on immobilisation of dextran, demonstrates the hydrophilic properties of the long

chain polysaccharide.
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Glass oxidised in 1:1:5 Glass silanised with 0.1 GOPS silanised glass
H202:NH4OH % GOPS for 1 hour incubated with 20 pnM
‘H20 dextran for 12 hours
Contact
angle
surface
image | L l‘
Contact <900 61°45° <90°
angle

Table 5-3 Table of contact angle measurements taken at different stages of surface processing. All
images were taken of a 1 uLi droplet on the surface, in a humid chamber, using the same contact
angle measurement equipment (Kriiss DSA100). Drops were fitted using the sessile drop fitting
software (Kriiss) and an average contact angle was determined from 5 images.

5.4 Synthesis and Characterisation of an
Aryl Azide Conjugated Dextran

To create motifs of protein on glass surfaces immobilised with dextran, using
photolithography, the dextran on the surface needed to be modified with a
photolinker. To synthesise a photoreactive dextran a photoinitiator, 4-azidobenzoic
acid, was conjugated with the dextran to produce an AACD. The section describes

the synthesis and characterisation of the aryl azide conjugated dextran photolinker.

5.4.1 Characterisation of the Reactants and Product of
Aryl Azide Conjugated Dextran Synthesis by
Attenuated Total Reflection Fourier Transform
Infrared Spectroscopy

ATR-FTIR measurements were taken using the method described in §3.2.6. ATR-
FTIR is a technique for analysing the infrared (IR) absorption spectrum of a solid or
liquid. The instrument works by passing an IR beam at an angle of incidence
greater than the critical angle into a high refractive index crystal. The beam reflects
within the crystal a number of times before exiting onto a spectrometer. The
internal reflectance creates an evanescent wave on the surface of the crystal which
projects a few microns beyond the crystal surface. For successful analysis of solids

and liquids a surface contact to the crystal is crucial, due to the minimal penetration
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of the evanescent wave. Liquids are easy to coat the crystal while solids are used as
fine powders to allow them to be compacted into a solid disc at the crystal surface.
When in contact with wavelengths of the IR spectrum, energy can be absorbed
causing an attenuation of the evanescent wave. The attenuation to the IR beam is
transferred through the crystal to the IR spectrometer which is visualised as an IR
spectrum. ATR-FTIR was used to study the IR absorption produced by the reactants
and product of the AACD synthesis. The aim was to quantify the successful

conjugation of the 4-azidobenzoic acid to the dextran.
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Figure 5-4 ChemDraw image of the glucose units that make up dextran, and the bonds present in
the polymeric structure.
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Figure 5-5 FTIR spectrum showing the main IR absorption peaks of dextran (500 kDa). The
prominent bands are the O-H stretch at 3200 cm™! and the valent C-O and C-C vibrations at 1149

and 998 cm-1.
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Dextran (500 kDa) (Figure 5-4, see previous page) is a long chain
carbohydrate that consists of a-1,6 glycosidic linkages between glucose molecules,

and branching from a-1,4 linkages.

The FTIR spectrum (Figure 5-5) shows characteristic peaks of dextran. The
broad band in the region of 3332 cm-! is due to the hydroxyl stretching vibration of
the polysaccharide. The band in the region of 2918 cm-!is caused by a C—H stretch
vibration [327, 328]. The absorption peak at 915 cm-! indicates the existence of a-
glycosidic bond. The main characteristic bands found in the spectra of dextran at
1149, 1102 and 998 cm-! are due to valent vibrations of C—O and C—C bonds and
deformational vibrations of the CCH, COH and HCO bonds. The band at 1149 cm-!
is assigned to an exocyclic C-O stretch characteristic of the glycosidic bridge. The
peak at 1102 cm! is due to the vibration of the C—O bond at the C-4 position of
glucose. The presence of a peak at 998 cm! is due to the great chain flexibility
present in dextran around the a-1,6 glycosidic bonds as shown previously by Shingel

et al. [329].

OH

&
-

Figure 5-6 ChemDraw image of 4-azidobenzoic acid, showing the carboxylic acid and azide moieties
attached to a benzyl ring.

4-azidobenzoic acid (Figure 5-6) is a para di-substituted benzene with aryl

azide and carboxylic acid moiety.

The FTIR spectrum (Figure 5-7) shows characteristic peaks of 4-azidobenzoic
acid. The band in the region of 2102 cm-1is the characteristic absorption peak of the
azide group [211]. The absorption peaks at 1674, and 1280 cm-! indicate the C=0
and C-O stretch of the aromatic carboxylic acid respectively. The peaks distributed
between 1600 cm! and 1424 cm- ! are the main absorption bands associated with the
C=C and C-C vibrations distributed within the aromatic benzene structure. The
absorption at 856 cm! and 764 cm-! is typical of the C-H stretch and deformation

respectively.
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Figure 5-7 FTIR spectrum showing the main IR absorption peaks of 4-azidobenzoic acid). The peak
of interest is the azide peak at 2102 cm-L.
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Figure 5-8 ChemDraw image of the aryl azide conjugated dextran showing the modification of the
glucose units to conjugate the aryl azide moiety.

AACD (Figure 5-8) is a long chain carbohydrate that consists of a-1,6
glycosidic linkages between glucose molecules, and branching from a-1,4 linkages.
Some hydroxyl groups on the glucose are reacted to form ester linkages to an aryl

azide.

Like the dextran a band in the region of 3321 cm-!, due to the hydroxyl
stretching vibration of the polysaccharide, and a band at 2930 cm-!, due to C-H
stretching vibration, are observed in the FTIR spectrum of AACD (Figure 5-9, see
overleaf) [327, 328]. The presence of the peak at 915 cm-! indicates the retention of
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the a-glycosidic bond. The main characteristic bands at 1151, 1105 and 1000 cm-!
are due to the valent vibrations of C—O and C—C bonds and deformational vibrations
of the CCH, COH and HCO bonds as mentioned previously for dextran. The peaks
at 2127 ecm-1, 1603 cm-!, and 1277 cm-! are indicative of the introduction of the aryl
azide onto the dextran. The characteristic peak of azide can be seen at 2127 cm!,
along with the C=C peak at 1603 cm-!. The presence of the peak at 1714 cm'! and
the increase in intensity of the peak at 1005 cm-! represent the presence of the ester

group formed by the conjugation reaction.
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Figure 5-9 FTIR spectrum showing the main IR absorption peaks of aryl azide conjugated dextran.
The O-H stretch at 3200 cm™ and the valent C-O and C-C vibrations at 1149 and 998 cm! from the
dextran and the N=N and ester group are introduced at 2127 cm'! and 1714 cm! respectively from
the conjugated aryl azide.

5.4.2 Characterisation of Aryl Azide Conjugated
Dextran by Elemental Analysis

Elemental analysis was carried out using the method described in §3.2.7. The
results of the elemental analysis gave a constituent percentage of C 39.45 %, H 6.67
% and N 1.11 % for AACD. These percentages were used to calculate the mass
percentage contribution from the azide, aryl azide and the dextran. To calculate

these values a number of assumptions were made:

1. All the nitrogen measured was from the azide moiety.
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2. The remaining 52.77 % mass was from contributions from oxygen in the

AACD.

3. The formula C7H4N302 was used to define the aryl azide moiety.

4. The remaining mass present after taking into account the mass contribution

of the aryl azide moiety was from the dextran.

5. All the dextran contributions were from dextran with a molecular weight of

500,000.

Using this set of criteria the mass of each constituent of the AACD was calculated,

shown in Table 5-4.

Element Mass percentages from Mass Molecular Moles of each
elemental analysis (%) (®) weight (MW) element (mol)
Carbon 39.45 0.000789 12.01 6.570E-05
Hydrogen 6.67 0.000133 1.008 1.323E-04
Nitrogen 1.11 0.000022 14.01 1.585E-06
Oxygen 52.77 0.001055 16.01 6.592E-05

Table 5-4 Table showing the mass contributions of the four elements within the synthesised AACD

compound.

Assuming that all the nitrogen is from the azide moiety the moles of azide is

calculated as 5.28E-07. The moles of azide can be used to determine the mass

contribution of the aryl azide moiety upon conjugation using the formula C7H4N3Os.

The mass and moles values for each of the elemental components of the aryl azide

moiety are shown in Table 5-5.

Element Molecular weight of aryl Mass of aryl azide Moles of aryl azide
azide components components components (mol)
(2
Carbon (7) 84.07 4.441E-05 3.697E-06
Hydrogen (4) 4.032 2.130E-06 2.113E-06
Nitrogen (3) 42.03 2.220E-05 1.585E-06
Oxygen (2) 32.02 1.691E-05 1.056E-06

Table 5-5 Table containing the mass and mol contributions of the 4 elements that make up the aryl
azide moiety conjugated to the dextran.

After removing the mass contributions from the aryl azide moiety the mass

contributions of the dextran can be determined, shown in Table 5-6 (see overleaf).
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Element | Mass from dextran contribution | Moles from dextran contribution
(g) (mol)
Carbon 7.446E-04 6.200E-05
Hydrogen 1.313E-04 1.302E-04
Oxygen 1.038E-03 6.486E-05

Table 5-6 Table containing the remaining mass and mol contributions, after removing
contributions from the conjugated aryl azide, which are attributed to the elements found in the
dextran.

The total mass from the dextran can be assumed to be the collective mass of the
remaining components, which is calculated as 1.914E-03 g. Using a molecular
weight of 500,000 for the dextran the moles of dextran is calculated as 3.829E-09
moles. The total weight contributions from the azide, aryl azide, and dextran are

displayed in Table 5-7.

Substance Mass contribution (mg)
Initial compound 2.000
Azide (N3) 0.022
Aryl azide (C7H4N302) 0.086
Dextran 1.914

Table 5-7 Mass of AACD compound constituents calculated using elemental analysis data.

The weight percentage (wt %) contribution of the aryl azide moiety conjugated to the

dextran can therefore be calculated as 4.3 %.

5.4.3 Characterisation of the Reactants and Product of
Aryl Azide Conjugated Dextran Synthesis by
Absorption Spectroscopy

Absorption spectra were obtained using the methods described in §3.2.8. The spectra
in Figure 5-10 (see overleaf) show the UV absorption of 4-azidobenzoic acid, dextran,
and AACD solution. The spectra show the presence of a peak maximum at 277 nm,
for AACD, and 275 nm for 4-azidobenzoic acid. The peak maximum of the
conjugated aryl azide group is red shifted compared with that of 4-azidobenzoic acid,
which correlates to previous work presented by Zhu et al. [330, 331]. The red shift
may be due to the electron delocalisation of the aryl azide group caused by the ester

bond formation [332].

The work by Bhat et al. [211], Zhu et al. [330] and Ito et al. [332] described

the derivation of the extent of aryl azide modification by UV absorption spectroscopy.
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The assumption was made that the absorption coefficient of the 4-azidobenzoic acid
group at 275 nm was the same as the aryl azide group at 277 nm [332]. This
assumption meant a standard curve of 4-azidobenzoic acid absorption could be used
to determine the amount of aryl azide conjugated. This method was not used in this
research as the observed shift of the peak maximum from 270 nm, for 4-azidobenzoic
acid, to 275 nm, for AACD, may demonstrate a change in the absorption properties.
The data acquired using elemental analysis was therefore used to estimate the

extent of dextran modification.
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Figure 5-10 UV absorption spectra of dextran and AACD solution in water and 4-azidobenzoic acid
solution in methanol (a.u. denotes arbitrary units).

5.5 Characterisation of Aryl Azide
Conjugated Dextran Immobilised on

Glass

Having successfully characterised the conjugation of an aryl azide with dextran,
surfaces were prepared to immobilise AACD on glass.

5.5.1 Water Contact Angle Measurements

Water contact angle measurements were taken using the method described in §3.2.3.

The contact angle measurement, shown in Table 5-8 (see overleaf), shows the



5.5 Characterisation of an Aryl azide Conjugated Dextran Immobilised on Glass 120

transition from a relatively hydrophilic surface compared with the GOPS surface
measured in §5.3.1. The reduction in contact angle, on immobilisation of the AACD,
demonstrates the retention of the hydrophilic properties of the long chain
polysaccharide. The contact angle was higher compared with unmodified dextran
surfaces prepared in §5.3.1. This is likely to be caused by the replacement of a
number of hydroxyl groups on the dextran with the aryl azide moiety. The aryl azide
termination is known to have a more hydrophobic character compared with that of

the hydroxyl group [333].

GOPS silanised glass incubated with
20 utM AACD for 12 hours

Contact
angle surface

mage i

Contact

32°+3°
angle

Table 5-8 Table of contact angle measurements of an AACD layer immobilised on a glass surface.
All images were taken of a 1 pL droplet on the surface, in a humid chamber, using the same
contact angle measurer (Kriiss DSA100). Drops were fitted using the sessile drop fitting software
(Kriiss) and an average contact angle was determined from 5 images.

5.5.2 X-Ray Photoelectron Spectroscopy

XPS experiments were carried out using the method described in §3.2.10. XPS was
used, in this instance, to probe changes to surface chemistry on the glass substrate
at each stage of processing. Samples of GOPS silanised glass, AACD immobilised
glass, and NeutrAvidin conjugated glass slides were analysed. The modification to
the glass surfaces can all be resolved within the field of detection of XPS. The full
spectrum measured at each stage can be found in Appendix D 1.3-1.5; the main

peaks are discussed below.
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Figure 5-11 Illustration of the three surface modifications involved in conjugating protein with
glass surfaces including: (a) Silanisation with GOPS, (b) Immobilisation of AACD, and (c)
Photoinitiated conjugation of NeutrAvidin.
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Figure 5-12 Peak fitting of data from XPS experiments (see §3.2.10) of NeutrAvidin conjugated
silicon surfaces showing peaks assigned to carbon bonds.

The peaks here were measured from surfaces silanised with GOPS, as illustrated in
Figure 5-11 (a). The peak at 286.5 eV was likely to be representative of the C-O
ether bond in GOPS [334]. Measurement of a peak at 285 eV is that of the aliphatic
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carbon groups of the silane. The peak at 287 eV is from the ether bond of the epoxide

moiety on the surface [335].
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Figure 5-13 Peak fitting of data from XPS experiments (see §3.2.10) of GOPS modified glass
surfaces showing a) peaks assigned to carbon bonds and b) peaks assigned to nitrogen bonding.

The peaks here were measured from surfaces immobilised with AACD, as

illustrated in Figure 5-11 (b) (see pg 121). The increase in the C-O peak at 286 eV,
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compared with the GOPS XPS, was representative of the increase of ether bonds
found in the dextran [302]. It is likely that the peak at 288 eV represents the C=0 of
the ester linkage of the AACD. The introduction of nitrogen peaks at 400.5 eV and
404.1 eV shows the presence of the azide group, the smaller peak at 404.1 eV

corresponding to the middle nitrogen atom of the azide group [336].
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Figure 5-14 Peak fitting of data from XPS experiments (see §3.2.10) of NeutrAvidin conjugated
glass surfaces showing a) peaks assigned to carbon bonds and b) peaks assigned to nitrogen
bonding.
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The peaks here were measured from surfaces conjugated with NeutrAvidin, as
illustrated in Figure 5-11 (c) (see pg 121). The peak at 288-288.5 eV is characteristic
of an amide bond [301, 302], the increase in the peak at 400eV compared with the
AACD XPS is likely to be a result of NeutrAvidin conjugated to the surface [302].

The XPS data presented here demonstrate the successful modification of
glass with GOPS, as illustrated in Figure 5-11 (a) (see pg 121). The GOPS surface
could then be used to immobilise aryl azide conjugated dextran on the glass.
Importantly the azide moiety is retained after the AACD is immobilised on the glass.
This moiety is crucial for the subsequent photoinitiated conjugation of protein with
the glass. Thus NeutrAvidin was successfully conjugated with AACD immobilised
glass surface, as illustrated in Figure 5-11 (c) (see pg 121).

5.6 Masks and Alignment Mark
Fabrication for Aligned Protein
Patterning

To site specifically align protein motifs on the AACD surface a method to control the
photoinitiated reaction between the AACD and the protein 1s required.
Photolithographic masks and alignment features were fabricated for integration

within an alignment setup used in patterning multiple protein motifs.

5.6.1 Alignment Features

Alignment features were present on the photolithographic mask and the surface
functionalised with the AACD spacer. Two different types of photoresist, positive
Shipley MICROPOSIT® S1813 and negative Microchem SU8-10, were used to
pattern the alignment features. The process by which these photoresists function is

discussed in § 2.4.2.1 and illustrated previously in Figure 2-24 (page 52).

The alignment features and masks were fabricated using the method
described in §3.2.11. The features shown in Figure 5-15 (a) and (d) (see overleaf)
represent the designs created in L-edit, used to fabricate the mask plate. The purple
features shown in Figure 5-15 a) and d) (see overleaf) are areas on the mask plate

designed to be covered with a layer of chrome, to block UV light, while the white
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areas are transparent. Thus when the features are processed with Shipley S1813, as
in Figure 5-15 b), the purple area contains photoresist and the white area forms
relief structures when developed. Conversely when features are processed with
Microchem SUS8 10, as in Figure 5-15 d), the purple areas form reliefs and the white
area is covered with photoresist. On etching of the chrome/gold in the patterned
reliefs the transparent fused silica substrate is revealed. The transmission images
in Figure 5-15 (c) and (f) show the dark chrome/gold features and the transparent
fused silica after the resist is removed. The dimensions of the alignment features

were found to be accurate to within £0.4 um of the original mask plate designs.
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Figure 5-15 Alignment features formed using a design created using L-edit ((a) and (d)), where
purple is representative of chrome and white of transparent UV fused silica. The bright field
images, captured using an EC Plan-Neofluar 10x objective, in (b) and (c) are surfaces patterned
using the feature design in (a) using S1813. While (e) and (f) are patterned using the feature
design in (d) using SU8-10. The two photoresists form an inverse pattern compared with one
another, due to the different properties of the resists and were processed using the protocol
described in §3.2.11.

5.6.2 Photolithographic Mask 1

The first mask design for multiple protein patterning (Mask 1) was based on a 90°
rotation mask to pattern two proteins on the same surface. The design shown in
Figure 5-16 illustrates the method by which the mask can produce two patterns
using the two sets of alignment features. The surface alignment features can be
used to align the first set of marks followed by realignment to the same surface
features for the second illumination. The mask is designed such that on rotation the

UV windows illuminate new parts of the surface after realignment.
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Figure 5-16 Images of the Mask 1 design produced in L-edit. The left image shows the orientation
of the mask for the first protein illumination. The mask is then rotated 90°anti-clockwise, to the
orientation shown in the right image, for the second illumination.

The schematic in Figure 5-16 shows a low magnification image of the mask
consisting of two primary features, the checkerboard and windmill pattern. The
actual checkerboard and windmill designs are shown in greater detail in Figure 5-17
(a) and (d) (see overleaf) respectively. In these images the first illumination patterns
the areas in white and the second illumination patterns the areas in purple. The
process of resist development needed to be optimised to achieve good resolution
structures. The result of the optimisation process can be seen in Figure 5-17 (b) and
(e) (see overleaf), where the features are well defined on the surface. When etched
the pattern 1s transferred into the chrome/gold below to produce the
photolithographic mask patterns. The transmission images in Figure 5-17 (c) and (f)

(see overleaf) show the successful transfer of the pattern.

The main problem encountered when processing the photoresist was an
inhomogeneous development rate over the features. It was observed that any
agitation of the sample was detrimental to the production of uniform features. The
surfaces were therefore placed in developer for different time periods before analysis
of feature dimensions, by light microscopy. The images of patterned photoresist in
Figure 5-18 (see overleaf) are of surfaces placed in developer for (a) 60 seconds, (b) 75
seconds and (c) 90 seconds. The images show that after 60 seconds the pattern is
underdeveloped and at 90 seconds the features are overdeveloped. A time of 75
seconds was found to be an ideal development time to produce correct feature

dimensions.
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Figure 5-17 Mask features formed using a design created in L-edit ((a) and (d)), where purple is
representative of chrome and white of transparent UV fused silica. The bright field images,
captured using an EC Plan-Neofluar 10x objective, in (b) and (e), are features patterned in S1813.
The transmission images taken with the same 10x objective, in (c) and (f) are the features
transferred into chrome/gold after etching. Images b, ¢, e and f were taken during the process
described in §3.2.11.
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Figure 5-18 Bright field images, taken using an EC Plan-Neofluar 10x objective, of S1813
photoresist patterned on chrome/gold surfaces developed for (a) 60 s, (b) 75 s and (c) 90 s.

The transfer of the pattern into the chrome/gold was also analysed to
determine suitable etching times. Initial studies used a thickness of 20 nm chrome
and 120 nm gold, for surface deposition, which caused undercutting when etched. To
prevent undercutting the thickness of the chrome was reduced to 10 nm and the gold
to 70 nm. The thinner metal layers limited undercutting and transferred the feature

dimensions accurately onto the mask, while retaining the capacity to block UV light.
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5.6.3 Photolithographic Mask 2

After working with mask 1 it became apparent that the alignment resolution, using
the setup described later in §5.8.2, would not be suitable for achieving aligned
patterns reproducibly using this mask. Having identified this, Mask 2 was devised
with an improved alignment tolerance to demonstrate that proteins could be
patterned in aligned motifs. The mask was produced with four sets of features

including:

1. Mask alignment features (Figure 5-19 (a))

2. Pattern size resolution features (Figure 5-19 (b and c))

3. Horizontal pattern alignment tolerance features (Figure 5-20 (a) (see
overleaf))

4. Vertical pattern alignment tolerance features (Figure 5-20 (b) (see overleaf))

The mask alignment features were the same as those used for the checkerboard
pattern, except illumination of the second protein was after a 1 mm translation and
not a 90° rotation. The size of the pattern achievable using the AACD was tested

using a set of square windows with diameters ranging from 4-100 um.
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Figure 5-19 Design of mask and alignment features produced using L-edit. The features are
representative of (a) the surface alignment features and (b) the mask alignment features. The
features in (b) and (c) are square windows ranging in size from 4-100 um.
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The vertical and horizontal alignment tolerance features are designed to
allow features to be patterned next to each other with a £10 pm tolerance. The aim
of this design was to guarantee that one patch of protein would be aligned directly
next to another using a system with a potential alignment error of 8 um. With this
design a simple, low cost, setup capable of patterning two proteins on the same
surface next to each other could be achieved. The features have one set of parallel
squares which pattern the first protein on the surface, seen on the right half of
Figure 5-20 (a) and (b). The scale bars on these figures show where the features

would be after a transverse movement of 1 mm.
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Figure 5-20 Design of mask and alignment features designed using L-edit. The features enhance
the horizontal (a) and vertical (b) alignment tolerance of the mask. The squares without numbers
in are parallel to one-another. The squares with numbers have a deviation from a central square of
+10 pm.

The tolerance of the features is formed from minor deviations from a central
square. The image in Figure 5-21 (see overleaf) shows a magnified version of the
three squares in the bottom left corner of Figure 5-20 (b). When the mask is
traversed 1 mm the zero square should be exactly above a square from the first
protein patterning. The other squares including -9.5 and -10.0 deviate from the zero
square vertically by the number value (i.e. the -10.0 is 10 um below the zero square).
The feature has squares £10 um above and below the plain of the zero square. Thus
if the alignment is vertically shifted by +10 um the -10 pm square will be exactly
above the first protein square. The same is true of the horizontal alignment except

using the horizontal plain as a deviation point.

Using the optimised parameters determined during the fabrication of mask 1

the features of mask 2 were patterned using S1813 onto chrome/gold surfaces and
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transferred by wet etching of the metal under layer. Analysis of the photoresist
(Figure 5-22 (a and b)) and etched (Figure 5-22 (¢ and d)) surfaces, by light
microscopy, showed excellent feature resolution comparable to that of the mask plate

designs.

Figure 5-21 Design of vertical alignment tolerance features that, in these features, are -9.5 and 10
um below the plain of the ideal alignment pattern (zero).

—
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Figure 5-22 Bright field images of S1813 patterned chrome/gold surfaces (a and b) and features
etched into the chrome/gold layer (c and d). The images were taken during the fabrication process
described in §3.2.11.

(d)

5.7 Protein Attachment to Dextran
Surfaces

With a set of parameters suitable for the attachment of dextran to glass surfaces,
with good reproducibility, it was possible to continue the process of changing the

dextran chemistry to allow protein attachment.
5.7.1 Conjugation of Protein Carboxymethyl Dextran
surfaces

The aims of the experiments presented here were firstly, to analyse whether a

protein could be conjugated to dextran and not become denatured on the surface, and
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secondly, to assess non-specific binding by dextran. The method used to conjugate

protein on carboxymethyl dextran surfaces is described in §3.2.4.
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Figure 5-23 Epifluorescence images of IgG-FITC (500 nM) associated on a protein L (10 pM)-
dextran surface. Image (a) shows IgG-FITC is restricted to the spot of protein L on the surface.
Image (b) shows protein L is restricted to the area where the EDC/NHS solution was incubated.
Both images show immobilisation and excellent contrast between the protein and dextran surface
(EC Plan-Neofluar 10x objective, 2 second image capture).

The images shown in Figure 5-23 show IgG-FITC (500 nM) bound to protein
L (10 uM) immobilised onto the surface of dextran. The light regions are a result of
the fluorescent signal from IgG-FITC and the dark regions show the background
fluorescent signal from the glass. The spot of protein L in Figure 5-23 (a) illustrates
the ability of the dextran surface to prevent non-specific adsorption of IgG-FITC.
The IgG-FITC was incubated with the whole surface but associates specifically to the
protein L spot and not to the bare dextran. The edge shown in Figure 5-23 (b) (see
previous page) demonstrates the requirement of the NHS-ester moiety for protein L
immobilisation. The protein L, having been incubated with the whole surface, is
only immobilised on the NHS-ester modified region. These images indicate the
successful modification of the surface with EDC/NHS and the subsequent

immobilisation of an active form of protein L.

5.8 Patterning Proteins on Aryl Azide
Conjugated Dextran Surfaces

To pattern protein upon the AACD immobilised surface illumination with UV light
was required, to initiate the conjugation reaction between the AACD and the protein.
With the peak absorption of the AACD determined it was established whether the
HgXe UV lamp system (Oriel, Newport) was compatible with illumination. The inset

in Figure 5-24 shows the manufacturer guidelines on power density achievable using
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three different lamp sources. The 500 W Hg(Xe) shows a high irradiation above 270

nm suitable for our application.
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Figure 5-24 Power output spectra from the 500W Hg(Xe) UV lamp system supplier (Oriel,
Newport).

To reduce the potential for protein damage, associated with using UV light to
couple proteins onto the dextran surface, an effort to filter unwanted wavelengths of
light was studied. Three filters were analysed to see which were compatible with the
photo-activation protocol. The filters included a 280 and 315 nm longpass filter and
a 320 nm bandpass filter. The absorption spectra of the different filters and the UV
fused silica used for the photolithographic mask fabrication was determined using
the method described in §3.2.8. The spectra in Figure 5-25 show that the 320 nm
bandpass filter restricts less low wavelength light than the 280 and 315 nm longpass
filters. The UV fused silica shows no significant absorption in the wavelength range

of activation, so will have no filtering effect on the UV light.

The absorption measurements in §5.4.3 (Figure 5-10, pg 119) recorded an
absorption between 250-300 nm for AACD. The absorption of protein L (28 uM) in
deionised water (Figure 5-26, see overleaf) was measured, using the method
described in §3.2.8, to determine the protein absorption maximum. The absorption
spectra of the filters were compared with the protein L (Figure 5-26, see overleaf)

and AACD (Figure 5-10, pg 119) absorption data. The absorption data demonstrated
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that the 280 nm longpass filter did not filter all the wavelengths absorbed by AACD
but did filter wavelengths absorbed by protein L (Figure 5-26). The 280 nm longpass
filter could therefore be used to filter wavelengths absorbed by the protein.
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Figure 5-25 Absorption spectra of UV fused silica used in the fabrication of the photolithographic
mask and three filters that absorb different wavelengths of UV light. The absorption spectra were
taken using the protocol described in §3.2.8.
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Figure 5-26 Absorption spectra of aryl azide conjugated dextran (AACD), protein L (28 uM), UV
fused silica and a 280 nm longpass filter measured between 250-400 nm. The absorption spectra
were taken using the protocol described in §3.2.8.
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5.8.1 Photochemical Coupling of Single Proteins

Conjugation of single proteins by photoactivation was achieved using the method
described in §3.2.12. When UV light illuminates the AACD the azide is converted
into a reactive cyclic ketenimine, which can react to covalently attach the protein.
The amount of protein attached is therefore, to some extent, concentration
dependent. As the concentration increases the probability of a protein molecule
being in proximity of the cyclic ketenimine to form a covalent bond increases. To
determine the minimum concentration required to conjugate the maximum amount
of protein to the surface a range of streptavidin concentrations was studied,
measuring the resultant fluorescence intensity of the pattern compared with the

concentration.
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Figure 5-27 Graph of average fluorescence intensity of features patterned using the methods
described in §3.2.12 against changes to the protein concentration used in the patterning process.
All the images analysed were captured with an EC Plan-Neofluar 10x objective with a 2 second
image capture time.

By assuming that an increase in fluorescence intensity, on incubation with
biotin-FITC, was as a result of an increased conjugation of streptavidin, a suitable
concentration for reproducible patterning was determined. The graph in Figure 5-27
shows the average fluorescence intensity of different streptavidin concentrations
conjugated to the surface after incubation with a solution of biotin-FITC (1 uM). As
the protein concentration increases the average intensity of the pattern also
increases. Above a concentration of 10 uM there is no marked improvement on the

intensity of the pattern. It is important to note that this is a qualitative analysis of
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the surface as the increased intensity may not be attributed to an increased surface
density of protein. The concentration range is also specific to streptavidin and may
not be suitable to other proteins. Despite this the evidence of increased intensity
found from higher concentrations of protein fits with the theoretical principle of
conjugation and has been previously described [278]. Solutions >1 pM were used for
following experiments to reduce the possible limitations that concentration may have

on proximal conjugation.

The time required to produce reproducible patterns of protein L on the surface of
the AACD was also tested. The formation of the reactive cyclic ketenimine, on aryl
azide photo-activation, is known to occur on a femtosecond timescale [337]. To
reduce the potential for the formation of singlet oxygen species [62], on UV
illumination, the minimum illumination time was determined. Surfaces were
prepared as described in §3.2.9 and streptavidin (10 uM) was conjugated to the
surface using the protocol described in §3.2.12. The only modification made to the

protocol was the time of illumination used for each surface.
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Figure 5-28 Graph of average fluorescence intensity of streptavidin/biotin-FITC motifs patterned
using the methods described in §3.2.12 against changes to the illumination time of the patterning
process. All the images used to determine the intensity were captured with an EC Plan-Neofluar
10x objective with a 2 second image capture time.

The graph in Figure 5-28 show the average fluorescence intensity of surfaces
illuminated using a range of times to immobilise streptavidin on the surface. The
images show that a 10 seconds illumination forms motifs with the maximum

intensity. Any illumination time >10 seconds does not increase the fluorescence
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intensity on incubation with biotin-FITC (1 uM). A time of 10 seconds was therefore
used for following experiments to reduce the potential impact of the UV light on the
protein. This is a 6-fold lower illumination time compared with other photoinitiated

conjugation methods previously reported [278].
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Figure 5-29 Images (a) and (b) show line profiles taken from an image of the mask (a) and the
subsequent protein pattern produced using the mask (b). The graph (c) shows the combined line
profiles from the two images. The full width half maximum of each feature was compared to
determine the resolution of the patterns. Images (a) and (b) were taken using an EC Plan-Neofluar
10x objective using bright field and 3 second image capture respectively.

To analyse the resolution of patterns produced compared with the fabricated
mask used to transfer the protein pattern, line profiles of the patterned features
were analysed. Figure 5-29 (a) shows the line profile from the mask used to transfer
the pattern, while Figure 5-29 (b) shows the line profile of the fluorescent protein
patterned on the surface. The full width half maximum of each profile was used to
determine the difference between the mask and the transferred pattern. Figure 5-29
(c) show the line profile of the mask (blue) and fluorescent protein (red) together.
Results showed the features transferred were 2.2 um +0.54 pm larger than the

original mask features.



5.8 Patterning Proteins on Aryl Azide Conjugated Dextran Surfaces 137

5.8.2 Motifs Produced by Aligning Multiple Proteins
on Glass Surfaces

To pattern multiple proteins onto the AACD surface Mask 2 was used in the protocol
described in §3.2.14 to increase the alignment tolerance. The design of the mask was
developed to produce two or more proteins side by side using a simple in-house built
alignment system. The potential error of the alignment mark features is +8 um
when accurate alignment is used, due to the gap between the surface alignment
features and the mask alignment features (Figure 5-30 (a)). To counter this
potential error and allow two proteins to be patterned side by side, Mask 2 was
designed and fabricated to allow a +10 pm tolerance in both the horizontal and
vertical axis. Figure 5-30 (b) shows an exaggerated design of the patterned features

used to increase the tolerance of the patterning process.
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Figure 5-30 Illustration showing (a) Overlapping image of the surface (cross) and mask (squares)
alignment features with a 5 pm gap, which could cause a potential +10 um translation error.
Overlapping features in (b) represents the Mask 2 features designed to counter translation error.
The patterns represents a -10 pm error pattern (left), a O um error pattern (centre) and a +10 pm
error pattern (right). The green squares represent the first protein illuminated and the white the
second protein.

The smallest feature size on both of the masks fabricated (mask 1 and 2) was
4 pm. Analysis of the protein pattern dimensions, which were produced upon
transfer of the mask pattern to form the protein pattern, showed that protein
patterns were only limited by the minimum feature dimensions of the
photolithographic mask (Figure 5-31). The difference between the size of protein

pattern features and mask features was found to be <1 pm.
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Figure 5-31 Image (a) shows a bright field transmission image of the smallest features found on
Mask 2 (4 x 4 um). The epifluorescence images in (b and ¢) show patterns of IgG-FITC (500 nM)
bound to protein L (10 pM) immobilised surfaces captured using (b) an LD Plan-Neofluar 63x
objective and (¢) an LD A-Plan 20x objective, with (b) a 6 second and (c) a 2 second image capture.
The images show features as small as 4 x 4 um can be successfully transferred onto the surface.

The patterns in Figure 5-32 (see overleaf) show two proteins patterned using
Mask 2. The patterns achieved in Figure 5-32 (a) and (b) (see overleaf) show the
alignment potential of the system to achieve patterns of protein side by side with
micron scale accuracy. The potential problem with the system can be seen in Figure
5-32 (c) and (d) (see overleaf), caused by angle inaccuracies. When the illumination
is such that the patches are aligned parallel the patterning process occurs as in
Figure 5-32 (a) and (b), but if there is even a small angle variation the effect is
significant to the patterning process as seen in Figure 5-32 (c) and (d) (see overleaf).
In this case the patterns close to the alignment features (Figure 5-32 (c) see overleaf)
show limited effect but as the patterns move away from the alignment feature the
angle effect is more prominent (Figure 5-32 (d) see overleaf). Despite the potential
alignment problems the patterns achieved are reproducible. Patterns close to the
alignment features exhibited patterning with <20 pm accuracy, while patterns

further from the alignment features could be patterned with <100 um resolution.
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Figure 5-32 Epifluorescence images of IgG-FITC (500 nM) bound to protein A (14 uM) and protein
L (10 uM) patches immobilised on aryl azide dextran surfaces. Images (a) and (b) show a column of
protein L patches on the left and a column of protein A patches on the right. Concurrently images
(c) and (d) show a column of protein A patches on the left and protein L on the right. All images
were captured using an EC Plan-Neofluar 10x objective, with a 3 second image capture.

The patterns produced in Figure 5-32 also show fluorescence intensity
variations based on the protein patterned. The fluorescence images in Figure 5-32
(a) and (b) are patterned first with protein A and then with protein L. The
fluorescence images in Figure 5-32 (c) and (d) are the opposite way around, with
protein L patterned first and protein A second. When IgG-FITC binds to these two
patches a higher intensity signal is found on the protein L patches compared with
that on the protein A patches. This observation does not necessarily mean the
proteins are active on the surface but could be a result of non specific protein

adsorption to denatured protein present on the surface.

To demonstrate that the proteins remained active on the surface and that the
observed binding was not simply non specific protein adsorption, a rhodamine
labelled F(ab’)2 fragment of IgG was used to probe the surface. An illustration of the
conjugation procedure is shown in Figure 5-33 (see overleaf), involving the aligned
conjugation of protein L and protein A on the AACD surface. The F(ab’)2 fragment
has a strong binding affinity with protein L but not with protein A, as illustrated in

Figure 5-33 (c) (see overleaf).
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Figure 5-33 Illustration of the protocol used to show the site specific conjugation of proteins that
retain specific recognition properties. The first illumination (a) activates the AACD forming the
reactive cyclic ketenimine, which reacts with amine groups present on protein L. The second
illumination (b) activates the remaining aryl azide groups leading to protein A conjugation. When
the protein patterned surface is incubated with rhodamine labelled F(ab’)2 (c) binding should be
observed with protein L only.

The fluorescence images in Figure 5-34 (a) and (b) (see overleaf) show a

rhodamine labelled F(ab’)2 (2.2 uM) bound to a protein L patterned feature. More
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importantly the fluorescence images in Figure 5-34 (¢) and (d) show the background
fluorescence of the protein A and L patches in the same respective area. The images
show that the rhodamine labelled F(ab’)2 fragment binds only with the protein L
patch and not with the protein A patch. Figure 5-34 (b) even shows a reduction in

non specific adsorption due to the presence of the protein A on the patch.

(b)
Figure 5-34 Epifluorescence images of protein modified glass surfaces. Images (a)/(b) and (c)/(d)
were taken with Carl Zeiss filter set 15 and 9 respectively. Images (a)/(b) show a
tetramethylrhodamine labelled F(ab’)2 (excitation wavelength 552 nm, emission wavelength 578
nm, 2.2 uM) associated with surface conjugated protein. Images (c)/(d) show background
fluorescence images taken with filter set 9. The fluorescence images were captured in the same
location using the different filter sets where images (a)/(c) and (b)/(d) correspond to each other. In
(a) and (b) the protein A patterns show no fluorescence, but the protein L shows strong
fluorescence. Both the protein L and A patches can be visualised when imaging with filter set 9, as
observed in (c) and (d). Images (a)/(c) and (b)/(d) were captured with an EC Plan-Neofluar 10x
objective and an LD A-Plan 20x objective respectively. Images (a)/(c) and (b)/(d) were captured
with a 4 and 2 second image capture respectively.

(d)

5.9 Study of Protein L Surface Density
Conjugated to Glass Surfaces

Preliminary work was carried out in an effort to determine the surface density of
protein L immobilised on the aryl azide conjugate dextran surface using the protocol
described in §3.2.15. To effectively analyse the concentration the method involved
stripping of surface bound IgG-FITC from the surface for quantification. The
stripping buffer was composed of a high pH wash, which is routinely used to
completely strip antibodies from surfaces. The buffer was used to wash the surface

before neutralising the solution and freeze drying the stripped antibody.

A standard curve of IgG-FITC concentration was determined by treating
different concentrations of IgG-FITC under the same conditions used for stripping, to

ensure consistency. The spectra in Figure 5-35 (see overleaf) show the fluorescence
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intensity of different IgG-FITC concentrations after processing in the stripping
buffer. By taking the area under the curve, between 510 nm and 540 nm, a standard
curve see (Figure 5-36, see overleaf) was generated and used to determine the

concentration of solutions stripped from the surface.

Two samples were stripped and analysed giving an average concentration,
calculated from the standard curve (Figure 5-36, see overleaf), of 3.11 £1.30 nM. By
calculating the area of the patterned surface and the number of molecules released
from the surface the number of molecules/cm? was determined. Results showed the
18 x 18 mm coverslip produced a pattern with an area of 3.24 cm2. A 3.11 nM
concentration equated to 3.74x1014 molecules associated on the patterned motif.

Thus a surface density of 1.16x10!! molecules/cm2 was confirmed.
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Figure 5-35 Normalised fluorescent intensity emission spectra of a range of IgG-FITC
concentrations, using an excitation wavelength of 494 nm. The characteristic emission of IgG-
FITC can be seen at 517 nm. The experimental protocol used to determine the absorption is
detailed in §3.2.15.



5.9 Study of Protein L Surface Density Conjugated to Glass Surfaces 143

60000 ~
~ 50000 - .
=) Y = 97.632x
=
g 40000 -
o *
g
=]
=
] 30000 -
=
3]
9
17}
]
-
=} o
5 20000 -
=
=
—_
&
S
&

10000 -

*
o T T T T T 1
o 100 200 300 400 500 600

Concentration (nM)

Figure 5-36 Standard curve of IgG-FITC concentration against total fluorescence intensity using
the area under the curve between 510 and 550 nm. The experimental protocol used to determine
the absorption is detailed in §3.2.15.

Further samples are required to more accurately determine the surface
concentration, but from preliminary analysis a high density of protein L. has been
achieved. By assuming a ratio of 1:1 IgG-FITC:protein L the surface density is one
order of magnitude lower than previously reported concentrations of antibodies on
gold [338, 339], glass [146] and hydrogel [340] surfaces and equivalent to recent work
on silicon [143]. The density on the surface is one order of magnitude below the
maximum density of a monolayer of IgG, theoretically calculated as 4.06x1012
molecules/cm? by Lee et al. [146]. Dense patterns of multiple proteins, aligned in

motifs on the same surface, can therefore be achieved using the protocol.

5.10 Summary

The research presented in this chapter documented the generation of multiple
protein motifs conjugated to AACD modified glass surfaces. Dextran was used to
form a passive layer between the surface and protein to prevent the protein
denaturing upon conjugation with the surface. Dextran was preferred, compared
with other surface spacers [259, 312], as it is known to prevent non specific
adsorption of protein and has long term stability [177, 189]. An aryl azide

photolinker was conjugated with the dextran, which forms a reactive cyclic
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ketenimine upon photoactivation. The advantage of producing the cyclic ketenimine
group, compared with other photolinkers [46], is that it reacts specifically with
amino groups [210]. By conjugating proteins via amino groups, present on the

protein surface, the orientation of the protein can be controlled.

The modification of a glass surface to introduce an AACD was based on work
published by Elender et al. [203] and Bhat et al. [211]. The integrated method
involved the silanisation of glass with GOPS to produce an epoxide terminated
surface. When the silanised surface is incubated with the AACD a ring opening
reaction between the oxirane ring of the epoxide and the hydroxyl groups of the
AACD formed a covalent bond with the surface. Previous research involved the use
of a high concentration, 30 % w/v, of dextran to modify the glass surface [203]. The
concentration of silane solution, time of silanisation and concentration of dextran
used to modify glass surfaces was investigated. Results demonstrated that a 1 %
solution was as effective as a 30 % solution in producing a reproducible layer of
dextran-FITC, equating to a 30-fold reduction in concentration compared with
previous research [203, 325]. By reducing the concentration of reagent, used to
modify the glass surface, a single AACD preparation was used to prepare all the
samples presented in this thesis. To confirm the successful modification of the glass
XPS was used to characterise chemical changes to the surface. Results
demonstrated the successful modification of the surface with AACD and the

subsequent conjugation of protein [302, 335, 336].

Photolithographic masks were designed and fabricated to facilitate the
alignment of multiple protein motifs on the AACD surface. The patterns were
accurate to <1 um, compared with the size of the original mask features, and could
be patterned in an area as small as 4 x 4 uym. An in-house built alignment setup was
used to pattern adjacent motifs. Adjacent patterns could be aligned reproducibly
with a 10-100 pm tolerance. The photolithographic mask can be re-used and the in-
house alignment system provides an inexpensive and practical approach for
patterning aligned motifs of proteins on surfaces. Preliminary analysis of the
surface density of protein L recorded a density of 1.16x101! molecules/cm2, which is
within one order of magnitude of current state-of-the-art patterning techniques [143,

146, 338]. Protein L. and A remained active once conjugated to the surface, with
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F(ab)2 only interacting with protein L on the surface, thus showing binding

remained specific .



Conclusions and Suggestions for
Future Work

6.1 Thesis Summary and Conclusion

The ability to quantify the level of Ig from patient serum, rapidly, is critical to
ensure improved diagnosis and patient management in the early stages of sepsis.
Microfluidic LOC technologies have shown potential in the development of POC
technologies for the rapid quantification of biomolecules in solution [53]. Thus the
aim of this thesis work was to design and produce a protocol to generate protein
motifs on a surface that could be integrated with the fabrication of a microfluidic
device. In particular, the protocol is designed to pattern multiple antibody binding
proteins aligned specifically upon a surface. The surface was designed to be
integrated within a microfluidic affinity chromatography device to be used for the

rapid separation and quantification of antibodies in serum.

Ideally, for affinity separation, the density of available proteins on a surface
needs to be high to maximise the availability of association sites on the surface to
ensure saturation of the protein patches does not occur before separation has been
achieved. A protein should remain stable, when conjugated with the surface,
preferably with a single orientation to ensure each protein is accessible to analyte.
Non specific adsorption of protein must be avoided and conjugated proteins need to
retain recognition for target analytes, ideally with an association constant
comparable with that found in solution phase. To integrate protein motifs within a
microfluidic channel device the conjugation method must incorporate the specific

alignment of motifs on the surface. To pattern multiple proteins a sequential or

146
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parallel conjugation method that can generate adjacent protein motifs is required.
An alignment system is therefore central in controlling where the motifs are
patterned on the surface but also for the subsequent alignment of the microfluidic

channel on top of the patterns.

To separate a mixture of Igs in a microfluidic device a proposed system
involving affinity separation of Ig classes was devised. The premise of the work is
that as a mixture of Igs flow over a surface conjugated protein, which has affinity for
Ig in solution, the Ig will associate with the protein causing a ‘slow down’ of the Ig.
The time of interaction with the surface is specific to the association rate of the Ig
with the surface immobilised receptor. It is believed that flowing Ig over surfaces
conjugated with multiple proteins that have different association rates with Ig
classes will result in Ig classes eluting at different times. The research described in
this thesis concentrated on the association properties of IgG with surface bound
proteins, as IgG is the most abundant Ig found in human serum [66]. Antibody
binding proteins were considered the best candidates for affinity separation of Ig
molecules as they show specific binding with Ig and a number of mutants have been

studied with different association rates with Ig [113, 114, 341].

The initial investigation into the patterning of antibody binding protein with
surfaces focussed on the conjugation of proteins with silicon. High densities of DNA
conjugated with silicon surfaces had been achieved previously [128]. In fact, based
upon a literature review, silicon was found to have the highest density of DNA
conjugated with the surface compared with other substrates [130, 145]. Silicon
therefore warranted investigation to determine if high density patterns of protein
were achievable. Protein conjugation techniques were based upon the work of
Huabing Yin [128, 131], which describes the covalent attachment of DNA
oligonucleotides to the surface of silicon <100>. The protocol was modified to attach
proteins onto silicon including: streptavidin, NeutrAvidin, single domain protein L
and multi domain protein L. This study, similar to research undertaken with DNA
[128], demonstrated submicron scale motifs of protein were achievable. Feature
sizes as small as 140 nm were possible using the silicon patterning technique
described in this thesis. Patterns of streptavidin, NeutrAvidin and single domain
protein L were reproducible. The linker, UANHS, used to conjugate protein on the

silicon was successfully characterised by NMR and chemically modified surfaces
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were analysed by XPS. The NMR data was comparable with results published by
Yin et al. [128], which used UANHS to conjugate DNA with silicon. The XPS data
was also compared with published results, demonstrating that UANHS was
successfully conjugated with the silicon surface [137]. The XPS data also confirmed
that the UANHS remained functional, allowing the subsequent immobilisation of

NeutrAvidin [302].

The silicon surface was prone to biofouling from IgG-FITC, which could be
reduced by blocking the surface with BSA. However patterns produced with
multidomain protein L could not be reproducibly achieved on silicon. To pattern a
multidomain antibody binding protein on silicon a NeutrAvidin layer was first
conjugated to the silicon surface. A biotinylated multidomain protein A was then
immobilised on the NeutrAvidin via the association of biotin with NeutrAvidin. The
resulting protein A immobilised surface retained binding recognition with IgG-FITC.
This successfully eliminated the problem of reproducibility, while retaining the
ability to pattern micron scale features with low levels of non specific protein
adsorption. To produce motifs of multidomain antibody binding proteins, without
the use of biotinylated protein, an alternative method of conjugation was

investigated.

After further review of existing patterning methods, including the use of
hydrophilic surface spacers and the modification of surfaces with photolinkers, a new
protocol whereby a surface was modified with a dextran conjugated with a
photolinker was proposed. Dextran was used to form a passive layer between the
surface and protein to prevent the protein denaturing upon conjugation with the
surface. Dextran was preferred, compared with other surface spacers [259, 312], as
it is known to prevent non specific adsorption of protein and has long term stability
[177, 189]. An aryl azide photolinker was conjugated with the dextran, which forms
a reactive cyclic ketenimine upon photoactivation. The advantage of producing the
cyclic ketenimine group, compared with other photolinkers [46], is that it reacts
specifically with amino groups [210]. By conjugating proteins via amino groups,

present on the protein surface, the orientation of the protein can be controlled.

The modification of a glass surface to introduce an AACD was based on work
published by Elender et al. [203] and Bhat et al. [211]. The integrated method

involved the silanisation of glass with GOPS to produce an epoxide terminated
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surface. When the silanised surface is incubated with the AACD a ring opening
reaction between the oxirane ring of the epoxide and the hydroxyl groups of the
AACD formed a covalent bond with the surface. Previous research involved the use
of a high concentration, 30 % w/v, of dextran to modify the glass surface [203]. The
protocol was optimised in an effort to reduce the concentration of dextran required to
produce a reproducible dextran layer on the surface. A fluorescently labelled
dextran, dextran-FITC, was analysed to determine the minimum concentration
required to achieve a uniform dextran layer. Results demonstrated that a 1 %
solution was as effective as a 30 % solution in producing a uniform layer of dextran-
FITC, equating to a 30-fold reduction in concentration compared with previous
research [203, 325]. By reducing the concentration of reagent, used to modify the
glass surface, a single AACD preparation was used to prepare all the samples
presented in this thesis. To confirm the successful modification of the glass XPS was
used to characterise chemical changes to the surface. Results demonstrated the
successful modification of the surface with AACD and the subsequent conjugation of

protein [302, 335, 336].

Photolithographic masks were designed and fabricated to facilitate the
alignment of multiple protein motifs on the AACD surface. The patterns were
accurate to <1 um, compared with the size of the original mask features, and could
be patterned in an area as small as 4 x 4 um. An in house built alignment setup was
used to pattern adjacent motifs. Adjacent patterns could be aligned reproducibly
with a 10-100 pm tolerance. The photolithographic mask can be re-used and the in-
house alignment system provides an inexpensive and practical approach for
patterning aligned motifs of proteins on surfaces. Preliminary analysis of the
surface density of protein L recorded a density of 1.16x10!! molecules/cm2, which is
within one order of magnitude of current state-of-the-art patterning techniques [143,

146, 338].

In summary, it has been demonstrated that both silicon and glass surfaces
can be modified to site-specifically conjugate proteins with the surface. On silicon
motifs of 140 nm are achievable, while on glass 4 pm scale patterns were achieved.
The proteins retained binding recognition when conjugated with the surfaces and
non specific protein adsorption was prevented. By incorporating a photoactive

surface, photolithography and alignment features, site-specific patterning of multiple
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proteins was realised. Preliminary results suggest high density protein motifs,

patterned adjacent to one another, were achieved using an AACD modified surface.

6.2 Future Work

Although the aryl azide has been successfully used to conjugate protein onto
the dextran surface, other photochemistry may be better suited. The photo-
attachment of protein described in Chapter 5 required the use of <315 nm
wavelength light for coupling. Proteins predominantly adsorb light at a wavelength
of 280 nm; it is therefore preferable to choose an activation wavelength above this.
The review by Park et al. [46] discusses potential photochemistry and its use for
surface modification. Molecules including BP, PTD, and a perfluorinated form of
aryl azide can be activated at wavelengths >300 nm. Carboxylic acid derivatives of
these photolinkers are available, which could be used instead of 4-azidobenzoic acid,
to synthesise a photo-active dextran linker. This would abolish the potential risk of
protein or surface degradation from short wavelength UV light. The main limitation
of using these photolinkers is that they do not specifically target amino residues on
the protein, unlike the cyclic ketenimine produced upon aryl azide activation. There
is a need for novel photolinkers capable of reacting with amine chemistry specifically

when activated under long wavelength UV light.

The protein patterns produced in Chapter 5 showed that proteins can be site
specifically patterned and aligned with micron scale resolution. Limitations to the
technique were found from rotational inaccuracies, which can be easily reduced by
modifications to the alignment system. The image in Figure 6-1 (a) (see overleaf)
shows the alignment concerns associated with using the current setup. Even a small
change in the rotation can lead to significant changes further from the alignment
features. The solution is to integrate two sets of alignment marks above and below
the features to improve the reproduction of alignment, as shown in Figure 6-1 (b)
(see overleaf). In general the alignment system can be improved by increasing the
resolution of the camera, having two distant points of alignment and reducing the

scale of the alignment features.
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(a) (b)

Figure 6-1 Illustration of (a) alignment inaccuracies and (b) a potential mechanism to solve the
problem.

6.2.1 Microfluidic device fabrication

With the implementation of alignment improvements and improved
photochemistry a set of masks could be fabricated to integrate protein patterns
within a microfluidic channel. The photolithographic mask shown in appendix C.2
shows a series of channels and masks designed for this purpose. The same features
used to align the protein patches can be used for microfluidic channel alignment.
This change should enable reproducible alignment of multiple proteins patterned
within a single microfluidic channel, leading to the eventual realisation of a
quantitative antibody separation device. A simple proof of principle experiment
involves the same rationale as the experiment illustrated in Figure 6-2 (see
overleaf). Protein L binds specifically to Igs that have a x light chain as part of its
structure. Using fluorescently labelled antibodies with k light chain and another
with A light chain microfluidic affinity chromatography can be demonstrated. By
allowing a mixture of x and A chain to flow over a protein L. immobilised surface

separation should occur leading to the elution of A chain first followed by k chain.
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Figure 6-2 Top view of an affinity separation device taken at three time intervals. The surface
receptors (green) have an affinity for the red molecules and no affinity for the blue molecules. As
the molecules flow through the channel the red molecules are separated from the blue molecules as
they spend an increased amount of time associating and dissociating with the surface.

Modelling work completed by Friedrich et al. [342] defined a set of conditions
for the effective mass transfer of analyte within a microfluidic device. Further to
this work a set of parameters was determined for a potential microfluidic channel
device for the separation of antibodies using affinity chromatography within the
channel. The estimated density of protein L found in this thesis, 1.16x101!
molecules/cm2, and the binding affinity of protein L for IgG found in the literature
(see Appendix B) were used to determine a potential separation time. The analysis
time achieved, using the model, was as low as 30 minutes, which would equate to a
4-fold reduction in diagnostic time. To improve the accuracy of the model a series of
experiments are required to refine the input parameters. Firstly, a greater number
of samples need to be analysed to quantify the surface density of protein L on the
surface. Secondly, the affinity of the surface bound protein L for immunoglobulin

needs to be quantified.



Appendix A

153

Appendix A

Protein L Sequence Alignment

The illustration in Figure A-1 demonstrates the sequence alignment between strain

312 and 3316. The numbering systems given in different publications are also

shown.
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Figure A-1 Sequence alignment of single domains from Peptostreptococcus magnus strains 312 and

3316. The yellow highlighted residues display sequence variations between strains.

Residues

emboldened in red are those shown by NMR studies to have major chemical shifts on complex
formation [107]. Residues emboldened in blue and pink have been shown by X-ray crystallographic
studies [112] to be key residues involved in complex formation at the site 1 and site 2 binding sites
respectively. The Arginine (R) of strain 3316, emboldened in purple, is believed to be involved in
interactions at both binding sites. The residues highlighted in blue are those implicated by X-ray
crystallography to form hydrogen bonds with the antibody Vi domain. The numbering systems
used are found in Wikstrom [111], Baker [341], Gore [295], and the protein databank (PDB) files

2PTL and 1HEZ (www.pdb.org).
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Appendix B
Protein LL Mutants

The images below are structural illustrations of the single domain of protein L from
strain 312, created in Swiss Prot PDB viewer with the protein L. PDB file 2PTL
(www.pdb.org). Different amino acids have been highlighted to show potential
conjugation sites (Figure B-1) and the conjugation sites in relation to the active site

amino acids of the protein (Figure B-2)

Red amino acids — Lys residues, which are potential surface attachment sites

Yellow amino acids — Amino Acids that have been shown by NMR spectroscopy to have a major
chemical shift upon VL chain binding

Blue amino acids — Amino Acids that do not show a major chemical shift by NMR
spectroscopy upon VL chain binding

Figure B-1 Lys residues present in Strain 312 of protein L. Image of protein L created using
SwissProt PDB viewer (PDB:2PTL), the red residues indicate Lys residues. These residues display
amines which can be used for the covalent immobilization to a surface.

‘/

’

Figure B-2 Binding site residues and Lys present in Strain 312 of protein L. Image of protein L
created using SwissProt PDB viewer (PDB:2PTL) The red residues indicate Lys residues not
involved in antibody Vi domain binding. Yellow residues are those involved in antibody Vi domain
binding.
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The two tables shown below and overleaf (Tables B-1 and B-2 (see overleaf))

contain the dissociation rates of a series of protein L mutants produced by the Baker

group [341]. The dissociation rates, associated with the two binding site model, of

each mutant is given. The mutants are displayed in amino acid residue order.

Fast phase Slow phase Fast phase Slow phase
Mutant | g 00 on | dissociation | | Mutant | gfl00ien | disseciation

rate (second!) | rate (second) rate (second!) | rate (secondl)
I Y oooss | | A | oom 00036
VisA 18(1)22 i0690007132 A34C ﬁ:o(;f)07250 iod .00005114
mos | 57 woooa | | B | om0 0012
208 | oo | sooooe | | PR | oo 4000070
DOV | gooss | soooote | | P | oo | 00008
kata | OO wooos | | PV | oo 1000023
226 | oo | oo | | KA | oo 00012
N#A | oo | sooooss | | %A | .obow | 00007
1244 | goer | o000 | | % | oo | soooom
1254 i06909103 i06900061(32 F40G iO(? 610302 igggg?%
P64 | oo | o000 | | U | oous 000095
L o wooors | | P18 | oo | so0o0ms
A2 | oo | coooose | | K426 | oo | soo00s
NesA | goos | soooome | | A%C | oon 1000047
a8 | o wooss | | ™4 | ooz | so000mm
v | o woooes | | A | e 000111
T31A iod 908191 iod 90006183 545G io(i 908132 ig 88333
@ | ooy 00012 B6G | oooose | 000106
19 | oo | oo | | B0 | loom 1000193

Table B-1 Mutants produced by the Bakers group taken from [341]. The residue assignments are
base on PDB file 2PTL and the apparent dissociation rates were measured by surface plasmon

resonance.
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Fast phase Slow phase Fast phase Slow phase
Mutant | PRt | apvarent || yyiang | mptrent | apvavent

rate (second!) | rate (second) rate (second!) | rate (secondl)
v | o wooors | | A6 | oo 000053
A6 | o0 | soooos | | MY | oome | o000
viss | ot oo | | P | oo | 00000
VH | oo | soomos | | VA | oors 000035
A49G :I:g:(l)(l)G iod.()0008133 V6sC i8:8316 iod.()0005154
Y0A | ooos | sovowrr | | A6 | oo | oo00ss
YSOF | oooes | sooorzz | | DA | oooe | sooo002
4916 | om0 | soooosr | | KA | ooms | oo00m
D52A | oooss | sooom | | 9% | goos | o000
D56 | oooss | soooor | | YO0 | oo 0.00068
1536 | gooss | sooooss | | YL | oo | 00000
L4 | ooms | somom | | T4 | sooom | sooo000
K55A | oo | sooore | | A | oo | soooms
K56A | oo | soooo0s | | NP5 | sooom | sooo0m
NotA | goom | soooosr | | A | sooom | soo00ss
698 | oo | sooor | | 7Y | soo0ss | so000m
BOA | oooos | soooooz | | KA | oo | sooo0ss
W | oo | soooom | | TV | oo 000011
1624 | o005 | sooo00r | | P | soooss | s0000m
VelA | ooms | o000

Table B-2 Mutants produced by the Bakers group taken from [341]. The residue assignments are
base on PDB file 2PTL and the apparent dissociation rates were measured by surface plasmon

resonance.
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The images below are structural illustrations of the single domain of protein L from
strain 3316, created in Swiss Prot PDB viewer with the protein L. PDB file 1HEZ
(www.pdb,org). Different amino acids have been highlighted to show potential
conjugation sights (Figure B-3) and the conjugation sights in relation to the active

site amino acids of the protein (Figure B-4)

Red amino acids — Lys residues, which are potential surface attachment sites

Yellow amino acids — Amino Acids that have been shown by X-Ray crystallography to make up
Site 1 of the VL binding domain of protein L

Pink amino acids — Amino Acids that have been shown by X-Ray crystallography to make up
Site 2 of the VL binding domain of protein L

Blue amino acids — Amino Acids that do not show a major chemical shift by NMR
spectroscopy upon VL chain binding

Purple amino acid — Arginine 52, believed to be involved in both Site 1 and 2 of the V1, binding
domain of protein L

Figure B-3 Lys residues present in protein L from strain 3316. Image of protein L created using
SwissProt PDB viewer (PDB:2PTL), the red residues indicate Lys residues. These residues display
amines which can be used for the covalent immobilization to a surface.

Figure B-4 Binding site residues and Lys residues present in protein L strain 3316. The image of
protein L. was created using SwissProt PDB viewer (PDB:1HEZ) The red residues indicate Lys
residues not involved in the antibody Vi domain binding. Yellow residues are those that make up
Site 1 of the VL binding domain. Pink residues are those that make up Site 2 of the VL binding
domain. The purple amino acid is Arg-52, believed to be involved in both site 1 and 2 of the VL
binding domain.



Appendix B

158

The two tables (Tables B-3 and B-4 (see overleaf)) shown below and overleaf

contain the dissociation rates of a series of protein L mutants produced by the Gore

group [113, 114, 343, 344]. The dissociation rates, associated with the two binding

site model, of each mutant is given. The mutants are displayed in amino acid residue

order.
Mutant Kaq site 1 Kaq site 2
134W 134W 134W
0.075 uM Not Determined
134WY53F 134WY53F
4.54 uM Not Determined
134WA66W I134WA66W
0.048 uM No Detectable Binding
134WD55EY64WT65ED67TL68Q 134WD55EY64WT65ED67TL68Q
0.059 uM No Detectable Binding
R52A R52AY64W R52AY64W
0.174 uM 1.038 uM
Y53F Y53FL57H Y53FL57H
No Detectable Binding 4.58 uM £0.83 uM
Y64WY53F Y64WY53F
Not Determined 2.83 uM
Y64WY53FL57TH Y64WY53FL57TH
No Detectable Binding 3.4 uM
134WY53F 134WY53F
4.54 uM Not Determined
Y53FD55NL57THY64W Y53FD55NL57THY64W
No Detectable Binding 0.967 uM
D55N D55NY64W D55NY64W
0.017 uM 1.79 uM
D55NY64WD67N D55NY64WD67N
0.65 uM 1.038 uM
Y53FD55NL57THY64W Y53FD55NL5THY64W
No Detectable Binding 0.967 uM
D55E D55EY64WT65ED67TL68Q D55EY64WT65ED67TL68Q
0.075 uM No Detectable Binding
134WD55EY64WT65ED67TL68Q 134WD55EY64WT65ED67TL68Q
0.059 uM No Detectable Binding
L57H Y53FL57H Y53FL57H
No Detectable Binding 4.58 uM £0.83 uM
Y64WY53FL57H Y64WY53FL57H
No Detectable Binding 3.4 uM
Y53FD55NL57THY64W Y53FD55NL5THY64W
No Detectable Binding 0.967 uM

Table B-3 Table showing the dissociation constants of IgG with different protein L mutants [113,

114, 343, 344].




Appendix B 159
Mutant Ka site 1 Ka site 2
Y64W Y64W Y64W
0.0375 uM 3.8 uM
Y64WY53F Y64WY53F
Not Determined 2.83 uM
Y64WY53FL57H Y64WY53FL57TH
No Detectable Binding 3.4 uM
D55NY64W D55NY64W
0.017 uM 1.79 uM
D55NY64WD67N D55NY64WD67N
0.65 uM 1.038 uM
D67TNY64W D67TNY64W
0.029 uM 7.66 uM
R52AY64W R52AY64W
0.174 uM 1.038 uM
Y53FD55NL57THY64W Y53FD55NL57THY64W
No Detectable Binding 0.967 uM
D55EY64WT65ED67TL68Q D55EY64WT65ED67TL68Q
0.075 uM No Detectable Binding
134WD55EY64WT65ED67TL68Q I34WD55EY64WT65ED67TL68Q
0.059 uM No Detectable Binding
T65E D55EY64WT65ED67TL68Q D55EY64WT65ED67TL68Q
0.075 uM No Detectable Binding
134WD55EY64WT65ED67TL68Q 134WD55EY64WT65ED67TL68Q
0.059 uM No Detectable Binding
A66W A66W AW
37.5nM +7.3 nM No Detectable Binding
134WA66W 134WA66W
0.048 uM No Detectable Binding
D67N D55NY64WD67N D55NY64WD67N
0.65 uM 1.038 uM
D67TNY64W D67TNY64W
0.029 uM 7.66 WM
D67T D55EY64WT65ED67TL68Q D55EY64WT65ED67TL68Q
0.075 uM No Detectable Binding
134WD55EY64WT65ED67TL68Q 134WD55EY64WT65ED67TL68Q
0.059 uM No Detectable Binding
1.68Q D55EY64WT65ED67TL68Q D55EY64WT65ED67TL68Q
0.075 uM No Detectable Binding
134WD55EY64WT65ED67TL68Q 134WD55EY64WT65ED67TL68Q
0.059 uM No Detectable Binding

Table B-4 Table showing the dissociation constants of IgG with different protein L mutants [113,

114, 343, 344].
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Appendix C

Photolithographic Mask Layouts

This section provides schematics of the original mask plate designs used for the

fabrication of alignment and photolithographic mask features.

C.1 Photolithographic Mask 1

20888815 SEPA 1-1 DUAL

%
%,
0,%/

Protein

€ patterning mask

Figure C-1 Layout of mask 1, taken from L-edit, illustrating the features of interest (alignment
features and protein patterning mask) designed for preparation of surfaces used in the
investigation of surface patterning.
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C.2 Photolithographic Mask 2
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Figure C-2 Layout of mask 2, taken from L-edit, illustrating the features of interest designed for
the preparation of surfaces used in the investigation of multiple protein patterning.
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Appendix D

X-Ray Photoelectron Spectra

D.1 X-Ray Photoelectron Spectra of
Modified Silicon Surfaces

D.1.1 Undecylenic Acid N-hydroxysuccinimide ester
Modified Silicon

0 1s/2

35 Name Pos. FWHM Area ‘hArea
O1s  S§32.73 1607 502508 9804
53128 1091 10041 196

Q

30

25

530
Binding Energy (ev})

Figure D-1 Expanded X-ray photoelectron spectra peaks from likely oxygen moieties on UANHS
modified silicon surfaces. Surfaces were prepared and analysed using the methods described in
§3.1.5.
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Figure D-2 Expanded X-ray photoelectron spectra peaks from likely nitrogen moieties on UANHS
Surfaces were prepared and analysed using the methods described in

modified silicon surfaces.
§3.1.5.
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Figure D-3 Expanded X-ray photoelectron spectra peaks from likely carbon moieties on UANHS
Surfaces were prepared and analysed using the methods described in

modified silicon surfaces.
§3.1.5.
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Figure D-4 Expanded X-ray photoelectron spectra peaks from likely silicon moieties on UANHS
modified silicon surfaces. Surfaces were prepared and analysed using the methods described in
§3.1.5.
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Figure D-5 Complete X-ray photoelectron spectra peaks from likely chemical moieties on UANHS
modified silicon surfaces. Surfaces were prepared and analysed using the methods described in
§3.1.5.
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D.1.2 NeutrAvidin Modified Silicon
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Figure D-6 Expanded X-ray photoelectron spectra peaks from likely oxygen moieties on
NeutrAvidin conjugated silicon surfaces. Surfaces were prepared and analysed using the methods
described in §3.1.5.
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Figure D-7 Expanded X-ray photoelectron spectra peaks from likely nitrogen moieties on
NeutrAvidin conjugated silicon surfaces. Surfaces were prepared and analysed using the methods
described in §3.1.5.
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Figure D-8 Expanded X-ray photoelectron spectra peaks from likely carbon moieties on
NeutrAvidin conjugated silicon surfaces. Surfaces were prepared and analysed using the methods

described in §3.1.5.
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Figure D-9 Expanded X-ray photoelectron spectra peaks from likely silicon moieties on
NeutrAvidin conjugated silicon surfaces. Surfaces were prepared and analysed using the methods

described in §3.1.5.
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Figure D-10 Complete X-ray photoelectron spectra peaks from likely chemical moieties on
NeutrAvidin conjugated silicon surfaces. Surfaces were prepared and analysed using the methods
described in §3.1.5.
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D.2 X-Ray Photoelectron Spectra of

Modified Glass Surfaces
D.2.1 3-Glycidoxypropyltrimethoxysilane Modified Glass
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Figure D-11 Expanded X-ray photoelectron spectra peaks from likely oxygen moieties on GOPS
Surfaces were prepared and analysed using the methods described in

modified glass surfaces.
§3.2.10.
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Figure D-12 Expanded X-ray photoelectron spectra peaks from likely nitrogen moieties on GOPS
Surfaces were prepared and analysed using the methods described in

modified glass surfaces.
§3.2.10.
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Figure D-13 Expanded X-ray photoelectron spectra peaks from likely carbon moieties on GOPS
modified glass surfaces. Surfaces were prepared and analysed using the methods described in
§3.2.10.
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Figure D-14 Expanded X-ray photoelectron spectra peaks from likely silicon moieties on GOPS
modified glass surfaces. Surfaces were prepared and analysed using the methods described in
§3.2.10.
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Figure D-15 Complete X-ray photoelectron spectra peaks from likely chemical moieties on GOPS
modified glass surfaces. Surfaces were prepared and analysed using the methods described in

§3.2.10.
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D.2.2 Aryl Azide Conjugated Dextran Modified Glass
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Figure D-16 Expanded X-ray photoelectron spectra peaks from likely oxygen moieties on aryl azide
conjugated dextran modified glass surfaces. Surfaces were prepared and analysed using the
methods described in §3.2.10.
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Figure D-17 Expanded X-ray photoelectron spectra peaks from likely nitrogen moieties on aryl
azide conjugated dextran modified glass surfaces. Surfaces were prepared and analysed using the

methods described in §3.2.10.
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Figure D-18 Expanded X-ray photoelectron spectra peaks from likely carbon moieties on

aryl azide conjugated dextran modified glass surfaces.

analysed using the methods described in §3.2.10.

Surfaces were prepared and
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Figure D-19 Expanded X-ray photoelectron spectra peaks from likely silicon moieties on aryl azide
conjugated dextran modified glass surfaces. Surfaces were prepared and analysed using the
methods described in §3.2.10.
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Figure D-20 Complete X-ray photoelectron spectra peaks from likely chemical moieties on aryl
azide conjugated dextran modified glass surfaces. Surfaces were prepared and analysed using the

methods described in §3.2.10.
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D.2.3 NeutrAvidin Modified Glass
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Figure D-21 Expanded X-ray photoelectron spectra peaks from likely oxygen moieties on

NeutrAvidin conjugated glass surfaces. Surfaces were prepared and analysed using the methods
described in §3.2.10.
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Figure D-22 Expanded X-ray photoelectron spectra peaks from likely nitrogen moieties on
NeutrAvidin conjugated glass surfaces. Surfaces were prepared and analysed using the methods
described in §3.2.10.
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Figure D-23 Expanded X-ray photoelectron spectra peaks from likely carbon moieties on
NeutrAvidin conjugated glass surfaces. Surfaces were prepared and analysed using the methods
described in §3.2.10.
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Figure D-24 Expanded X-ray photoelectron spectra peaks from likely silicon moieties on
NeutrAvidin conjugated glass surfaces. Surfaces were prepared and analysed using the methods
described in §3.2.10.
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Figure D-25 Complete X-ray photoelectron spectra peaks from likely oxygen moieties on
NeutrAvidin conjugated glass surfaces. Surfaces were prepared and analysed using the methods

described in §3.2.10.
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