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ABSTRACT

The use of gold nanoparticles (AuNP) has a long and varied history, thought to cover
several thousand years. More recently the unique properties of nanoscale materials have
stimulated extensive work on nanoparticles and other nanomaterials leading to their use
in novel technologies. AuNPs have been of particular interest for bioscience
applications due to their biocompatibility and the ease with which biological molecules
can be conjugated to their surface. In this study the assembly of engineered proteins,
specifically the transmembrane domain of Escherichia coli outer membrane protein A
(OmpATM™m), onto the surface of AuNPs was investigated both in solution and with the
particles attached to a SiO. substrate. AuNPs were adhered to SiO, surfaces using a
novel silane treatment developed by the industrial sponsor and were characterised using
spectroscopy, electron and atomic force microscopy. The addition of a single cysteine
residue to the OmpATwm structure was shown, by UV-Vis and fluorescence spectroscopy,
to increase protein binding at equilibrium and form higher stability protein-AuNP
complexes in solution. Following this, engineered OmpATm proteins containing tandem
antibody-binding domains from Streptococcal protein G were assembled on the AuNP
surface and their structure interrogated using neutron and light scattering. This revealed
an oriented protein layer where the functional domains extend away from the AuNP
surface and are available to bind antibodies. OmpArm-AuNP conjugates were used to
develop biosensing assays using both well-established methods, such as lateral flow
assays, and novel spectroscopic methods, which use the unique optical properties of
AUNPs. Detection of influenza A nucleoprotein, an antigen used to clinically diagnose
influenza, was achieved using a bespoke anti-nucleoprotein single-chain antibody
domain fused to OmpAtm and assembled on 20 nm diameter AuNPs. The results
demonstrate that engineered OmpATm proteins conjugated to AuNPs can be used to

develop novel diagnostics using a range of read out technologies.
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Characterisation of Self-Assembled Engineered Proteins on Gold Nanoparticles and their Application to
Biosensing

1.1 Gold Nanoparticle-Protein Conjugates

The use of gold nanoparticles has a long history, thought to date back more than 2000
years, with evidence of scientists from China and India having access to colloidal gold
solutions as far back as the 4™ and 5" centuries B.C. Despite this long history, the facile
synthesis of well-defined gold nanoparticles was not achieved until the 20" century with
the development of the citrate reduction method by Turkevich in 1951 (Turkevich et al.,
1951). Further work by Frens (Frens, 1973) and alternative syntheses by Brust (Brust et
al., 1994) have improved the ability to control particle size and enabled the introduction

of new chemistries to the particle surface during synthesis.

The syntheses mentioned above generate gold nanoparticle suspensions by the reduction
of a solution of chloroauric acid (HAuCls), where gold has an oxidation state of +3, to
metallic gold, which has an oxidation state of 0. Chloroauric acid is formed by
dissolving metallic gold in a mixture of nitric and hydrochloric acid, known as aqua
regia. The formation of a stable gold nanoparticle solution also requires a stabilising
surface ligand to be introduced to the nanoparticle surface. In the Turkevich method (the
most widely used synthesis) trisodium citrate is used as both the reducing agent and
stabilising surface ligand (Turkevich et al., 1951). Reduction of Au(lll) to Au(0) by
citrate leads to the formation of acetone dicarboxylate and carbon dioxide. The exact
mechanism of gold nanoparticle synthesis by the Turkevich method is not fully
understood. It is thought that the reduction of AuCls leads to the formation of small
seed particles, which then grow to form the larger gold nanoparticles (Wuithschick et
al., 2015). Free citrate molecules can then coordinate to the gold nanoparticle surface
through their carboxylate groups, stabilising the particle from further growth (Park and
Shumaker-Parry, 2014). Several parameters can be adjusted to tune the size of the gold
nanoparticles, including the citrate/AuCls; ratio, reaction pH and chloride ion
concentration (Ji et al., 2007; Zhao et al., 2012).

It was already known in the 1950s that adsorbed proteins and other hydrophilic
molecules could stabilise gold colloid suspensions against aggregation by electrolytes
(Slabaugh, 1962; Williams and Chang, 1951). Faulk and Taylor (Faulk and Taylor,
1971) took this idea further by conjugating antibodies to particles for use as markers for
transmission electron microscopy (TEM) studies of Salmonella surface antigens.
Immunogold particles have continued to be the most widely used labels for electron
microscopy of biological samples. The electron dense nature of gold provides excellent
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contrast, while their small size and the highly specific binding of antibodies make them
ideal probes for precisely labelling cellular components and surface antigens
(Cloeckaert et al., 1990; Rash et al.,, 1998). Gold nanoparticles have become an
attractive platform for biomedical applications due to their biocompatibility and the
wealth of available attachment strategies for biological molecules such as proteins,
DNA and peptides (Bartczak and Kanaras, 2011; Falabella et al., 2010; Robinson et al.,
2010). Applications in photothermal therapies, drug delivery, imaging and diagnostics

have also been explored.

Many applications in imaging and diagnostics take advantage of the unique optical
properties of gold nanoparticles. These properties are caused by the coherent oscillation
of conduction band electrons induced by the electromagnetic field of incident light
photons (Figure 1.1). The collective oscillations of the particle’s electrons are known as
the local surface plasmon, with its resonance frequency observable by an absorption
maximum in the visible electromagnetic spectrum (Huang and El-Sayed, 2010; Willets
and Duyne, 2007). The local surface plasmon resonance (LSPR) peak is dependent on
several factors, including the size and shape of the particle and the dielectric constant of
any bound molecules and the surrounding medium. Changes in the LSPR of gold
nanoparticles have been utilised for observing biomolecule binding both in solution and
on surfaces (Liang et al., 2011; Nath and Chilkoti, 2004; Tsai et al., 2005; Willets and
Duyne, 2007; Zhao et al., 2008). The interaction of light with gold nanoparticles is
extremely strong, for example the scattering cross-section of an 80 nm nanoparticle is
10° times greater than the fluorescence cross-section of a fluorescein molecule, which
allows them to be observed even using low resolution imaging techniques such as dark

field microscopy.
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Figure 1.1 Electron cloud oscillations of gold nanoparticles induced by an electromagnetic
wave. Adapted from (Willets and Duyne, 2007)

A secondary effect of photon absorption by AuNPs is non-radiative heat generation
(Huang and EI-Sayed, 2010). This has been utilised in photothermal cancer treatments,
when the nanoparticles are excited, usually with near infrared radiation, they cause
localised hyperthermia in tumour cells leading to cell death. Antibody conjugation to
AUNPs can be used to target specific tumours and the development of such hybrid
nanoparticles has enabled real time imaging by MRI and ultrasound during
photothermal therapy (Ke et al., 2011; Larson et al., 2007).

Other therapeutic strategies have been explored, particularly using AuNPs as drug
delivery vehicles (Dreaden et al., 2012; Dykman and Khlebtsov, 2012; Niemeyer,
2001). One of the first examples of this approach delivered tumour necrosis factor
(TNF), an anticancer, protein biologic, to colon carcinoma tumour cells in an in vivo
mouse model. Recombinant TNF was directly conjugated to AuNPs and administered
intravenously with accumulation in the tumour observed by a bright red colour change
(Paciotti et al., 2004).

Specific Attachment of Proteins to AUNPs

While many proteins are conjugated to AuNPs through non-specific adsorption, it can
be beneficial for binding to be mediated through higher specificity interactions. There
are three main strategies for specifically conjugating proteins to gold nanoparticles,
covalent or electrostatic binding to a surface ligand, direct binding to the surface and
secondary interactions with a bound protein (Figure 1.2). The chosen protein and the

application of the nanoparticle conjugate will dictate which strategy is best suited.
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C.

Figure 1.2 Protein attachment strategies to gold nanoparticles. A. Electrostatic or covalent
coupling to surface capping ligands, such as negatively charged ligands or EDC/NHS coupling
of primary amines to surface carboxyl groups. B. Direct attachment to the nanoparticle surface
through free cysteine residues. C. Indirect attachment through a surface bound protein such as

streptavidin binding to biotinylated proteins.

During nanoparticle synthesis a stabilising capping ligand is introduced on to the
nanoparticle surface with the most commonly used ligand being sodium citrate (Park
and Shumaker-Parry, 2014). The charged capping ligands help stabilise the particles
through mutual electrostatic repulsion. Electrostatic attraction between these ligands and
proteins is commonly exploited for binding. This can take place via general charge
interactions, such as antibodies with citrate ligands, or more specific interactions, such
as a Ni>*-NTA ligand with a polyhistidine tagged protein (Ma et al., 2015). Binding via
these interactions can be transient and suffer from exchange effects; this is especially
problematic if the desired application has a complex sample environment containing
multiple proteins (Green et al., 1999; Wang et al., 2016).

More permanent covalent attachment of proteins to capping ligands has been intensely
studied. New chemistries can be effectively introduced via assembly of alkylthiol
compounds on the nanoparticle surface which form good quality monolayers on gold
surfaces through stable sulphur-gold bonds (Bain et al., 1989; Love et al., 2005).
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The most commonly used chemistry for biomolecule attachment is 1-ethyl-3(3-
dimethlaminopropyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling which
forms an amide bond between the terminal carboxyl group of the capping ligand with
free primary amines of the protein (Bartczak and Kanaras, 2011; Sehgal and Vijay,
1994). For larger proteins with several reactive amines this method results in multiple
orientations which can be detrimental to sensitivity in sensing applications (Puertas et
al., 2010). More specific chemistries can be used, such as maleimide coupling to
cysteine residues (Kuhn et al., 2007) and hydrazide coupling to polysaccharides in the

Fc region of antibodies (Kumar et al., 2008).

Direct attachment of proteins on the AuNP surface can be achieved through endogenous
or engineered cysteine residues in the protein structure (Lee et al., 2007; Liu et al.,
2009; Terrettaz et al., 2002). The resulting gold-thiol bonds provide stable binding,
directed orientation and a simplified functionalisation process (X. Wang et al., 2017).

Secondary interactions can also be used to mediate binding to the nanoparticle surface.
The two most common examples are avidin-biotin binding and protein A/G binding to
antibodies. The Avidin-biotin complex is the strongest known non-covalent interaction
(Kd ~10* M), which provides an extremely stable link, while a range of commercially
available biotin derivatives can be used to functionalise the protein of choice (Sapsford
et al., 2013). Protein A and G are antibody binding proteins from S. aureus and group G
Streptococci respectively. Both have been used to bind immunoglobulins to
nanoparticles for surface display, mediated through the Fc region of the antibody (Brun
et al., 2015; Gronenborn and Clore, 1993; van der Heide and Russell, 2016).

It has been proposed by Medintz (Medintz, 2006) that the reliable generation of

functional protein surfaces on nanoparticles requires 5 key criteria:

e Homogeneous binding

e Control over the final protein orientation

e Control over the distance from the surface

e Control over the protein density on the surface

e Control over the affinity of the protein to the surface

Although some of these requirements can be met using the attachment strategies
described above, there are currently none that would satisfy all five. Much of the work

on functional protein surfaces has been focussed on antibodies and their derivatives. It
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remains to be seen if a general attachment method that facilitates controlled assembly of

any protein can be developed.

Direct Protein-Nanoparticle Binding (Protein Adsorption)

General protein adsorption to nanoparticles is usually termed as non-specific. This is
more a reflection of the variety of interactions that are possible between proteins and the
nanoparticle surface. Several binding modes have been described for proteins to gold
nanoparticle surfaces; electrostatic interactions, hydrophobic interactions and covalent
bonds can all play a role in this process. The degree to which each of these interactions
contributes to binding will vary depending on the structure of the protein, the charges of
both protein and nanoparticle and, in the case of gold, the availability of free cysteine
residues for covalent bond formation. Other possible considerations include, the
retention of secondary structure upon binding, i.e. whether proteins denature and
“spread” on the surface, interactions between neighbouring proteins and whether multi-
layered protein coronas are formed. Protein binding to particles and surfaces is
extremely important for many processes including, bioprocessing, biosensing and drug
delivery and although extensively studied, the complex, multi-faceted nature of protein

binding makes detailed mechanistic information difficult to elucidate.

The binding mechanisms of several model proteins, such as bovine serum albumin and
ubiquitin, to gold nanoparticles has been intensively studied. These studies have shown
that electrostatic interactions significantly affect binding. For example, the adsorption
capacity of citrate coated AuNPs increases with lower pH for small globular proteins
(Wang et al., 2016) and the orientation of a-Synuclein binding is dependent on the
particle surface charge (Lin et al., 2015). Larger, more complex proteins, such as BSA,
undergo significant structural transitions, with changes in the pH further affecting
binding affinity and the structure of the protein layer (Li et al., 2008; Tsai et al., 2011).
Electrostatic contributions are generally intuitive, with opposing charges causing
attraction between the protein and nanoparticle, however, similar net charges are not
enough to completely abolish binding (Wang et al., 2016). More detailed studies of the
binding surfaces of ubiquitin and GB3 have identified critical lysine residues involved
in particle binding (Ceccon et al., 2016; Wang et al., 2016; Zanzoni et al., 2016). This
exemplifies how both global parameters, such as net charge, and protein specific
features, such as individual residues or conformational transitions, can have significant

effects on protein binding.
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Several techniques have been used to extract thermodynamic, stoichiometric and
structural information. Scattering techniques, such as dynamic light scattering (DLS)
and small angle neutron scattering (SANS), have been used to probe the structures of
protein layers (Jans et al., 2009; Kumar et al., 2011; Li et al., 2008; Tsai et al., 2011).
Stoichiometric information has been acquired using; nuclear magnetic resonance
(NMR), agarose gel electrophoresis, isothermal titration calorimetry (ITC) and
fluorescence spectroscopy (Goy-Lopez et al., 2012; Ma et al., 2015; Wang et al., 2014;
Wangoo et al., 2008). In addition to stoichiometry, thermodynamic information can be
obtained from NMR, ITC and fluorescence spectroscopy. Most of these techniques have
their limitations, whether that is during data collection, for example the inner filter
effect complicating fluorescence spectroscopy (Ameer et al., 2012), or the modelling
required for data analysis. As discussed above, binding events are often complex, with
several interacting components. Many groups have previously used overly simplistic
thermodynamic models to describe their systems, leading to wide variation in the results
from different studies (Latour, 2015). More complex models have been developed but
their usage is not always trivial and must be optimised for each protein-nanoparticle
system (Rabe et al., 2011).

A general three-stage binding model has been proposed by Wang et al (Wang et al.,
2014) where initial association is dynamic and reversible, driven by electrostatic
interactions (Wang et al., 2016). The bound proteins are then able to reorganise on the
particle surface maximising the space available for further protein binding. Finally,
“hardening” of the protein layer occurs with proteins becoming irreversibly bound, a
process that is accelerated by available cysteine residues that can form stable sulphur-
gold bonds. The proposed model assumes that there are no significant structural changes

to the protein on binding to the nanoparticle surface.
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C.

Figure 1.3 Three stage binding model of proteins on gold nanoparticles. A. Dynamic,
reversible binding to the surface. B. Protein reorganisation. C. “Hardening” of the protein layer,

which is accelerated by the formation of gold-thiol bonds. Adapted from (Wang et al., 2014).

1.2 Protein Scaffolds

The generation of protein-nanoparticle conjugates that maintain the biological function
of the attached proteins can be challenging, especially if structural changes occur during
binding. The functional domains of other proteins may not be stable when isolated or
produced recombinantly. It is possible to overcome these problems using protein
engineering methods, for example, improving protein stability through rational design
or inserting functional motifs into more stable protein scaffolds (Nuttall and Walsh,
2008; Yang et al., 2015). The advances in DNA technology developed in the 1970s,
allowing gene modification, led to a revolution in protein engineering (Leatherbarrow
and Fersht, 1986). Site directed mutagenesis (Carter, 1986) is now a routine technique
used in biochemistry laboratories around the world. More recent developments in
synthesis techniques have significantly reduced the cost of whole gene synthesis,
making more complex engineered constructs possible (Hughes et al., 2011). Due to the
complexities of de novo protein design (Huang et al., 2016) most protein engineering
requires the use of a protein scaffold which is modified to bestow novel properties or
change its functional activity. Desirable features of a scaffold include, high stability,

easy expression and, of course, regions that are insensitive to sequence variation.

Affinity binding molecules are an area that has seen particular development in this
regard with a wide number of different scaffolds available. These can be based on
antibody fragments, bacterial protein domains and also human protein domains
(Johnson et al., 2012; Lofblom et al., 2011; Nuttall and Walsh, 2008). Most of the

Timothy Robson - February 2018 9



Characterisation of Self-Assembled Engineered Eroteips on Gold Nanoparticles and their Application to
Biosensing
development in this area has been on loop display scaffolds where the variable region is
a surface exposed loop (Nuttall and Walsh, 2008). Large libraries of loop variations can
be made and then screened for activity against the target using phage display
technologies (Li et al., 2015).

Protein scaffolds have also been explored for regenerative medicine and tissue
engineering applications with bacterial and silk protein polymers adapted to encourage
cell growth (Roque et al., 2014; Schacht et al., 2016). The design of tissue scaffolds is
more involved, with the mechanical properties of the material important for supporting
cell growth. Materials implanted in the host must also be biodegradable which adds
further design considerations that need to be met (Mano et al., 2007).

Bacterial outer membrane proteins, B-barrel proteins in particular, have been subject to
intense research as protein scaffolds. Two main engineering approaches have been
pursued, modifying the central pore of the barrel structure for use in sensing
technologies (Ayub and Bayley, 2016) and modifying the extracellular region of the
protein for use as peptide and protein display scaffolds (Fleetwood et al., 2014; Rice et
al., 2006). The self-assembling nature of beta barrel proteins has also been exploited for
their use as surface display platforms. The addition of a cysteine residue into a basement
loop of the barrel drives assembly on to gold surfaces, leading to oriented protein arrays
that can display peptide motifs or functional domains that have been engineered into the
outer loops (Brun et al., 2008, 2015; Cisneros et al., 2006; Shah et al., 2007). This could
be a promising approach for displaying functional domains or motifs on the surface of
gold nanoparticles.

1.3 Bacterial Outer Membrane Proteins (OMPs)

The cell envelope of Gram-negative bacteria is comprised of an inner and outer
membrane that sandwich a crosslinked peptidoglycan layer. The inner membrane is a
classical phospholipid bilayer, whereas the outer membrane consists of a uniquely
asymmetric bilayer with a lipopolysaccharide (LPS) outer leaflet and phospholipid inner
leaflet. The profound asymmetry of the bilayer and cation crosslinking of the outer LPS
leaflet forms an extremely tight and impermeable barrier (Clifton et al., 2015). Selective
uptake of nutrients into the cell is facilitated by the large number of integral membrane
proteins present in the outer membrane (Nikaido, 2003). Unlike the inner membrane

where proteins consist of hydrophobic alpha-helices, outer membrane proteins are
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usually B-barrels, with arrays of antiparallel beta sheets that form a barrel like structure.
The hydrophobic core region of the barrel sits in the membrane while the hydrophilic
ends extend into the periplasmic and extracellular spaces. The B-barrel proteins of the
outer membrane carry out a wide array of biological functions, with a correspondingly
wide structural variety (Figure 1.4). Examples of these proteins and their functions
include: non-specific porins, OmpF and OmpC, selective transporters, LamB and FhuA,
bacterial adhesion factors, OmpX and Ail, and membrane bound proteases, OmpT
(Fairman et al., 2011).

Outside Cell

OmpF Periplasm

Figure 1.4 p-barrel outer membrane protein structures representative of the structural
variety, both in size and oligomeric state. From the left the 10-stranded OmpT (PDB
ID:1178), 22-stranded FhuA which contains an N-terminal plug domain in the barrel lumen
(PDB ID:1BY3), 8-stranded transmembrane domain of OmpA without its associated
periplasmic C-terminal domain (PDB ID:1BXW) and trimeric 16-stranded OmpF (PDB
ID:2J1N). The hydrophobic core of the outer membrane is represented by the shaded region.

The biogenesis of outer membrane proteins is still a relatively poorly understood
process. After synthesis in the cytoplasm an N-terminal signal sequence targets the
unfolded polypeptide chain to the SecYEG translocon, facilitating transport across the
inner membrane into the periplasm (Tamm et al., 2004; Tsirigotaki et al., 2017). Once
in the periplasm the signal sequence is cleaved by the signal peptidase and the unfolded
protein is bound by the chaperones, Skp and SurA, which are required for transport
across the periplasm and stabilise the unfolded intermediate, preventing aggregation
(Lyu and Zhao, 2015; McMorran et al., 2014). Folding and insertion of the mature
protein is then carried out by the beta-barrel assembly machinery, known as the BAM
complex (Figure 1.5).
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Figure 1.5 Schematic of outer membrane protein biogenesis. The nascent polypeptide chain
is synthesised by a cytoplasmic ribosome and targeted to the SecYEG translocon machinery via
an N-terminal signal sequence. After translocation into the periplasm the unfolded protein is
transported to the outer membrane by the chaperones, SurA and Skp, and inserted by the BAM

complex. Reproduced with permission from (McMorran et al., 2014).

Recently, the mechanisms of periplasmic transport, folding and insertion into the outer
membrane have been the subject of intense research. The complex interplay between the
periplasmic chaperones and their respective pathways are not well understood, with
some evidence that they act as a dynamic reservoir to shuttle the unfolded protein to the
outer membrane (Costello et al., 2016). Biophysical studies of the trimeric Skp
chaperone have shown that the unfolded OMP is held inside a hydrophobic cage, with
the size of the cavity dependent on the bound protein. If expansion of the cavity is not
enough to encapsulate the protein, a second Skp trimer can be recruited (Schiffrin et al.,
2016). Further biophysical experiments using single-molecule force spectroscopy have
shown that SurA and Skp stabilise unfolded OMPs and help direct folding of the
polypeptide chain into a lipid bilayer (Thoma et al., 2015).
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In vitro, B-barrel proteins can spontaneously fold into detergent micelles and lipid
bilayers, however, in the cell the BAM complex is necessary for efficient folding into
the outer membrane. The complex comprises of five units, the main unit, BamA, is an
outer membrane B-barrel with five polypeptide transport associated (POTRA) domains
that interact with the four lipoprotein subunits BamB, C, D and E. The structure of the
full complex has only recently been reported, and shows the lipoproteins forming a ring
beneath BamA in a “top hat” arrangement (Gu et al., 2016; Han et al., 2016) (Figure
1.6).

Top

Figure 1.6 Structure of the BAM complex, showing the “top hat” arrangement of the

BamA barrel and its four lipoprotein units. The transmembrane [(-barrel of BamA is

highlighted to separate it from the five periplasmic and the four lipoproteins
BamB, BamC, and BamE. The membrane core is indicated by the shaded region. PDB
ID: 5D00

Structural and biochemical studies are beginning to elucidate the mechanism of protein
insertion through the BAM complex, which appears to be driven by a rotation of the
lipoprotein complex, possibly initiated by substrate binding (Gu et al., 2016). The
changes in the lipoprotein complex are associated with conformation switching of the
BamA barrel, from an inward open (lateral closed) state, to a lateral open state. In the
lateral closed state the barrel is open to the periplasm and presumably able to accept the
substrate OMP. Switching to the lateral open states separates the 1 and 16 strands as a
result of barrel distortion (Gu et al., 2016; ladanza et al., 2016) (Figure 1.7). Lateral
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gating of the BamA barrel is required for its function, suggesting that the new OMP is
inserted into the membrane through this opening while mediating B-strand formation
(ladanza et al., 2016; Noinaj et al., 2014).

Closed

Figure 1.7 The conformational changes of the BamA barrel implicated in OMP folding
and insertion. The B1 and B16 strands are highlighted and can be seen to pull apart in the open
state as a result of barrel distortion. (PDB IDs: 5D00 and 5EKQ)

1.3.1 Outer Membrane Protein A

Outer membrane protein A is a 325 amino acid integral membrane protein from the
Gram-negative bacterium E. coli. The protein comprises of two separate domains, the
171 amino acid N-terminal domain forms an 8-stranded transmembrane beta-barrel
(Pautsch and Schulz, 2000) while the remaining 154 residues form a C-terminal
periplasmic domain connected by a flexible linker region, thought to play a role in
peptidoglycan binding (Figure 1.8) (Ishida et al., 2014). Although structures of both

domains are now available crystallisation of the full length protein remains elusive.
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Figure 1.8 A. Crystal structure of the OmpA N-terminal domain beta-barrel (PDB
ID:1BXW) B. Solution NMR structure of OmpA C-terminal domain (PDB ID:2MQE) C.
Possible full length structure created by docking the two structures in PyMol. The

membrane core is indicated by the shaded region.

There is still a level of controversy surrounding the in vivo structure and function of full
length OmpA. Early vesicle reconstitution experiments showed that OmpA exists in
closed and open channel forms when subjected to a sucrose gradient (Sugawara and
Nikaido, 1994). Further evidence for two OmpA forms was provided by single channel
measurements with large and small conductance states observed (Arora et al., 2000).
This was in contradiction to the available crystal structures of the transmembrane
domain, which did not show a continuous pore. Subsequently, the existence of the small
channel conductance was rationalised by transient hydrogen bond switching using
molecular dynamics simulations (Bond et al., 2002) and later proven through
mutagenesis experiments (Hong et al., 2006). Formation of the large pore conformation
was only observed with the full length protein which led to a structural model being
proposed where a 16-stranded transmembrane barrel forms by insertion of the C-
terminal domain into the transmembrane domain (A Figure 1.9) (Nikaido, 2003;
Stathopoulos, 1996; Zakharian and Reusch, 2005). However, this model was not
supported by secondary structure measurements by CD spectroscopy (Danoff and
Fleming, 2011; Sugawara et al., 1996).
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More recent work has shown that the C-terminal domain does indeed bind the
peptidoglycan layer (Ishida et al., 2014) and both in vitro and in vivo crosslinking
studies have identified a C-terminal dimer interface that occurs between the isolated
domain and full length protein (Ishida et al., 2014; Marcoux et al., 2014; Zheng et al.,
2011). Low resolution structural models of full length OmpA dimers have been
generated from ion mobility-mass spectroscopy (IM-MS) (Marcoux et al., 2014) and
small angle x-ray scattering (SAXS) (Dgvling Kaspersen et al., 2014) which proposed
that dimerisation is initiated through the C-terminal domain, bringing the two N-
terminal B-barrels together. Physical separation of the N and C-terminal domains was
also confirmed by NMR experiments of proteins reconstituted in a membrane mimetic

environment (Ishida et al., 2014).

If one considers that the most likely role of the C-terminal domain is to facilitate
binding to the peptidoglycan layer and also that it has the ability to dimerise with a
second OmpA monomer, then the possibility of the large pore conformer being the
result of C-terminal domain insertion into the membrane becomes much less likely.
Protein insertion into the outer membrane is generally blocked by a kinetic barrier,
which is lowered by the BAM complex to allow outer membrane protein folding. This
barrier coupled with the peptidoglycan and dimer interactions of C-terminal domain

would lead to an energetically unfavourable transition.

A second model for the large pore formation was proposed by Zheng et al (Zheng et al.,
2011) where the C-terminal domain initiates dimersation of OmpA, bringing the N-
terminal domains together to form a 16-stranded B-barrel (B Figure 1.9). Although there
is no structural data showing a 16-stranded barrel in full length OmpA there is some
evidence to support this model. Nikaido (Nikaido, 2003) reported that the open channel
conformers are observed in an oligomeric form and in vitro studies have shown that the
transmembrane domain forms folded and unfolded oligomeric species, suggesting that
OmpATwm is able to form higher order structures through domain swapping (H. Wang et
al., 2013).
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Figure 1.9 Possible models for OmpA large pore formation. (A) The C-terminal model,
where the C-terminal domain inserts itself into the N-terminal domain to form a 16 stranded f3-
barrel. (B) The N-terminal model, where OmpA dimerises through the C-terminal domain,
followed by the two N-terminal domains forming a 16 stranded B-barrel through domain

swapping.

Transmembrane Domain

As discussed above the OmpA transmembrane domain is an 8 stranded B-barrel that, in
its small pore form, is a non-specific porin allowing slow diffusion of small solutes
through the membrane (Sugawara and Nikaido, 1992). B-barrel proteins are highly
thermostable, with OmpAtm in particular having an unfolding temperature greater than
80°C (Burgess et al., 2008; Smith et al., 2007). AFM unfolding studies of the OmpA
homologue from Klebsiella pneumoniae revealed the particularly high mechanical
strength of 8-stranded beta-barrels when compared to larger porins, possibly linked to
their role as a membrane anchors (Bosshart et al., 2012). As well as high thermal and
mechanical stability, OmpAtm shows remarkable sequence flexibility with circular
permutations and even multiple concatenated TM-domains shown to fold correctly into
detergent micelles (Andersen et al., 2016; Koebnik, 1996).

Beta-Barrel Assembly on Gold Surfaces

The addition of a single cysteine residue into a short turn of a B-barrel was first shown
to enable self-assembly on a gold surface with the 16-stranded homotrimeric protein
OmpF. After assembly, a stabilising thiolipid layer was deposited on the surface to
mimic the outer membrane environment. Retention of the beta structure was confirmed
by Fourier transform infrared spectroscopy and binding functionality was shown by
surface plasmon resonance and impedance spectroscopy (Terrettaz et al., 2002). Further

work with atomic force microscopy was able to visualise the characteristic
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homotrimeric structure of OmpF on flat gold surfaces in high resolution (Cisneros et al.,
2006).

This approach was then successfully applied to OmpATm assembly on gold surfaces
(Shah et al., 2007). The high stability, monomeric nature and sequence flexibility of
OmpATm make it an excellent candidate for use as a protein scaffold. Previous studies
have already explored inserting peptide motifs into the extracellular loops and more
extensive changes such as the addition of multiple concatenated domains (Brun et al.,
2015; Shah et al., 2007). The structure of surface assembled OmpAmw proteins,
engineered with tandem antibody binding domains from protein A has been shown
using neutron reflectometry (Brun et al., 2008; Le Brun et al., 2011). The proteins form
oriented arrays embedded in a thioAlkylPEG monolayer, with the functional domains
displayed away from the surface where they are free to bind antibodies that are in
solution (Figure 1.10). The thioAlkylPEG molecule helps stabilise the protein
monolayer, with its length of approximately 30 A matching the height of the
hydrophobic core of OmpA. This type of system has been proposed as a platform for

label free biosensing of antigens such as viral nucleoproteins (Brun et al., 2015).
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Figure 1.10 Schematic diagram of an engineered OmpArw array self-assembling on a
planar gold surface. (A) The gold surface is passivated with B-mercaptoethanol (not to scale).
(B) OmpArwv engineered with tandem antibody binding domains and a linker domain is
deposited on the surface. (C) The surface is backfilled with a stabilising thioAlkylPEG
monolayer. D. The antibody binding domains are free to bind 1gG. Adapted from (Brun et al.,
2015).
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1.4 Nanoscale Gold Surface Structures

The control of materials on the micro and nano scale has become a defining feature of
the silicon age; semiconductor devices for computer systems are now routinely
fabricated with nanometer precision (Thompson and Parthasarathy, 2006). There are
two opposing approaches to the generation of nanoscale features or patterns. The first,
known as the top down or directed approach, uses templates to selectively pattern a
substrate either by protecting certain areas or guiding the formation of new material (A
Figure 1.11). This is the basis of the common lithographic techniques that are used in
semiconductor production among other applications. The second approach, termed
bottom up, takes small molecular building blocks and creates nanoscale structures via
self-assembly (B Figure 1.11). This is also known as the biological approach (Seeman
and Belcher, 2002).

A

fo
X&

Figure 1.11 Schematic representations of top down (A) and bottom up (B) fabrication

techniques. (A) A mask is placed on the substrate, which selectively protects areas from the
growth of new material or removal of a layer of the substrate. The mask is then removed to
reveal the constructed pattern. (B) Small building blocks are added together that can self-
assemble through inter-block interactions to generate a patterned material.

Top Down
A variety of lithographic techniques have been used to generate nanoscale gold patterns
on surfaces. Many of these studies have been motivated by the unusual behaviour of
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light interacting with periodic metallic structures in the nanoscale regime (Gao et al.,
2006). One of the most widely used patterns are nanohole arrays which can be made
using a variety of techniques including electron beam lithography (Sharpe et al., 2008;
Yu and Golden, 2007) and nanoimprint lithography (Chen et al., 2009; Martinez-
Perdiguero et al., 2013). Nanoimprint lithography utilises a mould that has
nanostructures patterned on the surface, a polymer based resist is then imprinted with
the desired pattern by pressing with the mould while heating (Chou et al., 1996). A gold
layer can then be added by evaporation techniques (Martinez-Perdiguero et al., 2012) or
alternatively is revealed by etching (Chen et al., 2009). The main advantage of using the
nanoimprint approach is the ability to scale up for mass manufacture, which is not
possible using electron beam lithography. Gold nanohole arrays have been reported as
possible sensor devices using either surface enhanced raman spectroscopy (SERS)
(Armas et al., 2016; Yu and Golden, 2007) or surface plasmon resonance (SPR) to
detect changes at the gold surface (Chen et al., 2009; Kwak et al., 2005; Martinez-
Perdiguero et al., 2013; Sharpe et al., 2008).

Bottom Up

The generation of nanostructured gold nanoparticle arrays via bottom up methodologies
can be approached in two ways; self-assembly of a template with defined binding sites
or by direct self-assembly of gold nanoparticles on to a surface. Synthetic polymers,
DNA and proteins can all be used to mediate self-assembly of gold nanoparticle into
nanostructures (Ofir et al., 2008). Diblock copolymer films that phase separate into
discrete microarchitectures have been used to direct gold nanoparticle assembly.
Selective binding to one half of the diblock polymer generates patterned gold
nanoparticle substrates (Shenhar et al., 2005; Zehner et al., 1998). Biological molecules
such as DNA and proteins offer an almost infinite number of complex assembly
architectures, from the helical structures provided by DNA origami (Liu et al., 2014) to
self-assembled cage structures made from viral proteins (Liljestrom et al., 2014). DNA
templates can be utilised in two ways; nanoparticles labelled with a single piece of
ssSDNA can be assembled together by Watson-Crick base pairing to form networks (Tan
et al., 2011) or alternatively cationically functionalised nanoparticles can be assembled
on anionic DNA molecules through charge-charge interactions (Ganguli et al., 2004).
Protein templates can be used in a similar fashion; protein surfaces arranged as 2D

crystals with engineered binding sites have been used to direct nanoparticle assembly
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(McMillan et al., 2002) and a novel protein helix has been used to create intricate gold

nanoparticle patterns (Chen et al., 2008).

Direct surface assembly of gold nanoparticles is by far the easiest method of generating
arrays. Nanoparticles are kept in solution by repulsive surface charges, therefore, these
forces must be overcome to initiate binding to the surface. This can be done by applying
an external force, such as in electrophoresis or solvent evaporation, modification of the
particle surface with ligands such as alkanes or modification of the substrate surface
with a linker molecule which is usually amine terminated. Electrophoresis has been
used to deposit gold nanoparticle thin films on to transparent indium tin oxide
electrodes, the films were poorly ordered but retained their optical properties (Bailey et
al.,, 2000; Chandrasekharan and Kamat, 2001; Zhu et al., 2012). Sub-monolayer
coverages of gold nanoparticles can be more easily attained by simply depositing
negatively charged nanoparticles from solution on to a surface functionalised with an
amine-terminated organosilane monolayer. Charge interactions facilitate binding to the
surface while repulsion between particles prohibits the formation of close packed arrays,
with the bound nanoparticles retaining their unique SPR and SERS properties. This
method has been used on glass to generate inexpensive substrates for possible bio-
sensor applications (Grabar et al., 1995, 1996a, 1997; Kaminska et al., 2008; Kumari
and Moirangthem, 2016; Nath and Chilkoti, 2004; Seitz et al., 2003). To form more
highly ordered 2D arrays of gold nanoparticles alkanethiol molecules can be assembled
on the nanoparticle surface where the favourable interactions between the alkyl chains
allow close packing arrangements of the particles (Kim et al., 2001; Ochiai et al., 2014).
Further to alkanethiol modification, 2D arrays can be encouraged to form by solvent
evaporation on the surface where the receding droplet forces a close packed
arrangement on the surface. Variations of this technique have been applied with
particles already bound to a surface (Liu et al., 2002) and with particles self-assembled

at the air water interface (Santhanam et al., 2003).

1.5 Silane Monolayers

Organosilane molecules (Figure 1.12) have been used for modifying surfaces since the
mid-twentieth century and have a wide range of industrial uses in composite production,
paint adhesion, polymer reinforcement and water repellent coatings (Materne et al.,
n.d.).
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Figure 1.12 General organosilane molecule composition

It is the ability of these molecules to form a bridge between inorganic substrates and
organic compounds such as polymers that makes them so useful. Self-assembled
monolayers form on hydroxylated surfaces after hydrolysis of the three alkoxy groups at
the base of the molecule. The binding mechanisms and structures of organosilane films
have been topics of intense study by both academic and industrial researchers. One
group of organosilane molecules, those that are terminated in amino groups, have been
widely studied and are of particular interest to this study as they are used for
biomolecule and gold nanoparticle attachment (Grabar et al., 1995; Jang and Liu, 2009;
Thakurta and Subramanian, 2012). The most commonly used aminosilanes,
aminopropyltriethoxysilane (APTES) and its methoxy derivative aminopropyltrimethox
-ysilane (APS), are the most rigorously studied. Both molecules display very similar
chemistries and are used to generate self-assembled monolayers on surfaces (Argekar et
al., 2013; Cui et al., 2011).

The morphology of APTES films is highly dependent on the deposition conditions that
are used. A great deal of work has been carried out to understand the effects of the
solvent system, reaction temperatures and incubation times on the structure of APTES
films. As mentioned, water is necessary to initiate hydrolysis of the alkoxy groups for
binding to the SiO> surface, however an aqueous solvent is not always needed, with the
surface water on the substrate enough to mediate the reaction (Engelhardt and Orth,
1987). Many protocols use anhydrous solvents to try and prevent multilayer formation
from reactive intermediates (Argekar et al., 2013; Vandenberg et al., 1991). Multilayer
formation does occur in anhydrous solvents when samples are incubated for several
hours (Argekar et al., 2013). Deposition at room temperature leads to monolayers that

are mostly bound through electrostatic interactions (Chiang et al., 1982). APTES
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multilayers are complex arrangements of molecules with multiple orientations that are
mainly connected through hydrogen bonding and electrostatic interactions (Argekar et
al., 2013)(Figure 1.13). Electrostatically bound layers are not very stable and can be
removed by solvent washes (Argekar et al., 2013; Vandenberg et al., 1991). Stable,
covalently bound monolayers can be formed by first removing the poorly bound

multilayers followed by a high temperature curing step (~120°C) (Argekar et al., 2013).

dW@K“ 'p :ET’H LI

Figure 1.13 Schematic of APTES molecules on a surface. A large number of covalent and
hydrogen bonding interactions are possible (highlighted in red), both between molecules and the
surface. These interactions lead to multilayer formation. Reprinted with permission from

Argekar et al. Copyright Materials Research Society

Aryl containing silanes, such as AAPTMS (Table 2.1) used in this study, are much less
prevalent in the literature. Arylsilane molecules have been reported as good candidates
for UV lithography applications (Brandow et al., 2008; Dressick et al., 1996). The aryl
moiety is a photolabile chromophore that absorbs at 193 nm. Irradiation of arylsilane
films stimulates cleavage of Si-C or C-N bonds, releasing some or all of the organic
portion of the silane molecule (Dressick et al., 1996). Lithographic techniques can be
used to generate patterned surfaces with different chemical compositions using self-
assembled monolayers of these molecules. The structure of AAPTMS monolayers has
not be rigorously investigated, however Chen et al (Chen et al., 2006) have proposed a
model for cured AAPTMS monolayers where the structure is reinforced by hydrogen
bonding between the terminal amine groups and hydrophobic interactions between the

aryl groups, such as m-stacking and van der Waals forces (Figure 1.14). This is
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consistent with the organisation observed for other aryl containing silane molecules
(Dressick et al., 2000) and would suggest that the introduction of aryl groups could be

used to encourage orientation of the silane monolayers.
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Figure 1.14 Proposed AAPTMS monolayer structure adapted from (Chen et al., 2006).

The blue arrows indicate hydrogen bonding between amine groups while the red arrows indicate
hydrophobic interactions between the aryl groups.

1.6 Characterising Protein and Gold Nanoparticle Arrays

The characterisation of both protein and nanoparticle arrays present several obstacles.
The most obvious being the resolution obtainable with traditional imaging techniques,
that use light waves, which is limited to objects ~200 nm in size. This is twice the size
of large nanoparticles and orders of magnitude larger than most proteins. More modern
imaging techniques have been developed using electron beams, vastly improving the
resolution limit and allowing detailed interrogation of nanoscale materials. However,
these usually require conductive samples and are particularly sensitive to heavier
elements, such as metals, suffering from poor contrast when observing biological
molecules whose primary constituents are lighter elements. The high energies of most

electron beam techniques can also cause radiation damage to biological samples.

The techniques for characterising gold nanoparticles and protein:nanoparticle
assemblies are split into two main groups; surface analysis where a solid substrate is

required and solution analysis where the nanoparticles are in a solvent suspension.
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1.6.1 Surface Analysis

X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a widely used surface analysis technique that
provides information on the elemental composition and electronic environment of a
substrate. XPS relies upon the principle of the photoelectric effect, whereby electron
emission from a surface is stimulated by X-ray irradiation. Photoelectron emission is
not limited to X-ray excitation sources, with electron emission induced by light

irradiation providing early proof of photon quantisation (Einstein, 1905).

An XPS spectrometer measures the kinetic energy of the emitted electrons (Exinetic) and
since the energy of the incident X-ray photons (Epnoton) IS known, the binding energy

(Eninding) OF the electron can be calculated simply, by conservation of energy:
Ebinding = Lphoton — (Exinetic + ¢) [1.1]

Where ¢, the work function, is an adjustable instrumental correction factor relating to
the detector efficiency. The binding energy of the electron is related to the element it
originates from and the orbital it occupies. Detecting the characteristic energies of the
emitted electrons allows the oxidation state, electronic structure and elemental
composition of the surface to be deduced. As the electrons need to escape from the
surface to reach the detector, only the top atomic layers of the surface are analysed, this
makes XPS an excellent technique for probing thin layers of material (Chusuei and
Goodman, 2003).

Atomic Force Microscopy (AFM)

AFM generates images by following the movement of a probe as it is scanned across the
surface in a raster pattern. The surface topology is determined by observing the
deflections of the cantilever. This is usually detected using an optical system where a
laser is reflected from the back of the cantilever into a photodetector. Interactions with
the surface causes the light path to change, moving the position of the beam around the
quadrants of the photodetector. This allows both positional and force information to be
recorded (Rugar and Hansma, 2008). AFMs provide excellent height resolution but can
suffer from relatively poor lateral resolution due to tip convolution. This is particularly
problematic if the width of the surface features of interest are significantly smaller than

the tip of the probe.
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Detector
Electronics

Figure 1.15 Schematic of a typical atomic force microscopy set up. A piezoelectric stage
moves the sample with respect to the cantilever and probe tip. Deflection of the probe by
features on the sample surface causes the reflected laser beam to move on the photodetector
(PD).

AFM is routinely used to image the nanoscale topology of surfaces such as nanoparticle
assemblies (Grabar et al., 1996a; Nath and Chilkoti, 2004). The development of the
AFM fluid cell (Drake et al., 1989) has facilitated imaging of biomolecule samples in
aqueous buffers. Membrane systems have been quite well studied using this technique
as it provides images of membrane proteins and other cellular machines in their native
environment (Muller, 2008; Schabert et al., 1995). It has also been used to confirm that
the membrane protein OmpF maintains its native conformation when tethered to a solid
surface (Cisneros et al., 2006). Single molecule force spectroscopy experiments, usually
where a surface bound protein is tethered to the AFM tip before applying a pulling
force, have attracted great interest for investigating the mechanical properties of
proteins (Casuso et al., 2011). This method was first used to look at unfolding of the
muscle protein Titin which contains multiple repeats of immunoglobulin type domains
(Rief et al., 1997) and has since been used to characterise the physical properties of
numerous proteins (Puchner and Gaub, 2009) including a-helical membrane proteins
and the 8-stranded beta-barrel protein OmpA from K. pneumoniae (Bosshart et al.,
2012).
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Electron Microscopy

Electron microscopy encompasses several imaging techniques that use beams of
electrons to illuminate a sample. The wavelength of accelerated electron beams are up
to 100,000 times shorter than light, allowing much greater magnification to be achieved.
The two most common electron microscope configurations are transmission and

scanning.

In a transmission electron microscope (TEM) the detector is situated below the sample,
which is loaded on to thin carbon grids. Images are formed by observing the number of
electrons that are transmitted through the sample stage to the detector. This is where the
major limitation of TEM presents itself. Samples must be sufficiently thin so that
electrons can pass through, which may require difficult sample preparation. However,
the resolution of modern TEMs is excellent with High-Resolution TEMs (HRTEM) able
to resolve individual atoms (Williams and Carter, 2009).

Nanoparticle characterisation is routinely carried out by TEM; the electron dense core
of metal nanoparticles gives good contrast on electron microscopy grids and is used for
assessing the quality of synthesised particles (Brust et al., 1994; Pyrz and Buttrey,
2008). Negative staining can be used to visualise molecules containing lighter elements,
such as proteins (Roque et al., 2014). The stain consists of a heavy metal salt,
commonly uranyl acetate, which is added to the grid after depositing the sample. Areas
that contain the protein are visible as they are lighter than the surrounding stain. This
method has also been used to visualise protein assemblies on nanoparticle surfaces (Ma
etal., 2015).

In contrast to TEM, a scanning electron microscope (SEM) uses a finely focused beam
of electrons that are raster scanned across the sample and back scattered electrons or
secondary electron emissions are detected to form the image. As it is not required for
the electrons to pass through the sample, much larger samples can be analysed and the
accelerating voltages are much lower. SEMs are excellent for imaging the nanoscale
topology of a material and many have integrated energy dispersive X-ray analysers for

combined elemental analysis (Goldstein et al., 2012).

Nanoparticle assemblies on surfaces such as silicon and glass are routinely imaged by
SEM (Kumari and Moirangthem, 2016; Ochiai et al., 2014). It is not possible to image
the nanoscale topology of biological samples by SEM as a conductive surface is

required to combat charging effects from the electron beam. This is usually done by
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coating with a thin layer of gold or carbon, which will mask the nanoscale features of a

biological sample.

Neutron Reflectometry

Neutron reflectometry is an established technique for analysing the nanoscale structure
of surfaces and interfaces (Penfold and Thomas, 1990). Neutrons are subatomic
particles with no net electric charge and a slightly higher mass than a proton. According
to wave-particle duality a beam of fast moving neutrons will also act as a wave. The
wavelength, A, of the neutron beam can be calculated from its momentum, p, using the

de Broglie equation:

h

1= [1.2]

Where h is the Planck constant 6.26x1034 Joule seconds

So called “cold neutrons”, such as those produced by neutron sources, exhibit a range of
optical phenomena that are analogous to those seen in classical optics (Klein and
Werner, 1983). Specular reflection of neutrons from the interfaces of multi-layered
materials can be used to gain information about their thickness and composition.

When an incident beam of radiation passes through a multi-layered material, with
different refractive indices, the differential reflection and refraction from their interfaces
generates a pattern of constructive and destructive interference (Figure 1.16). The
corresponding peaks and troughs in the reflectivity profile can be used to calculate the
thickness and refractive index of the constituent layers. A common example of this
phenomenon is the multi-coloured iridescence observed when light is reflected off thin

layers of oil on the surface of water.
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Figure 1.16 Reflection from the surface of a multi-layered material with refractive indices,

n; and nz. When a beam of radiation, light for example, meets the interface of two layers with
different refractive indices some of the light will be reflected while the rest is refracted and
continues through the next layer until it meets another interface. The change in the distance
travelled by the ray, which depends on the layer thickness, t; and t;, shifts the phase of the
waves with respect to one another. The resulting interference pattern at the detector, D, can be

used to determine the layer thicknesses.

Neutrons are an extremely powerful probe of nanoscale systems, this is due to their
small wavelength (~A), highly penetrating nature and isotope sensitivity. Unlike X-rays
which interact with the electron cloud surrounding an atom, neutrons are nuclear
scatters. This property provides the two main advantages of neutron experiments.
Scattering values vary quite widely across the periodic table, unlike X-rays that
correlate with atomic number, with many metals exhibiting very low scattering. This
allows complex experimental equipment to be used in situ on the beamline, such as flow
cells and pressure chambers, when collecting data. The isotopic sensitivity of neutrons,
typified by the difference in hydrogen and deuterium scattering (-3.74 x 10 and 6.67 x
105 A respectively), can be used to highlight or mask components of complicated
systems through isotope labelling and contrast matching (Figure 1.17). It is the
sensitivity of neutron experiments to hydrogen and deuterium that attracts researchers of
biological systems to this technique (Lakey, 2009).
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Figure 1.17 Schematic diagram of contrast matching experiments with a two component

system. In the first experiment (A) the scattering of both components is observed and cannot be
deconvoluted from one another. If two further experiments are carried out, (B) and (C), where
the scattering of the media is equal to the and triangles respectively, then their individual

contributions can be calculated and used to model the system as a whole.

There are two types of neutron sources; spallation sources, such as the ISIS neutron and
muon source in the UK, and reactor sources, such as the Institut Laue-Langevin (ILL) in
France. The ISIS spallation source generates neutrons by directing a packet of protons
towards a target made of solid tungsten. The protons are accelerated to 84% the speed of
light using a synchrotron before being sent towards the target. Bombardment of the
tungsten atoms with the high-energy protons drives neutrons from the nucleus in a
process known as spallation. A methane filled moderator cools the neutrons by inelastic
scattering so that their wavelength is in the correct range before directing towards the
material that is being interrogated. Spallation sources produce a “white” beam of
neutrons, which means they have a broad distribution of wavelengths. For meaningful
data to be collected the wavelength distribution of each neutron pulse must be
measured. ISIS is a time of flight (ToF) source, which means that a clock is started
when the target is struck with the proton packet and the time that the neutrons take to
reach the detector is recorded for each pulse. From this information, the wavelength of

the neutrons can be calculated.
A reactor source generates neutrons through nuclear fission using Uranium 235;

B 4n 5X+Y+25n [1.3]

Where n are neutrons and X and Y are fission fragments. Research reactors, in
comparison to power reactors, have compact cores that are optimised to produce as

many neutrons as possible. Similarly to a spallation source, a moderator, which is
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usually the reactor coolant, is used to cool the “fast” neutrons. The slower “thermal”
neutrons that are used in neutron experiments, are also needed to maintain the fission
chain reaction. The wavelength distribution of the neutrons produced by the reactor can

tuned by changing the moderator used.

When a neutron is scattered by matter it will undergo a change in momentum, termed
momentum transfer or Q, which can be calculated from the vectors of the incident, ki,

and reflected beam, k;, from the following equation (see also Figure 1.18):

Q= ki—ky [1.4]
The value of Q is dependent on the wavelength of the neutrons (A) and the angle (0) at
which it strikes the interface and can be calculated using the following equation;

41 sinf

The scattering intensity is strongly affected by the difference in the refractive indices at
the boundary of the two components. For neutrons, the refractive index is known as the
scattering length density, p, and can be calculated from the sum of the scattering

contributions of each species in the material:
j

Where b is the coherent scattering and n is the number density of the species j.
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Figure 1.18 Visual representation of the momentum transfer, Q, of a reflected neutron
beam. The sum of the incident, Ki, and negative reflected, -K,, wave vectors clearly describes a
vector, Q, that is perpendicular to the reflection surface. Information about the material
composition at different depths can be obtained by collecting reflection data over a range of Q

values.

In a reflectivity experiment the scattering intensity is measured over a range of
momentum transfers to give a reflectivity profile depending on the length scale needed.
For a pulsed source, such as ISIS, where a white beam of neutrons is used, samples are
measured at several angles to achieve the required Q range. When collecting
reflectometry data only the amplitudes of the reflections are measured. The lack of
phase information results in many possible solutions to the Fourier transform of the
data, therefore, for a single data set is not possible to find a unique solution. This is
known as the phase problem, and is overcome by taking several measurements using
different solvent contrasts. Simultaneously fitting of the multiple contrasts significantly
reduces the range of possible solutions (Hughes et al., 2008). A reference layer is also
used, which is usually the substrate that the unknown system is assembled on. This is

analogous to heavy metal replacement in X-ray crystallography experiments.

Neutron reflectivity experiments have been used to interrogate protein layer structures
at solid and liquid interfaces with extremely high depth resolution (A). It is the ability of
neutron experiments to differentiate between components of complex biological
systems through selective masking or highlighting that provides an unmatched level of
detail (Lakey, 2009). This has allowed the orientation of assembled protein surfaces to
be deduced (Brun et al., 2008, 2015; Holt et al., 2009) and protein binding to membrane

systems and protein surfaces to be observed (Clifton et al., 2011; Krueger et al., 2001,
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Mazzer et al., 2017). A further advantage of neutron beams, for biological samples in
particular, is their non-destructive nature which allows long data acquisition times,

unlike X-rays which cause significant sample damage.

1.6.2 Solution Analysis

Surface Plasmon Resonance (SPR)

Surface plasmon resonance has become a standard technique for measuring the kinetics
and affinities of biomolecular interactions, particularly in receptor-ligand binding
studies. SPR is analogous to the LSPR of nanoparticles and is observed when light
interacts with the conductance band electrons of very thin gold films (usually ~50 nm),
I.e. below the wavelength of light. There are several commercial instruments available
with varying detection methods (“SPR Instruments,” n.d.; Wijaya et al., 2011). The
most common is the BlAcore system which uses the Kretschmann configuration
(Jonsson et al., 1991). Briefly this consists of a gold-coated glass sensor chip that
interfaces with a prism on the glass side and with a microfluidics system on the gold
side (Figure 1.19). A protein or ligand is immobilised on the gold surface and possible
binding partners injected over chip via the microfluidics system. Detection is carried out
by exploiting the angular dependence of the surface plasmon resonance condition
(Willets and Duyne, 2007). Light absorption at the metal surface depends on the SPR
frequency and the incident angle. Biomolecule binding at the gold surface causes a shift
in the SPR frequency, which is detected by a corresponding shift in the angle at which

light is absorbed.
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Figure 1.19 Kretschmann configuration SPR sensor such as those used in BlAcore
instruments. Monochromatic laser light is reflected from the interface of the gold-glass layer,
first passing through a prism to introduce multiple angles of incidence. Changes in the refractive
index at the gold surface causes a shift in the surface plasmon resonance angle, which is
observed as a dark region at the detector.

Changes in the LSPR of gold nanoparticles can also be used for the detection of
biomolecule binding (Anker et al., 2008). As discussed above changes in the dielectric
constant on the surface of gold nanoparticles can be detected by a corresponding change
in the LSPR peak. The change in the LSPR wavelength can be calculated as a function

of the change in the refractive index using the following equation;
Mgy = man [1 —exp (_Zd/ld)] [1.7]

Where m is the refractive index response of the particles, An is the change in the
refractive index due to the bound species, d is the layer thickness and lq is the
characteristic EM-field-decay length (Whitney et al., 2005; Willets and Duyne, 2007).

When investigating binding of biological molecules on the surface of an AuNP the
change in the refractive index, An, is dependent on two factors, the inherent refractive
index of the molecule and its density on the surface. Therefore, when comparing
proteins of similar sizse and refractive indices, the relative densities of the protein layers
at the nanoparticle interface can be estimated from the change in the LSPR wavelength.

This is observed by UV-Vis spectroscopy as both a peak shift in the extinction spectrum

34 Timothy Robson - February 2018



Chapter 1: Introduction

and an increase in the extinction maximum. The extinction spectrum is a combination of
both the absorption and scattering of the particles. Further to changes in the refractive
index, peak maxima can be affected by resonance coupling with bound molecules,
increased scattering due to the change in size and inter-particle coupling effects (Dahlin
et al., 2006; Haes et al., 2004). Both the peak wavelength and peak maxima have been
successfully used to follow biomolecular binding events with LSPR sensors (Dahlin et
al., 2006; Nath and Chilkoti, 2004).

Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is a widely used technique for assessing the size of
particles in solution. In a dynamic light scattering experiment a beam of monochromatic
laser light is directed at a scattering solution in a cuvette with a detector placed at an

angle, 0, to the sample (Figure 1.20).

Figure 1.20 Schematic of a dynamic light scattering experiment. Monochromatic laser light
is directed at a sample, S, in a cuvette and is scattered in all directions. Some of the scattered

light reaches the detector, D, which is placed at an angle to the sample, 6.

Light hitting the particles in the solution is scattered in all directions with some reaching
the detector. The resulting scattering pattern is constantly changing due to the dynamic
nature of the particles in the solution. By measuring the fluctuations in the scattering
intensity over time an autocorrelation function can be plotted, this is a measure of the
similarity between the scattering pattern at a time, t, and the initial scattering att = 0
(Berne and Pecora, 2000). The diffusion constant (D) of the particles can be determined
by analysing the correlation function over time. From the diffusion constant, it is
possible to calculate the hydrodynamic radius (Rnya) of the scattering particles;
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Where k is the Boltzmann constant, T is the temperature and n is the viscosity of the
liquid. More simply, if you consider the movement of particles in a solution, those that
are small will move rapidly due to thermal motion. This will manifest itself as fast,
erratic fluctuations in the scattering and a rapid decay in the correlation function over
time. Larger particles will move more slowly, therefore, exhibiting slower scattering

fluctuations and a corresponding change in the correlation function (Figure 1.21).

Intensity Intensity

%%%%% /AUNUAJ\\/\V .

Small Particles Large Particles

Figure 1.21 Visual representation of the differences in the scattering fluctuations of small

and large particles in a solution.

DLS has been extensively used for nanoparticle characterisation, with the high
scattering cross section of noble metal nanoparticles well suited to such experiments.
However, care must be taken when both selecting and preparing samples for DLS
analysis. Irregular shapes and multi-component mixtures are not well described by the
autocorrelation function. Strongly scattering non-spherical gold nanoparticles have been
shown to exhibit false peaks in the particle size distribution, while smaller (< 20 nm
diameter) more weakly scattering samples can suffer from secondary peaks at larger
sizes due to the scattering contribution of larger contaminants or aggregates. This is
caused by the power law relationship between the scattering intensity and the diameter
of the particles (D). The scattering intensity increases at a rate of D8, therefore a particle
of twice the size would exhibit 64 times greater scattering (Khlebtsov and Khlebtsov,
2011). The main advantage of DLS over other methods of particle size determination,

such as TEM, is the ability to easily collect in situ data of a large ensemble of particles.
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DLS has become an invaluable tool for investigating biomolecule assembly helping
several groups characterise protein-nanoparticle assemblies, usually in conjunction with
spectroscopic techniques and electron microscopy (Casals et al., 2010; Goy-Ldpez et
al., 2012; Jans et al., 2009; Lacerda et al., 2010; Ma et al., 2015). The sensitivity of light
scattering experiments to aggregation has also led to its use as a detection method for
protein binding assays with conjugated nanoparticles (Liu and Huo, 2009; Liu et al.,
2009).

Small Angle Neutron Scattering (SANS)

Just as in a light scattering experiment, such as DLS above, SANS is carried out by
illuminating a sample with a beam of radiation. In the case of small angle scattering a
detector is placed directly behind the sample and collects the scattering pattern resulting
from low angle elastic scattering. A beam stop is placed in the centre of the detector to
block the direct beam. As discussed with neutron reflectometry the size range that is
observed in a neutron experiment is determined by the Q range, which is dependent on
the incident angle and neutron wavelength. For a SANS experiment the Q range is
selected by varying the sample-detector distance instead of the angle of incidence
(Figure 1.22).

Source Collimator Sample Detector

Figure 1.22 Typical SANS instrument set-up. The neutrons supplied by the source are
collimated with a set of neutron guides before striking the sample. The detector, that is inside an

evacuated chamber, can be moved depending on the Q range that is of interest.

A two-dimensional radial scattering pattern is observed at the detector, which is
converted to a one-dimensional scattering profile by taking a radial average. The
features of the scattering profile contain information about the shape of the individual
particles and their interactions with one another, known as the form factor and the
structure factor respectively (Figure 1.23). For a dilute solution of uniform particles
with no long range order it can be assumed there are no correlations between the

separated particles, i.e. S(Q) = 1, resulting in a uniform circular scattering pattern. For
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isotropic samples a simple analysis of small angle scattering data can be carried out to
obtain the radius of gyration of the individual particles. This method was first proposed
by André Guinier (Guinier, 1939) and is carried out on very low angle scattering data.

At low concentrations and low Q the scattering intensity can be written as:

_RZ 2
I(Q)=I(0)exp< ;’Q) [1.9]

Where 1(Q) is the scattering intensity, 1(0) is the intensity at Q = 0, Rgq is the radius of
gyration and Q is the momentum transfer. Therefore, the Ry can be obtained by plotting
the log of the intensity against the Q2. The radius of gyration is the average distance of
the scattering atoms from the centre of the object and as such is not very good at
describing complex anisotropic shapes.

1(Q) F(Q) X S(Q)

Figure 1.23 The scattering intensity, 1(Q), is a combination of the form factor, F(Q), and
the structure factor, S(Q).

For samples with multiple components whose SLDs vary, it is possible to carry out
more complex fitting of scattering data to obtain detailed information about their
structure. However, small angle scattering data suffers from the phase problem, just like
reflectivity experiments, therefore it is necessary to collect data from multiple solvent

contrasts in order to confidently fit a complex model.

As in reflectometry experiments, neutron scattering benefits from its sensitivity to
lighter elements in the periodic table such as hydrogen. This has led to their extensive
use in studying polymeric and protein systems. SANS studies of polymeric colloids and

nanoparticles are quite common (Ballauff, 2001; Forster et al., 1999). Low resolution
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structures of protein complexes are also commonly obtained by SANS (Clifton et al.,
2012; Guo et al., 1990; Yong et al., 2002), with some experiments combining X-ray and
neutron scattering data to aid data analysis (Arunmanee et al., 2016; Svergun et al.,
1998). In comparison, very few studies have been carried out on protein-nanoparticle
systems with only lysozyme-silica nanoparticle and human serum albumin-gold
nanoparticle interactions investigated with this technique (Kumar et al., 2011; Spinozzi
etal., 2017).

Analytical Ultracentrifugation (AUC)

AUC exploits the fundamental physical properties of particles in a solution to provide
information on their size and shape. When a gravitational field is applied to a sample the
mass will redistribute so that gravitational and chemical potential energies match. In an
AUC experiment the gravitational field is applied by a centrifuge, which will cause the
particles to sediment in the sample cell. Detection of the sedimenting components can
be carried out by three optical methods, absorbance, interference and fluorescence. Two
experiments are possible; the rate that the samples move due to the gravitational force
can be measured (sedimentation velocity experiment) or the concentration distribution

of the sample can be measured at equilibrium (equilibrium sedimentation experiment).

If one considers the sedimentation of a particle in a centrifuge, the force exerted on the

particle can be expressed as:

F = Myw®r [1.10]
Where M is the mass of the particle, o is the rotor speed in radians per second and r is
the distance from the centre of the rotor. As the particle is in a solvent there will be a

counterforce equal to the mass of the displaced solvent, therefore the buoyant mass of a

particle, My, can be calculated as:

M, = M,(1 — Tp) [1.11]

Where ¥ is the partial specific volume of the particle and p is the density of the solvent.
There will also be a frictional force that is dependent on the velocity and frictional
coefficient. Balancing these forces results in an expression for the sedimentation

coefficient, s:

s=—2 [1.12]
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Therefore, the sedimentation coefficient is proportional to the buoyant mass of the
particle, My, and inversely proportional to the frictional coefficient, f. In a sedimentation
velocity experiment it is the shape and motion of a boundary moving through the cell
that is measured, which will spread over time due to diffusion. Hence by measuring the
concentration distribution over time it is possible to calculate both the diffusional
coefficient and sedimentation coefficient of a sample by using the Lamm equation
(Behlke and Ristau, 1997; Cole et al., 2008).

AUC has become an invaluable tool for investigating protein aggregation in the
biopharmaceutical industry (Berkowitz, 2006) and for protein-protein binding (Howlett
et al., 2006). One of the key advantages of the technique is the ability to carry out
measurements under physiologically relevant conditions in a non-destructive manner.
More recently, nanoparticle-biomolecule interactions have been investigated with
studies carried out on gold nanoparticle-DNA conjugates using a combination of light
scattering, AUC and agglomeration of AuNPs when in contact with protein solutions
(Falabella et al., 2010; Zook et al., 2011). The polydispersity of both the metallic cores
and surface coating ligands of gold nanoparticles makes simultaneous characterisation
of the two parameters difficult. This is a possible area where AUC could become more
widely used with a method of nanoparticle analysis reported by Carney et al which can
obtain accurate size, density and weight distributions of nanoparticles using a single

experiment (Carney et al., 2011).

Electrophoresis

The electrophoretic separation of biomolecules has become a universal and vital
technique used around the world. Electrophoresis techniques work on the principle that
a charged particle in a solution will be subjected to a directional force when an electric
field is applied. The electrophoretic velocity (U) is described by Smoluchowski’s
formula:

U= (%)E [1.13]

Where ¢ is the dielectric constant of the liquid, n is the viscosity, C is the zeta potential
of the particle and E is the applied field. The electrophoretic mobility is the ratio of the
velocity and applied field (U/E). This presents a problem for separation, as particles
with the same composition will have equal mobility regardless of their size or shape. To

overcome this, several techniques using capillaries and gels have been developed which
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introduce additional forces to allow separation. Capillary electrophoresis exploits
electro-osmotic effects with charged species at the capillary wall (Grossman and
Colburn, 2012) while gel electrophoresis separates by restricting mobility through a

porous gel membrane.

For biomolecule separation, the two most popular gel systems are agarose and
polyacrylamide. Polyacrylamide gels form the bases of SDS-PAGE and are made from
a crosslinked network of polymerised acrylamide, the pore size can be varied by
changing the acrylamide concentration and the ratio of a bifunctional crosslinker. This
system is extremely popular for separating proteins, with several methods that can
separate proteins between 1 and 100 kDa in size (Hames, 1998; Laemmli, 1970;
Schagger, 2006).

Agarose is a polymer extracted from seaweed that forms a gel when dissolved in water,
facilitated by a 3D hydrogen bonding network. Agarose has larger average pore sizes
compared to polyacrylamide, making agarose gels ideal for the separation of large
proteins (>200 kDa) and DNA fragments (Smith, 1996). The pore sizes of agarose gels
are also ideal for the separation of nanoparticle species. Hanauer et al successfully
separated polymer coated gold and silver nanoparticles according to their geometric
shape (Hanauer et al., 2007). Additionally, discrete protein-nanoparticle and DNA-
nanoparticle assemblies have been identified (Claridge et al., 2008; Ma et al., 2015;
Zanchet et al., 2002). Finally, the conformation of oligonucleotides on the surface of
gold nanoparticles has also been investigated by examining their mobility (Parak et al.,
2003).
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1.7 Aims

Gold nanoparticle-protein assemblies are an area of great interest and intense research.
The motivation for this research is the increasing use of these assemblies as therapeutic
and biomedical agents and their continued use in biosensing technologies. Although
much of the literature has investigated the formation of protein layers or coronas, very
few detailed structural studies are available. The complex nature of protein-surface
interactions and the huge variety of proteins studied have also made definitive
mechanistic information on protein binding and organisation difficult to obtain. In this
study, a self-assembling protein system, previously characterised on planar gold
surfaces, was applied to nanoparticles with the project focussed on three main

questions:

1. What is the structure of gold nanoparticle assemblies on AAPTMS
functionalised silicon dioxide surfaces?

2. Do engineered OmpArwm proteins assemble in an oriented fashion on to gold
nanoparticles?

3. Can engineered OmpATtm:AuNP conjugates be used for sensing biological

molecules?

In order to understand both components of the protein-nanoparticle system a
combinatorial approach was required. Gold nanoparticle assemblies on silane modified
silicon dioxide surfaces were directly interrogated by X-ray spectroscopy, force and
electron microscopy and neutron reflection. The structure and assembly of proteins on
the nanoparticle surface was investigated by spectroscopic, scattering and
electrophoretic techniques. Finally the use of novel protein-AuNP conjugates for

biomolecule sensing was explored using lateral flow and spectroscopic assays.
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2 MATERIALS AND METHODS

2.1 Materials

All chemicals were purchased from Sigma-Aldrich (Poole, Dorset, UK) unless
otherwise stated. Gold nanoparticles were purchased from BBI Solutions (Cardiff, UK).
(Aminoethylaminomethyl)phenethyltrimethoxysilane was purchased from Fluorochem
Ltd (Hadfield, UK).

2.2 Gold Functionalised Surface Preparation

2.2.1 Piranha Cleaning

Borosilicate glass coverslips (VWR, UK) and silicon wafer chips (Agar Scientific, UK)
were cleaned with piranha solution to remove any organic contaminants on the surface
prior to functionalisation. Piranha solution was made by mixing concentrated sulphuric
acid with a 30% hydrogen peroxide solution in a 3:1 ratio. Just enough piranha solution
was added to fully cover the surface of each sample and incubated for 30 minutes. The
piranha solution was carefully removed and added to the piranha waste bottle before
washing the samples three times with copious amounts of distilled water. All steps were

carried out in clean dry glassware in a fume cupboard.
2.2.2 Silanisation

Two different silane molecules were used for surface functionalisation during this

study, shown below in Table 2.1.
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Table 2.1 Silane molecule structures and mass.

. Molecular
Silane Structure .
mass/ gmol

(Aminoethylaminomethyl)

o
: : \
phenethyltrimethoxysilane ~
AAPTMS
( ) y

@3- \
Aminopropyl)trimethoxysilane \ /8,-\/\/NH2 179.29
>

(APS)

To activate the silane for surface functionalisation 1 ml of silane solution was added to
95 ml of ethanol and 5 ml of distilled water in a glass staining dish and stirred for 10
minutes with a magnetic flea. The activated solution was then diluted to 200 ml with
ethanol to give a 0.5% v/v silane solution. Piranha cleaned samples were suspended in
the solution using a coverslip rack or mesh basket and incubated for 30 minutes with
stirring. After silanation the samples were washed with ethanol and sonicated in ethanol
three times using a XB2 ultrasonic bath (Grant Instruments, UK) for 1 minute. Finally,
the samples were washed with nanopure water (Thermo Scientific, UK) and dried using

an air-line.

2.2.3 Gold Nanoparticle Deposition

Silanised samples were separated into individual wells in a 12 well polystyrene plate.
Approximately 200 pl of commercial or synthesised nanoparticle solution at 1 ODsas5nm
concentration in nanopure water was added to each well to cover the surface of the
sample and incubated for between 10 and 60 minutes on a 3D rocking platform (Stuart
Scientific, UK). The samples were washed with nanopure water before sonicating in
nanopure water three times using a XB2 ultrasonic bath (Grant Instruments, UK) for 1
minute and drying with an air-line. Dry samples were then stored in a clean 6 well

polystyrene plate and sealed with parafilm before use.
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2.3 X-Ray Photoelectron Spectroscopy

Borosilicate glass coverslips (VWR, UK) at each stage of the gold deposition process
were analysed by Dr Jose Portoles of the National EPSRC XPS User Service (NEXUS)
at Newcastle University using a Kratos Axis NOVA Spectrometer with a micro-
focussed monochromated Al Ko X-ray source. Survey spectra were collected using a
wide analysis area of 300 x 700 um, pass energy of 160 eV and step size of 1.00 eV.
Three measurements were carried out in non-overlapping areas for each sample. Spectra
were analysed using the CASA XPS software (Casa Software Ltd, UK).

2.4 Nanoparticle Synthesis

To begin 0.072 g of Gold(Ill) Chloride was added to a 20 ml glass vial, 7.2 ml of
nanopure water added by pipette and stirred for 1 minute until fully dissolved. A 7 ml
aliquot of the resulting yellow solution was diluted into 90 ml of nanopure water in a
100 ml glass vial. The diluted solution was stirred for 1 minute with a Teflon coated
magnetic flea before cooling in the fridge with a separate 50 ml aliquot of nanopure
water for at least 1.5 hours. Next 0.316 g of 2-Mercapto-5-benzimidazole sulfonic acid
(MBS) and 0.095 g of sodium borohydride (NaBHa4) were added to separate 2 ml glass
vials. The refrigerated nanopure water was taken from the fridge and 10 ml added to the
MBS and dissolved by sonication. A further 5 ml aliquot of the refrigerated nanopure
water was taken and added to the NaBH4 which was dissolved by stirring. Both
solutions were then cooled in the freezer for 15 minutes before use. The gold(lIl)
chloride solution was taken from the freezer and incubated on ice with stirring. A 1.4 ml
aliquot of the MBS solution was added to the gold(lll) chloride and stirred for 20
seconds before 1.75 ml of the cold NaBH4 solution was rapidly added and incubated for
a further 5 minutes with stirring. Finally, approx. 12 g of prewashed Amberlite MB-150
mixed exchange resin was added to the gold nanoparticle solution and incubated on ice
for 5 minutes. The Amberlite resin was removed from the resulting nanoparticle
solution by gravity filtration with a grade 1 Whatman filter paper into a fresh 100 ml
glass vial. The concentration of the resulting nanoparticle solution was analysed by UV-

vis spectroscopy with optical densities of between 1 and 2 at 525 nm routinely obtained.
2.4.1 UV-Visible Spectroscopy
Nanoparticle spectra were acquired in a 10 mm pathlength quartz cuvette (Hellma

GmbH) using a Shimadzu UV1800 spectrometer between 400-800 nm.
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2.5 Transmission Electron Microscopy

Gold Nanoparticle Analysis

A 10 pl droplet of gold nanoparticle solution was added to a 200 mesh carbon coated
grid and incubated at room temperature for 5 minutes, excess liquid was removed by
touching with a Whatman filter paper and dried under a heat lamp before use. Samples
were visualised using a Philips CM100 TEM with a compustage. Magnifications
between 30000x and 180000x were routinely used. The resulting high resolution images

were saved in a tagged image format (TIF) and analysed using Image J (NIH, USA).

Gold Nanoparticle-Protein Conjugate Analysis

A 200 mesh, carbon coated, glow discharged grid was prepared using the single droplet
method (Harris, 1997). The grid was touched to a 10 ul droplet of AuNP-Protein
conjugate for 30 seconds before excess liquid was removed by Whatman filter paper.
The grid was washed, to remove excess buffer components, by touching to 2 x 20 pl
water droplets which were removed by Whatman filter paper. Finally, the grid was
stained by touching a 20 pl droplet of 2% uranyl acetate solution, excess liquid removed
by filter paper and air dried before visualising with a Philips CM100 TEM. The
resulting high resolution images were saved as TIFs and analysed using Image J (NIH,
USA).

2.6 Colorimetric Amine Density Assay

Buffers used:
Coommasie Blue Staining Buffer:

e 0.5 mg/ml Coomassie Brilliant Blue G250
e 10% v/v Methanol

e 5% v/v Glacial Acetic Acid

e 85% Nanopure Water

Washing Buffer:

e 10% v/v Methanol
e 5% v/v Glacial Acetic Acid

e 85% v/v Nanopure Water
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Destain Buffer:

e 50% v/v Methanol
e 50% v/v 0.25 M Na,CO3

A modified method from Coussot et al (Argekar et al., 2013; Coussot et al., 2010) was
used. Silanised silicon wafer chips were transferred to a 24 well plate and 150 pl of
staining buffer carefully added on to the polished surface and incubated for 5 minutes at
room temperature on the laboratory rocker. The staining buffer was then removed and
each chip washed 5 times with 300 ul of washing buffer to remove any unbound
Coomassie. The chips were then removed to a clean well before adding 150 pl of
destain buffer and incubated for 1 minute to extract the bound Coomassie dye. All 150
ul of the destain was removed and added to an Eppendorf type tube containing 3 pl of
6.85 M HCI to acidify the dye and maximise absorbance. Absorbance at 610 nm was
measured in triplicate using the NanoDrop™ ND1000 spectrometer and the Coomassie
concentration calculated using the extinction coefficient of 83,100 cm™® M. The
number of Coomassie molecules was calculated from the concentration using
Avogadros constant, 6.02 x 10%® mol™. Coomassie binds to protonated amines with a
1:1 stoichiometry so the amine density was calculated by dividing the area by the

number of extracted Coomassie molecules in solution.

Amine availability after gold deposition

The amine density assay was carried out on triplicate AAPTMS functionalised silicon
wafer chips as described above. The functionalised wafer chips were then incubated
with 250 pl of commercial 10 nm gold nanoparticle solution at 0.3 ODszsnm for 10
minutes before repeating the amine assay. This was carried out for 2 more nanoparticle
depositions.

2.7 Atomic Force Microscopy

All images were acquired using a NanoWizard |1l Bio AFM (JPK Systems, Germany)
on a Halcyonics Micro 40 anti-vibration table with silicon nitride 0.6 um cantilevers
(Bruker model DNP-10). Silicon wafer chip samples were mounted on a glass slide with
superglue before use. The resonant frequency of each probe was measured using the
built-in software before imaging. Images were collected in tapping mode, where the tip
is oscillated close to its resonance frequency and scanned across the surface using a

raster pattern (Figure 2.1). Images were analysed using the built-in JPK software.
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Y or Slow Axis

X or Fast Axis

Figure 2.1 Schematic of AFM data collection. The probe is scanned across the sample in a
raster pattern which gives rise to a “fast” and “slow” axis, relating to the direction of travel of

the probe.

2.8 Scanning Electron Microscopy

Silicon wafer chips of approximately 1 cm x 1 cm in size were functionalised with
either commercial or synthesised gold nanoparticles before mounting on aluminium
specimen stubs with carbon adhesive discs. Microscopy was carried out by Leon Bowen
at the Electron and FIB Microscopy Unit, Durham University. Samples were visualised
using an FEI Helios Nanolab 600 microscope equipped with an Elstar UHR immersion
lens. Images were acquired using working distances between 3.0 and 4.5 mm and an
accelerating voltage of 5 kV. Magnifications between 30000x and 180000x were
routinely used. The resulting high resolution images were saved as TIFs before analysis

using Image J.

ImageJ Analysis

Images were converted to 8-bit grey scale and cropped to remove the lower information
bar. Conversion of the image to an 8-bit scale assigns each pixel of the image with a
value between 0 and 255 depending on its grey shade. The threshold tool was then used
to select the region of the grey scale that only included the gold nanoparticles. After
selecting the particles, the measure tool used to calculate the % area of the image
occupied by the nanoparticles. Average surface coverages were calculated using three

separate images of each sample.

48 Timothy Robson - February 2018



Chapter 2: Materials And Methods

2.9 Neutron Reflectometry

Buffers used:
ROG 8 Buffer:

e 1% wi/v n-octyl-B-D-glucopyranoside (Anatrace, USA)
e 50 mM tris(hydroxymethyl)aminomethane pH 8

HEPES Buffer:

e 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid pH 7.4
e 150 mM Sodium Chloride

Sample Preparation

A single-crystal silicon block, 80 mm x 50 mm x 20 mm, with a single polished face
was first piranha cleaned before two 30 rounds of cleaning using a UV ozone cleaner
(Ossila Ltd, UK). The polished face was silanised by immersing in a glass Petri dish
containing a 0.5% v/iv AAPTMS (Fluorochem, UK) solution in agueous ethanol (95%
EtOH and 5% H»0) and incubating for 30 minutes on a laboratory rocker. The surface
was washed with ethanol and sonicated 3 times for 1 minute in an ethanol bath before
washing with nanopure water and drying with a nitrogen line. 15 ml of 20 nm gold
nanoparticles at 1 ODs2s supplemented with 1 mM sodium chloride was added to the
silanised face and incubated for 30 minutes. The solution was agitated every 10 minutes
with a pipette. After 30 minutes the nanoparticle solution was removed and the block
sonicated 3 times for 1 minute in a water bath. This process was repeated 3 times. The
functionalised block was mounted in a custom solid-liquid flow cell before protein

assembly (see Section 3.2.5).

Protein assembly was carried out using the syringe port on the solid-liquid cell. 20 ml of
ultrapure water was injected to wash the surface before adding 20 ml of 1% v/v 2-
mercaptoethanol solution. The cell was washed with 20 ml of nanopure water before
adding 15 ml of 1.14 pM GGzOmpATwm in ROG 8 buffer and incubating for 10 minutes.
The cell was washed with 15 ml of HEPES buffer followed by 15 ml of 1% wi/v sodium
dodecylsulphate solution. The washes were repeated before a second incubation with
GGzOmpATm solution. The cell was washed with 15 ml of HEPES buffer followed by
15 ml of 1% w/v sodium dodecylsulphate solution before adding 15 ml of 100 uM (11-
mercaptoundecyl)hexa(ethylene glycol) (SH-C11-OEG6) in ROG 8 buffer and

incubating for 10 minutes. The wash steps were repeated again before a second
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incubation with SH-C11-OEGS6 solution. The wash steps were carrid out for a final time
before measuring on the beamline. Both the GGzOmpAmm and SH-C11-OEG6 solutions
were incubated with 25 mM tris(2-carboxyethyl)phosphine (TCEP) for 30 minutes
before use.

Data Acquisition

The solid-liquid flow cells were mounted on the sample of stage of the INTER beamline
at the ISIS spallation neutron source, Oxford UK. A full alignment was carried so that
measurements of the specular scattering from the functionalised surface could be taken.
The inlet of the flow cell was attached to a Hitachi HPLC pump for automatic changing
of the contrast buffers. Samples were measured using neutrons with a wavelength range
of 2-14 A and at two incident angles, 0.7 and 2.3°, to give a Q range of 0.01-0.35 A, A
transmission measurement was carried out for the silicon block and subtracted from the

sample data to remove any scattering contributions from the block.

Data Reduction

The raw reflectivity data was processed so that it is in a usable format for analysis. This
is known as data reduction and was carried out using the MantidPlot program (Arnold et
al., 2014). The ISIS Reflectometry plugin was used which carries out three processes on
the data. Firstly the transmission measurement was subtracted and secondly the data sets
from the two incident angles were stitched together to form a single reflectivity profile.
The final process is known as binning, the data acquired by the detector is analogue,
therefore, it must be quantized into discrete values so that it can be analysed. To do this
the Q range is divided into small intervals, or “bins”, with the intensity data in each
“bin” averaged. Each individual data point generated by the binning process has an
associated intensity value, the mean intensity, and error, from the standard error of the

mean.

Data Fitting

Data fitting was carried out using the RasCAL reflectivity fitting program in Matlab
build R2015a (Clifton et al., 2011). The “Bootstrap” error analysis tool was used in
RasCal. This tool estimates the error by re-sampling the data and carrying out data
fitting from random parameter starting values. Error estimates were calculated from 100

fitting runs.
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2.10 Protein Expression and Purification

All of the plasmids for the protein constructs were supplied by Orla Protein
Technologies Ltd (Newcastle Upon Tyne, UK). The expression plasmid used was a
modified pET8c vector with a 6x His tag at the N-terminus (Politou et al., 1994). None
of the proteins contained a signal sequence so formed cytoplasmic inclusion bodies
when over expressed in E. coli. After expression and cell lysis the inclusion bodies were
purified using immobilised metal affinity chromatography (IMAC) and refolded by
rapid dilution into detergent buffer (Shah et al., 2007).

Table 2.2 Expressed Protein Constructs

) Molecular Mass / Number of
Protein ) )
Da Amino Acids
WtOmpATm 21385.4 197
cysOmpATm 21399.7 197
GGzOmpAT™m 44019.4 401
SCFVOmMpAT™ 58557.6 544

Buffers used:
Lysing Buffer:

e Bugbuster™ Solution

e 10 pg/ ml lysozyme

e 2.5ug/ mlnuclease
Urea Binding Buffer:

e 8 M Urea
e 20 mM Sodium Phosphate pH 7.2
e 100 mM Sodium Chloride

e 20 mM Imidazole

Urea Elution Buffer:

e 8MUrea

e 20 mM Sodium Phosphate pH 7.2
e 100 mM Sodium Chloride

e 500 mM Imidazole
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Refolding Buffer

e 34 mM Octyl B-D-Glucopyranoside (Melford) (CMC of ~18 mM)
e 50 mM Ethanolamine pH 10
e 1mMTCEP

Expression

Competent BL21(DE3) E. coli, made using a modified rubidium chloride method
(Maniatis et al., 1982), were transformed with a chosen plasmid, spread on an LB agar
plate, supplemented with 100 ug/ml ampicillin, and incubated at 37°C overnight. 250 ml
of LB (lysogeny broth) medium supplemented with 100 pg/ml ampicillin was
inoculated with a single colony and incubated overnight at 37°C with 150 rpm stirring.
A further 750 ml of LB medium, supplemented with 100 pug/ml ampicillin, was added to
the starter culture and incubated for 1 hour at 37°C with 150 rpm stirring before
induction by the addition of isopropyl p-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 1 mM. The culture was grown for a further 5 hours and the cells
extracted by centrifugation at 4,500 x g for 10 minutes. The supernatant was removed
and the cell pellet resuspended in 25 ml of lysing buffer and incubated for 15 minutes at
room temperature before freezing overnight. The lysate was thawed before
centrifugation at 17,000 x g for 25 minutes, the supernatant was removed and the pellet
resuspended in 25 ml of 1/10 Bugbuster™ solution followed by a second centrifugation
at 17,000 x g for 15 minutes. The supernatant was removed and the pellet resuspended
in 25 ml of 1/10 Bugbuster™ solution before a final centrifugation at 17,000 x g for 25
minutes to produce the final inclusion body pellet.

Purification

The inclusion body pellet was dissolved by agitation in a minimum of urea binding
buffer and the solution clarified by centrifugation at 20,000 x g benchtop Picofuge
(Biorad, USA) for 10 minutes before loading on to a 5 ml HisTrap HP column (GE
Healthcare, USA). The column was washed with 5 column volumes of urea binding
buffer before the protein was eluted with a 50:50 mix of urea elution buffer and urea
binding buffer. The fractions corresponding to the adsorption peak at 280 nm were
collected, pooled and concentrated to 1 mg/ml using a 30K molecular weight cut off

(MWCO) Vivaspin centrifugal concentrator (Sartorius Stedim, France).
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Refolding

Refolding was carried out by 1 in 20 rapid dilution of the purified inclusion bodies into
refolding buffer while maintaining a final protein concentration < 0.5 mg/ml, followed
by 48 hour incubation at 37°C. GGzOmpArwm refolding buffer was supplemented with
300 mM arginine, scFvOmpATwm refolding buffer contained both 300 mM NaCl and 300
mM arginine. Refolding was confirmed by the observation of a heat modifiable band
shift on a 12% Tris-Glycine SDS-PAGE gel. B-barrel proteins are resistant to SDS
unfolding, therefore, protein folding can be determined by running SDS-PAGE samples
with and without boiling. A characteristic shift in the observed molecular weight will

occur on heating if the protein is folded. Refolded protein stocks were stored at 4°C.

2.11 Photometric Protein Concentration Determination
Protein concentration was routinely determined using the Nanodrop™ ND-1000
spectrometer. The absorbance at 280 nm was measured and the concentration calculated

using the Beer-Lambert law:

A= ecl [2.1]

Where ¢ is the molar extinction coefficient (M cm™), ¢ is the concentration (M) and |
is the pathlength (cm). All samples were measured in triplicate with the average used to
calculate the concentration. The molar extinction coefficients of the proteins were
calculated by summing the extinction coefficients of the tryptophan and tyrosine

residues in the amino acid sequence (5690 and 1280 M-tcm™ respectively).

Table 2.3 Properties of the proteins used in this study.

Protein Molar Extinction Molecular Mass / ol Number of
Coefficient / M cm™ Da Amino Acids
wtOmpA 45090 21385.4 6.17 197
cysOmpA 45090 21399.7 6.17 197
GGzOmpA 68300 44019.4 4.94 401
IgAPOmMpA 43890 31993.3 5.94 286
SsCFvOmpA 88155 58557.6 5.72 544
FIuA NP 54235 56875.2 9.27 567
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2.12 Protein Binding Analysis

Buffers used:
DDM Buffer:

e 0.5% wi/v n-Dodecyl p-D-maltoside (Melford Ltd, UK)
e 10mM Tris HCI pH 8

For protein-nanoparticle binding studies the protein stocks were first buffer exchanged
from the refolding buffer into DDM buffer using a PD10 desalting column (GE
Healthcare, USA), this buffer was chosen because of the low CMC of DDM (0.008%
w/v). For experiments using the SH-C11-OEGS®6 filler solution, this was prepared from a
53 mM stock in ethanol by first diluting 1 in 66 in ethanol followed by 1 in 10 in DDM
buffer containing 5 mM TCEP. Dilution into the TCEP buffer was followed by a 30
minute incubation and a final dilution of 1 in 10 in DDM buffer before use, resulting in

a final filler concentration of 8 uM.

All protein binding experiments were carried out at a final nanoparticle concentration of
1 ODs2snm. The commercial 20 nm AuNP stock (10 ODsgsnm) was first diluted in

nanopure water before addition of the protein solution.

2.12.1 Kinetic Experiments

Kinetic experiments following binding of the wtOmpAtm, cysOmpAmv and
GGzOmpATm proteins to commercial 20 nm gold nanoparticles were carried out using a
Cary 4E UV-vis spectrometer. Spectra were acquired between 400-800 nm with a 1 cm
pathlength black quartz cuvette with a 100 ul capacity (Type 105.201-QS Hellma
GmbH, Germany). Baseline correction was carried out using the cuvette filled with
nanopure water. Experiments were initiated by mixing 180 pl of nanoparticle solution,
in nanopure water, with 20 ul of protein solution, in DDM buffer, using a P200 pipette
and quickly adding to the cuvette in the sample environment of the spectrometer. Final
protein concentrations of 0.8 and 1.6 pM were used, equating to protein:AuNP molar
ratios of 638:1 and 1276:1 respectively.

Overnight Kinetics
Overnight kinetics spectra were acquired on the Cary 4E spectrometer between 400-800
nm every 10 minutes for 940 minutes (94 acquisitions) with a scan rate of 600 nm/min

and data interval of 1 nm.
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Initial Kinetics

Initial kinetics spectra were acquired on the Cary 4E spectrometer between 400-800 nm
every 33 seconds for 1221 seconds (37 acquisitions) with a scan rate of 1000 nm/min
and data interval of 1.11 nm. Three separate samples were measured for each protein.

Samples containing TCEP were incubated in 10 mM TCEP for 30 minutes then diluted
to 8 UM in DDM before a final dilution of 1 in 10 into the gold nanoparticle solution, to
give final protein and TCEP concentrations of 0.8 uM and 0.22 mM respectively.

2.12.2 Equilibrium Titration

wtOmpATm and cysOmpATm binding to 20 nm gold nanoparticles with increasing
protein concentration was measured using the Cary 4E spectrometer. Aliquots of
commercial AuNP solution, 180 ul in nanopure water, were added to 20 pl of protein
solution, in DDM buffer, to give a final AUNP concentration of 1 ODs2sym and a range
of protein concentrations between 0.016 and 0.8 uM. Triplicate samples were made at
each concentration and incubated overnight before acquiring UV-vis spectra between
400-800 nm.

Fluorescence Spectroscopy

Fluorescence spectroscopy experiments were carried out to measure the residual protein
concentration after binding to gold nanoparticles. Cary Eclipse fluorescence
spectrometer was used, with excitation set at 280 nm and emission scanned between
300 and 450 nm using a 120 nm/min scanning speed, 0.5 seconds averaging and 1 nm
data interval. The band width was set at 10 nm for both excitation and emission to give
a high sensitivity and a 5 mm square cuvette (Type 101-016-40-QS Helma GmbH,
Germany) used for all samples with a 250 pl sample volume. For each protein,
standards were made by serial dilution of a stock solution into water, care was taken to
maintain the same level of DDM detergent in the standards as would be in the unknown
samples. Standards of 1, 0.5, 0.25, 0.125, 0.0625 and 0.0125 puM were made and
measured in duplicate at room temperature. The peak integral of each standard was

taken between 300 and 400 nm, averaged and a calibration curve plotted.

Samples were made in triplicate as per the UV-Vis spectroscopy experiments. After
overnight incubation 300 pl of sample was added to a 1.5 ml Eppendorf tube and
centrifuged at 20,000 x g for 10 minutes in an Eppendorf 4518 R centrifuge at 20°C.
The supernatant was carefully removed so as not to disturb the nanoparticle pellet and
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the protein concentration measured using the Cary Eclipse. The peak integrals were
averaged for each triplicate set of samples and the protein concentration calculated from

the linear regression equation of the standard curve.

2.12.3 NaBH, Competition Assay

The stability of wtOmpATm and cysOmpATwm conjugated 20 nm gold nanoparticles was
assessed using a NaBHs competition assay. Commercial AuNPs at 1 ODszsim
concentration were incubated overnight with their respective protein at a final
concentration of 0.8 uM. A series of NaBHa solutions were made by serial dilution of a
125 mM stock, in nanopure water, to give 1.5, 1, 0.5, 0.25 and 0.05 mM final NaBH4
concentrations when 20 pl was added to 180 pl of the protein-AuNP conjugate stock.
The protein-AuNP samples were then incubated for 3 hours at room temperature before

acquiring the UV-Vis spectrum between 400-800 nm using the Cary 4E spectrometer.

2.12.4 Salt Stability of Protein Conjugated AuNPs

The stability of 20 nm gold nanoparticles conjugated with the GGzOmpATm when
challenged with increasing NaCl concentration was assessed using the Cary 4E
spectrometer. Protein-AuNP conjugates were made using commercial nanoparticles, in
nanopure water, at 1 ODs2snm concentration that were incubated with protein, in DDM
buffer, at a final concentration of 0.8 uM for 15 minutes before adding Filler, in DDM
buffer, to a final concentration of 0.8 uM and incubating for a further 15 minutes. 100
ul of the AuNP-Protein conjugate was then diluted 1 in 2 in a range of NaCl solutions,
in nanopure water, to give final NaCl concentrations of 50, 100, 200, 300, 400, 500 and
1000 mM. The samples were incubated for 30 minutes before acquiring the UV-Vis
spectrum between 400-800 nm.

2.13 Agarose Gel Electrophoresis of AuNP

Buffers used:
TB Buffer pH 8:

e 90 mM Tris HCI
e 90 mM Boric Acid
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Running Buffer:

e 90 mM Tris HCI
e 90 mM Boric Acid
e 0.025% w/v Tween 20

Loading Buffer:

e 90 mM Tris HCI

e 90 mM Boric Acid

e 30% w/v Glycerol

e 0.05% w/v Tween 20

Protein-AuNP conjugates were made by overnight incubation of commercial 20 nm
gold nanoparticles, in nanopure water, and protein, in DDM buffer, at final
concentrations of 10 ODs2snm and 8 UM respectively. Electrophoresis experiments were
carried out using 20 pl of sample mixed with 5 pl of loading buffer before adding to the
well of a 1% agarose gel prepared with TB buffer. Gels were run for 70 minutes at
100 V.

2.14 Dynamic Light Scattering (DLS)

A Malvern Zetasizer Nano S instrument was used to analyse samples by DLS. A 45 pl
quartz cuvette (Type 105.251-QS Hellma GmbH, Germany) was used for data
acquisition. Measurements were carried out on automatic mode in duplicate with three
replicate samples. Particle size analysis was carried out using the Malvern Zetasizer

software version 7.11.

Before carrying out DLS measurements any remaining protein or detergent was
removed from 200 pl aliquots of the protein-AuNP samples by centrifugation at 20,000
X g in an Eppendorf 4518 R centrifuge at 20°C for 4 minutes. The supernatant was
removed carefully so that the pellet was not disturbed and resuspended in 200 pl

nanopure water.

2.14.1 1gG Binding to Protein-AuNP Conjugates
AuNP-Protein conjugates were incubated with a monoclonal a-vinculin antibody at a
final concentration of 1 uM in nanopure water (Sigma Aldrich V1931, used due to

availability) for 10 minutes before centrifugation at 20,000 x g in an Eppendorf 4518 R
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centrifuge at 20°C for 4 minutes. The supernatant was removed and the pellet

resuspended in nanopure water and analysed by the Zetasizer Nano S.

2.14.2 NaBH, Competition

AUNP-Protein conjugates were made by incubating 20 nm gold nanoparticles, at 1
ODs2snm, Overnight at room temperature with protein at 0.8 puM final concentration,
samples containing filler were incubated for 30 minutes with protein before filler
addition at 0.8 uM final concentration. AUNP conjugates were centrifuged at 20,000 x g
in an Eppendorf 4518 R centrifuge at 20°C for 4 minutes and the AuNP pellet
resuspended in filtered nanopure water. 50 pl aliquots were incubated with NaBH4 for
30 minutes at final concentrations of 1, 5 and 20 mM before analysis by the Zetaizer
Nano S.

2.15 Nanodrop Spectrometer

2 ul AuNP-protein conjugate samples were analysed in the UV-Vis mode of a ND-1000
spectrometer (Thermofisher Scientific, UK). Nanopure water was used for baseline
correction and spectra were acquired between 300-700 nm. The data was exported as an

ASCII file and analysed using Microsoft Excel.

2.16 Small Angle Neutron Scattering of AuNPs

Sample Preparation

AuNP conjugates were prepared at 1 ODszsnm by overnight incubation with 0.8 uM
GGzOmpAtv and 0.8 uM filler, using the same method as section 2.12. All samples
were centrifuged at 20,000 x g in an Eppendorf 4518 R centrifuge at 20°C for 5 minutes
and the pellet was resuspended in 1/10™ the volume with D2O. The cap from a 1.5 ml
Eppendorf tube was removed and 200 pl of AuUNP conjugate added by pipette. The open
end of the cap was then sealed using 40K MWCO dialysis membrane and the AuNP
conjugate dialysed for 72 hours in 50 ml of D>O with 2 buffer changes. After measuring
the SANS of the GGzOmpArwm and filler conjugated AuNP sample an alkaline
phosphatase conjugated 1gG (EMD Millipore, UK), that had been dialysed in D20, was
added to a final concentration of 1 UM and incubated for 1 hour before a second SANS

measurement was carried out.
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Data Collection

Data was collected on the Sans2D beamline at the ISIS spallation neutron source
(Oxford, UK) with a 4 m sample to detector distance and wavelength range of 2-14 A,
covering a Q range of 0.005 to 0.3 A. Measurements were carried out in 1 mm path
length quartz cuvettes (Hellma GmbH, Germany) with approximately 300 ul of sample
at 20°C. A buffer blank was collected in a quartz cuvette for the same acquisition time
as the AuNP samples. The scattering data was reduced to a one-dimensional scattering
profile and the scattering of the buffer subtracted using the SANS2D plugin within the
MantidPlot program (Arnold et al., 2014).

Data Analysis

The scattering data was analysed using the BayesApp online web server (Hansen,
2012). This program carries out an indirect Fourier transform of the data to generate a
pair distance distribution function or p(r) plot. From the p(r), the radius of gyration, Rg,

was calculated and the maximum distance, Dmax, Obtained.

2.17 Analytical Ultracentrifugation of AuNP Conjugates

AUNP conjugate samples were analysed by Dr A Solovyova at the Newcastle
University Protein and Proteome Analysis (NUPPA) facility. Sedimentation velocity
experiments were carried out using a Beckman Coulter ProteomLab XL-I analytical
ultracentrifuge, with both absorbance (530 nm) and interference detection. Data was
analysed using SEDFIT (NIH, USA).

2.18 Fluorescence Microscopy of AuNP-Glass Surfaces

Buffers used:
DDM Buffer:

e 10mM Tris HCI pH 8
e 0.5% w/v n-Dodecyl p-D-maltoside

TBS Buffer:

e 50mM Tris HCI pH 8
e 150 mM Sodium Chloride

TBS-Tween:

e 50mM Tris HCI pH 8
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e 150 mM Sodium Chloride
e (0.05% Tween 20

Coverslip Preparation

22 x 22 mm borosilicate glass coverslips were silanized with 0.5% AAPTMS, using the
same method as section 2.2.2, before incubating with 20 nm AuUNP at 1 ODszsnm
concentration for 30 minutes. After AuNP functionalisation the coverslip was moved
into a 4-well Chamlide CMS chamber (Live Cell Instrument, South Korea), this device
provides 4 individually sealed chambers.

Protein Preparation

Protein stocks in DDM buffer were diluted to 0.1 mg/ml and incubated in 25 mM TCEP
for 30 minutes before use, the 53 uM SH-C11-OEGS6 filler stock in ethanol was diluted
1in 1000 in 10 mM Tris and incubated with 25 mM TCEP for 30 minutes before use.
Alexa Fluor 488 conjugated rabbit anti-mouse IgG antibody at 1 mg/ml (Life
Technologies, USA) was diluted 1 in 20 in TBS buffer before use.

Protein Assembly

Each well of the Chamlide chamber was washed with 2 x 200 pl of 1% w/v SDS
followed by 2 x 200 pl of TBS buffer. 200 pl 1% v/v B-mercaptoethanol was added and
incubated for 5 minutes before removal and washing with 2 x 400 ul of TBS buffer. 200
ul of protein solution was then added and incubated for 10 minutes before removal and
washing with 2 x 400 pl TBS buffer. Wells were then washed with 2 x 200 ul 1% w/v
SDS followed by 2 x 400 pl of TBS buffer. Protein addition and washes were repeated
before 200 pl of filler solution, in 10 mM Tris buffer, was added and incubated for 10
minutes. The filler was removed and washed with 2 x 400 pl TBS before followed by 2
x 200 ul 1% wi/v SDS and final wash of 2 x 400 pl TBS buffer. 200 ul of the diluted
Alexa Fluor 488 conjugated antibody was added and incubated for 10 minutes before
removal and washing with 3 x 400 pl TBS-tween buffer.

Fluorescence Microscopy

Microscopy was carried out with a Nikon T1 microscope using a 488 nm filter, 6
random fields of view were taken for each well and saved as 16 bit grey scale tagged
image files. The resulting TIF images were analysed using the ImageJ program, due to
the large size of the camera sensor in relation to the column of light from the illuminator

the images suffered from a dark area around their edges, known as a vignette effect. To
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counteract this the centre of each image was cropped using the same size square. The
mean pixel intensity of each image was then calculated using the measurement tool

within ImageJ.

2.19 Capillary Functionalisation

Borosilicate glass capillaries (Hirschmann Laborgerdte GmbH, Germany) were washed
several times with ethanol before use. A 0.5% AAPTMS solution was prepared as in
Section 2.2.2, 100 pl was drawn into the capillary and incubated for 30 minutes. The
capillary was rinsed with ethanol and immersed in a beaker of ethanol before sonicating
twice with an XB2 ultrasonic bath (Grant Instruments, UK) for 1 minute. The capillary
was then rinsed with nanopure water before drawing up 100 pl of 5 ODs25nm 20 nm gold
nanoparticle solution and incubating for 30 minutes. The AuNP solution was removed
and the capillary sonicated twice for 1 minute in a beaker of nanopure water.

Protein Assembly

Protein and filler solutions were prepared as in 2.18. Protein assembly was carried out
in situ in the Cary 4E using a syringe connected to the capillary by a section of rubber
hose. 1 ml of 1% v/v B-mercaptoethanol was injected and incubated for 5 minutes
before washing with 2 ml of TBS buffer. 1 ml of protein solution was then injected and
incubated for 15 minutes before washing with 2 ml of TBS buffer. 1 ml of filler solution
was then injected through the capillary and incubated for 15 minutes followed by
washing with 2 ml of TBS buffer followed by 1 ml of 1% w/v SDS and finally rinsed

with 2 ml of nanopure water.

Protein Binding
The 6 mg/ml recombinant influenza A nucleoprotein (Orla Protein Technologies, UK)
stock was diluted 1 in 100 in water, 1 ml was injected in to the capillary and incubated

for 5 minutes before taking a measurement.

Data Collection

Spectra were acquired by the Cary 4E spectrophotometer, the sample stage was
modified to allow a single capillary to stand in the beam. A baseline correction was
carried out with a glass capillary filled with nanopure water. Each sample measurement

was carried out 4 times and averaged to give the final spectrum.
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2.20 Lateral Flow Assay

Buffers used:
Antibody binding buffer:

e 10 mM sodium carbonate pH 9.5

PBS:

e 50 mM sodium phosphate pH 7.4
e 150 mM Sodium chloride

Blocking Buffer:

e 50 mM sodium phosphate pH 7.4
e 150 mM sodium chloride

e 2% wi/v bovine serum albumen
TBS-Tween:

e 50mM TrisHCIpH 7.8
e 150 mM sodium chloride
e 0.05% Tween 20

Flow Strip Preparation

Nitrocellulose membrane was cut into a 4 cm x 30 cm strip before use. Antibody was
diluted to 0.5 mg/ml in antibody binding buffer and 70 ul loaded in a P200 tip, this was
then inserted in a P2 tip to form a “fountain pen”, which restricts the fluid flow to give a
thin antibody line. The pipette was removed and the pen tapped until the solution
reached the bottom of the tip. An antibody line was then drawn across the membrane
using a ruler and the areas with a tight single line were marked. A second line was then
added using the same technique approximately 10 mm below the first. The membrane
was blocked overnight in blocking buffer at 4°C. After overnight blocking the
membrane was washed with PBS and dried before cutting into 4 cm x 0.5 cm strips.

Running Samples
7.5 pl of AuNP-protein conjugate at 10 ODszsnm concentration was mixed with 7.5 pl of
FIUA NP solution and incubated for 5 minutes before adding to the end of a

nitrocellulose strip. A piece of paper towel was held on the other end to act as a sink
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pad, once the AuNP solution had migrated to the end, the strip was washed 5 times with

20 pl aliquots of TBS-tween.
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3 CHARACTERISING GOLD-
GLASS SURFACES WITH
SELF-ASSEMBLED PROTEIN
MONOLAYERS
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Chapter 3: Characterising Gold-Glass Surfaces with Self-Assembled Protein Monolayers

3.1 Introduction

Gold has seen widespread use for biomolecule attachment to surfaces. This is due, in
part, to the large number of chemical linkers available (Jonkheijm et al., 2008) and the
ease in which new chemistries, for example N-Hydroxysuccinimide or primary amine
groups, can be introduced on the surface via self-assembly of thiol molecules (Bain et
al., 1989; Love et al., 2005). Protein assembly on gold can also be achieved by direct
binding to the surface through the addition of cysteine residues in to the protein
structure (Brun et al., 2008; Cisneros et al., 2006; Shah et al., 2007).

Traditionally the manufacture of well-defined thin planar gold coatings for such
applications requires the use of sputtering equipment (Kelly and Arnell, 2000), which
can be expensive and requires specialist training. More recently gold nanoparticles have
been used to coat glass surfaces for biomolecule attachment with possible applications
in biosensing (Kumari and Moirangthem, 2016; Nath and Chilkoti, 2004). To generate
these surfaces, first the glass is functionalised with a silane linker molecule, usually
terminated in a primary amine, before deposition of the gold nanoparticles from solution
(Figure 3.1). Particle attachment is primarily mediated by charge interactions between
the positively charged, protonated amine and the negatively charged anions on the
nanoparticle surface. Mixed monolayers of primary amine and sulphydryl groups have
been used for AuNP deposition which can also facilitate covalent bonds between the
sulphur and gold (Haddada et al., 2016). Manufacture is relatively straightforward and
can be done on the bench. Although the topology of nanoparticle assemblies on glass
and other surfaces has been studied (George et al., 2008; Grabar et al., 1997; Kumari
and Moirangthem, 2016; Nath and Chilkoti, 2002; Seitz et al., 2003)) the structure of
associated protein layers on the nanoparticle is poorly understood. Understanding and
controlling the structure and orientation of assembled protein layers can be of high
importance, particularly for biosensing applications (Kausaite-Minkstimiene et al.,
2010; Puertas et al., 2010).
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Figure 3.1 Gold nanoparticle assembly on amine functionalised glass surfaces. First the

glass surface is functionalised with an amine terminated silane molecule, via a condensation
reaction. The AuNPs are then deposited from solution with binding mediated by charge-charge
interactions between the positively charged surface and negatively charged AuNPs

The industrial CASE (collaborative award in science and engineering) partner of this
project, Orla Protein Technologies, in conjunction with Nippon Sheet Glass have
developed an improved method for depositing gold nanoparticles on borosilicate glass
and assembling functional protein layers on the nanoparticle surface. Usually silane
surfaces are deposited in anhydrous toluene followed by a high temperature curing step
(Argekar et al., 2013; Seitz et al., 2003; Vandenberg et al., 1991), with some studies
also carrying out high temperature annealing of the nanoparticle surface (Kumari and
Moirangthem, 2016). In comparison, all steps in our method use simple equipment, in
aqueous solvents at room temperature. This study was concerned with understanding

the nanoscale structure of the nanoparticle surfaces and the assembled protein arrays.

To create a detailed picture of the surface layers each component was characterised and
its effect on the nanoscale topology investigated using several techniques. Initially the
effect of the silane layer on nanoparticle assembly was investigated. The silane
molecule used in the Orla-Nippon method, (Aminoethylaminomethyl)
phenethyltrimethoxysilane (AAPTMS) (B Figure 3.2), is an unusual linker, therefore,
comparisons were made with a more conventional silane molecule, (3-
Aminopropytrimethoxysilane (APS) (A Figure 3.2). Further to the comparison of the

silane molecule, the effect of nanoparticle size and concentration were investigated in
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relation to surface coverage. Finally, neutron reflectometry was employed to elucidate

the structure of assembled protein arrays on deposited nanoparticles.

A. B.
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Figure 3.2 Structures of (3-Aminopropyl)trimethoxysilane (A) and
(Aminoethylaminomethyl)phenethyltrimethoxysilane (B).

3.2 Results

3.2.1 Nanoparticle Synthesis

Gold nanoparticles were synthesised using a modified Brust-Schiffrin method (Brust et
al., 1994). This method uses sodium borohydride to reduce chloroaurate ions (AuClys) in
the presence of a thiol capping ligand and has been shown to generate small (<10 nm)
well-defined nanoparticles. The polydispersity and size of the nanoparticles are acutely
dependent on the temperature of the reaction mixture during synthesis. Both the
synthesised and commercially purchased nanoparticles were assessed by UV-Vis
spectroscopy and TEM. The synthesised particles were found to have high
polydispersity and be non-uniform in shape, whereas the commercially purchased
particles had a low polydispersity and more uniform shape (Figure 3.3 b). It was
therefore decided to continue the project with the commercially purchased

nanoparticles.
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Figure 3.3. UV-Vis spectra (A) and representative micrographs of synthesised (B) and 10

nm commercial (C) nanoparticles (BBI Solutions). 100 nm scale bars.

3.2.2 Surface Functionalisation

X-Ray Photoelectron Spectroscopy (XPS)

XPS was used to analyse the elemental composition of borosilicate glass coverslip
surfaces at each step of the functionalisation process (Figure 3.1). The different
components are detected by interrogating the surface with a beam of X-rays. The energy
of the electrons emitted from the surface can be used to identify the constituent elements
and their electronic environment (see Section 1.6.1 for a more detailed discussion).
Characteristic peaks corresponding to the nitrogen from the organosilane primary amine
and the metallic gold of the nanoparticles were observed in the survey spectra after each
deposition, thus confirming the addition of each component of the system on the surface
(Figure 3.4).
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Figure 3.4. XPS Survey spectra of borosilicate glass coverslips after silanisation and
subsequent gold deposition. The samples were surveyed over a large surface area, 300 x 700
pum. The binding energies of the detected electrons were calculated and assigned to their
respective elements and molecular orbitals. The relative abundance of each element is correlated
to the height of the peak (in electron counts per second). A clear peak corresponding to nitrogen
1s electrons appears after the silanisation process (red line) followed by multiple gold 4d and 4f
peaks after gold deposition (blue line).

3.2.3 Silane Monolayer Formation

The quality of silane monolayers when using two different silane molecules (Table 2.1)
was assessed. APS is a commonly used molecule to add primary amine groups to glass
surfaces for biomolecule and nanoparticle assembly (Grabar et al., 1995; Thakurta and
Subramanian, 2012). AAPTMS on the other hand is a much less commonly used, with
very few studies in the literature, but was patented for generating biomolecule retaining

materials by Corning Glass Inc (Lewis, 2006).

Amine Density of APS and AAPTMS Monolayers

A colorimetric Coomassie assay, modified from Coussot (Coussot et al., 2010), was
used to estimate the amine density of APS and AAPTMS films deposited on polished
silicon wafer chips with increasing incubation time. The silane molecule binds to the

native oxide layer that forms on silicon substrates after exposure to air (Raider et al.,
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1975). Coomassie dye binds in a 1:1 ratio with primary amines, therefore the average
amine density was calculated by measuring the bound dye concentration. AAPTMS
appeared to assemble faster reaching a higher amine density at 10 minutes, however, at
the 30 and 60 minute time points the difference between the two aminosilanes became

much less pronounced (Figure 3.5).
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Figure 3.5. Comparison of the primary amine density of APS and AAPTMS films on
silicon wafers with increasing incubation time. Primary amine density calculated using the
colorimetric Coomassie assay by dividing the number of bound Coomassie molecules by the
surface area of the functionalised silicon wafer chip. Error bars represent the standard error of

the mean based upon 3 samples.

APS and AAPTMS Monolayer Roughness

The roughness of APS and AAPTMS monolayers on silicon wafer chips was
investigated by atomic force microscopy in comparison to a blank wafer surface. The
blank silicon surface was extremely flat and almost completely featureless. The addition
of AAPTMS on the surface had very little effect on the surface roughness with only a
few features of around 3-4 nm in height. APS deposition led to large island like
features, with heights up to 50 nm, indicative of complex multilayer structures being
formed (Figure 3.6).
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Figure 3.6 Representative AFM images of silicon blank (A), AAPTMS (B) and APS (C)
functionalised surfaces. Each of the silane functionalised surfaces were incubated for 60
minutes in a 0.5% v/v silane solution (95:5 EtOH:H,0) before imaging. Images were acquired

in tapping mode with the fast axis indicating the direction of the probe along the surface.

3.2.4 Gold Nanoparticle Deposition

Amine Availability after Gold Deposition

The availability of amine groups on AAPTMS functionalised silicon wafer chips after
multiple gold deposition steps was measured using the colorimetric Coomassie assay. A
large decrease in the available amine groups was observed after the first nanoparticle

deposition, indicating that binding is mediated through the terminal amine of the silane
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monolayer. Successive depositions lowered the number of available amine groups
further (Figure 3.7). As expected some remain available as the gold nanoparticles are

unable to form a packed monolayer due to electrostatic repulsion (Grabar et al., 1997).
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Figure 3.7. Amine availability of AAPTMS monolayer after multiple gold nanoparticle
depositions. Determined by colorimetric Coomassie assay on silicon wafer segments. Each
gold deposition was carried out for 10 minutes with 10 nm gold nanoparticles at 0.3 ODszsym.

Error bars represent the standard error of the mean based upon 3 samples.

Nanoparticle Coverage

Effect of aminosilane layer on coverage

The effect of AAPTMS on the nanoparticle coverage was investigated in comparison to
blank silicon wafers and APS functionalised wafer chips using SEM. Gold nanoparticle
deposition on AAPTMS functionalised wafers gave uniform sub-monolayer coverage
across the sample surface (A Figure 3.8). In comparison, unfunctionalised wafers
showed large areas of bare surface (B Figure 3.8). Nanoparticle deposition on APS

wafers was concentrated into large island like structures (C Figure 3.8).
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Figure 3.8. Representative micrographs of AUNP functionalised surfaces. From the top left
AAPTMS and commercial AuNPs (A), commercial AuNPs (B), APS and commercial AuNPs
(C) and AAPTMS with in house synthesised AuNPs (D). The white arrows in the synthesised
particle image indicate areas away from the aggregates of more uniform coverage of smaller

particles. The contrast of the images has been increased to aid visualisation, 500 nm scale bars.

Synthesised gold nanoparticles

In house synthesised gold nanoparticles were deposited on to AAPTMS functionalised
silicon wafer chips and imaged by SEM. Large agglomerate structures, comparable to
those seen by TEM (Figure 3.3), were visible with a background of more uniformly

spaced smaller particles on the surface (D Figure 3.8).

Nanoparticle size
10 and 20 nm commercial gold particles were deposited on AAPTMS functionalised
silicon wafer chips and imaged using SEM. The percentage area coverage on the surface

was calculated using ImageJ (Section 2.8) on duplicate samples. The 20 nm particles
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showed a significantly higher coverage than the 10 nm particles with values of 36.65 +
1.67% and 13.13 + 0.76% respectively (A Figure 3.9).
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Figure 3.9. Gold nanoparticle coverage of AAPTMS functionalised silicon wafer chips.
Comparison of 10 and 20 nm sized commercial particles (A) and increasing ODszsnm 0f 20 nm
particles (B). Coverages were calculated from three representative images of between 4 and 8
um?, using ImageJ.

Concentration dependence

20 nm gold nanoparticles were deposited on AAPTMS functionalised silicon wafer
chips with optical densities between 0.2 and 1 at 525 nm and imaged using SEM. The
percentage area coverage was calculated using ImageJ on triplicate samples. Between
0.2 and 0.6 ODszsnm there is a clear trend of increasing coverage, above this
concentration the coverage plateaued with a reduction in the area coverage observed
between 0.6 and 0.8 (B Figure 3.9).

Thiol Assembly

As the gold nanoparticle surfaces will be incubated with thiol molecules during the
assembly of the protein surface (discussed in further detail in section 3.2.5), the effect of
self-assembled thiol monolayers on the coverage and morphology of deposited AuNPs
was visualised by SEM. 10 nm particles deposited on AAPTMS functionalised silicon
wafer chips were incubated with 1% BME and 100 uM SH-C11-OEG3 (thioAlkylPEG)
solutions respectively for 15 minutes before visualisation. ThioAlkylPEG was used as
the filler molecule when assembling proteins on the particle surface (Figure 3.12).
Deposition of the 10 nm AuNP resulted in even fields of particles across the sample.
Morphological changes were observed for the BME sample with islands of closely
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located particles formed. The overall nanoparticle coverage remained the same as the 10
nm particle sample suggesting that few particles detached from the surface. No change
in the morphology of the thioAlkyPEG coated particles was observed however there

was a 3.6 fold loss in the nanoparticle coverage.
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Figure 3.10 Effect of thiol assembly on gold nanoparticle coverage and morphology.
Representative SEM images of deposited 10 nm particles before (A) and after incubation with
BME (B) and SH-C11-OEG3 (C). Coverages were calculated from three representative images
of between 4 and 8 um?, using ImageJ (D). The contrast and brightness of the shown images (A,
B, C) was increased to aid visualisation but was not applied during quantitative analysis. 500

nm scale bar. Error bars represent the standard error of the mean based upon 3 fields of view.

3.2.5 Neutron Reflectometry

Gold nanoparticle deposition and subsequent protein assembly was followed by neutron
reflectometry (NR). Experiments were carried out on a 50 mm x 80 mm x 30 mm single
crystal silicon block with a single face polished to ~3 A roughness average (Ra), which
was coated with an AAPTMS monolayer, using the method described in Section 2.2.2,
before nanoparticle deposition. Three solvent contrasts were used when carrying out NR
measurements of the deposited gold nanoparticles, H20O, silicon matched water (SMW,
38% D20, 62% H20) and D20. A fourth contrast, gold matched water (AuMW, 73%
D20, 27% H20), was also used for measurements of protein coated particles. The ratios
of H20 and D0 for the contrast solutions were calculated from the scaled sum of the
H>O and D20 SLDs that matched the theoretical SLD of silicon and gold respectively.
A table of the theoretical SLD values used in this study is provided below.

Two measurement angles, 0.7 and 2.3 degrees, were used to give a Q range of 0.01 to
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0.35 AL, The block was mounted in a custom made solid/liquid cell, which provides a
small sealed chamber that could be filled with solvent through two liquid ports. The cell
was then bolted to a sample stage with the polished surface facing downwards. The
neutron beam was directed through the silicon block and reflected from the solid/liquid
interface (Figure 3.11). A computer controlled HPLC pump automatically changed the
contrast buffer between measurements, which were all carried out on the INTER

beamline at the ISIS neutron and muon source (Oxford, UK).

Table 3.1 Theoretical SLD values used for calculating the contrast match solutions and as
starting points for the data fitting. Obtained using the National Institute of Standards and
Technology (USA) scattering calculator.

Substance Theoretical SLD
/ x 106 A2

H20 -0.56
D20 6.38
Silicon 207
Silicon Dioxide 4.19
AAPTMS 097
Gold 4.62
GGzOmpATM 199
ThioAlkylPEG 0.93
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Source __
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Silicon Block

Figure 3.11 Neutron reflectometry set up. The solid/liquid cell was mounted on to a sample
stage that tilted with respect to the incoming neutron beam to set the measurement angle. A
computer controlled HPLC pump was attached to the liquid cell inlet to change the contrast
solvent. The neutrons were directed through the silicon block and reflected towards the detector

(D) from the sample surface, at the solid/liquid interface.

Assembly of Engineered OmpATm

Protein assembly was carried out in situ using the same method as previous NR
experiments on planar gold surfaces (Brun et al., 2008, 2015; Le Brun et al., 2011). The
protein used, GGzOmpATm, consists of a circularly permuted OmpAtm domain with 3
additional domains, a Z-domain from protein A and tandem B-domains from protein G,
fused to the N-terminus (Brun et al., 2015). A thioAlkylPEG filler molecule, (11-
mercaptoundecyl)hexa(ethylene glycol), was used to backfill the surface after protein
addition. Addition of the filler helps stabilise the protein layer and direct the orientation
of the OmpAtm domain. The structure of this protein array has previously been
determined on planar gold surfaces by neutron reflectometry (Brun et al., 2015) (Figure
3.12).
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Figure 3.12 Structure of GGzOmpA~rm arrays on planar gold surfaces adapted from (Brun
et al., 2015). The OmpAmv domain is embedded in a dense thioAlkylPEG layer with the protein
A and protein G domains extended away from the surface.

Analysing Neutron Reflectometry Data

Neutron reflectometry data essentially provides information on the neutron refractive
index, also known as the scattering length density or SLD, across the z-axis
perpendicular to the sample surface. As discussed in Section 1.6.1, the phase
information is lost when collecting reflectivity data, therefore, the reflectivity profile
cannot be directly converted into a unique SLD profile using a Fourier transform. The
most commonly used approach is to construct a plausible model of the matter
distribution at the sample surface. The model parameters are then adjusted so that the
theoretically calculated reflectivity curve agrees with the measured data. It is important
that the initial construction of the model and any fixed parameters are validated by prior
characterisation of the system and its components. Analysis of such data requires
careful interpretation as many possible solutions will exist that fit the data equally well.
To aid data analysis, multiple measurements of the sample are carried out in different
solvent contrasts and simultaneously fitted to the same model. Usually, the sample is
approximated by dividing into a number of a parallel layers (Clifton et al., 2011;
Hughes et al., 2008) that are assumed to have uniform density along the z-axis and can
have their interfaces broadened by roughness effects, which is known as the Parratt
formalism (Parratt, 1954). When analysing a solid/liquid system, such as the one used in
this study, the layers are described by four parameters; thickness, SLD, roughness and
coverage. The coverage parameter (C.) allows for defects in the layer which are filled

by the solvent. This is accounted for by varying the effective SLD of the layer (SLDetr)
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using a scaled sum of the layer SLD (SLDiay) and the solvent SLD (SLDso) (Hughes et
al., 2008);

G G
LDy = (W SLDlay> + ((1 - W) SLD501> [3.1]

In this study the reflectivity profiles were analysed by the RasCal program (Clifton et
al., 2011) which uses an optical matrix formalism (Born and Wolf, 1970) to fit the layer
model to the reflectivity data. Initially the model parameters were populated with
approximate starting values and the theoretically calculated reflectivity curve compared
against the measured data. The difference between the calculated reflectivity profile and
the experimental data was assessed with a Pearson’s chi-squared (y?) test, where a lower
¥? value signifies a better fit, and the ¥ reduced by adjusting the parameters using an
iterative least squares minimisation routine. The error in the fitted model parameters
was estimated using the “bootstrap” error analysis function within RasCal, which re-
samples subsets of the original data and carries out fitting from random starting values.
The distribution of parameter values obtained from the fitting of the re-sampled data

sets was then used to estimate the fitting errors.

Neutron Reflectometry Data

It is possible to observe the assembly of the gold nanoparticles and protein layer on the
substrate by a simple comparison of the reflectivity data after each addition (Figure
3.13). Comparing the reflectivity profiles from each contrast also highlights the need for
multiple data sets from different solvent contrasts to build a detailed model. The gold
nanoparticles and proteins have quite different SLDs, 4.62 x 108 and 1.993 x 10° A~
respectively, so are more/less visible in opposing solvents. In H.O (-0.56 x 10 A?)
both the addition of the gold and the protein is visible from changes in the reflectivity,
however, the greater difference between the AuNP and H,O SLDs causes a more drastic
change in the reflectivity profile (A1+2 Figure 3.13). In SMW (2.07 x 10 A?) only the
addition of the AuNP is visible as the SLD is too close to the protein to provide a
significant level of contrast (B1+2 Figure 3.13). In this solvent, the intensity of the
reflected neutrons is significantly reduced, with consequently larger error, as the
contribution from the silicon block is completely removed. Once again in D20 (6.38 x
106 A?) addition of the both the AuNPs and protein is visible, with a more visible
change in the reflectivity on protein addition as there is a greater difference between the
protein and D20 SLDs (C1+2 Figure 3.13).
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Figure 3.13 Neutron reflectivity profiles comparing AAPTMS vs AuNP surfaces (1) and AuNP vs AuNP + GGzOmpA+m surfaces (2). The letter denotes the
solvent contrast with A = H,O, B = Silicon Matched Water and C = D,0.
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Model Fitting
Qualitive assessment of the reflectivity data allows little analysis on the structure of the
surface layers that are formed. Detailed structural analysis requires the data sets to be fit

to a model. Two separate models were used to analyse the reflectometry data.

The first was a simple slab model which split the different substrate components into
individual layers. The nanoparticles were divided in two with each half comprised of
five layers that were mirrored across the midline of the particle (Figure 3.14). The
spherical shape was modelled by constraining the gold coverage of the layers so that the
coverage of layer 5 >4 >3 > 2 > 1. Quite a high level of roughness was allowed
between the gold layers to provide a smooth shape. As discussed above roughness is
described using the Parratt formalism where the interface between the two layers is able
to broaden and become less well defined. This model was made using the minimum
number of constraints to give as “real” an interpretation of the data as possible. For the
protein assembly a single outside protein layer was added, which was comprised of both
the protein and filler molecules, and the SLD of the gold nanoparticle was allowed to

vary in proportion to the volume fraction of the protein layer.
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Figure 3.14 Schematic representation of the slab model. The substrate components have
individual layers and the nanoparticle is split into two sets of five layers that a mirrored through

the centre of the particle.

The simple slab model fitted well to the deposited AuNP surface data, with a y? of 7.89,
and the resulting SLD profile clearly described spherical objects on the surface of the
substrate (Figure 3.15). This is most visible in the H20 contrast as a “hump” in the SLD
profile between ~80 and 260 A (B Figure 3.15). The resulting thicknesses of the layers
from the model gave reasonable values with a 15.04 + 0.12 A SiO; layer, 8.57 + 2.00 A
silane layer and 179.18 + 5.66 A gold nanoparticles. The AuNP coverage on the surface,

taken from the layer describing the centre of the gold sphere, was 23.01 + 6.18%.
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Figure 3.15 Data fitting and corresponding SLD profiles generated using the slab model
for the AuNP coated surface. (A) Reflectivity data with the model fits represented as solid
lines and the reflectivity profiles offset for clarity. The colours represent the different solvent
contrasts, D,O, SMW and H;O. (B) The fitted SLD profiles show the change in the SLD as a
function of distance away from the substrate surface, in the Z-Axis. A schematic representation

of the surface is overlaid on the SLD profiles to highlight the different regions of the sample.
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Fitting of the slab model to the AuNP surface data after protein addition was not as
good as the bare AuNP surface, with a ¥* value of 15.31 compared with 7.89 for the
AUNP surface. Deviations of the model fit from the reflectivity data can be seen in the
D>0 and AuMW contrasts at higher Q (black and blue solid lines in A Figure 3.16). The
thickness values obtained for the silicon oxide and silane layers were comparable with
the AuNP data at 14.32 + 1.27 and 11.91 + 4.73 A respectively. However, both the
nanoparticle and protein layer thicknesses were much lower than expected, 153.69 +
14.25 and 30.33 + 9.56 A respectively. To fit the data the model also significantly
increased the gold roughness, from 35.48 to 65.51 A, which blurs the edges of the
particle making it difficult to resolve the outer protein layer. Blurring of the model was
also reflected in the higher error values for all the parameters when compared with
AUNP surface. The higher error and increased roughness needed to fit the reflectivity
data would suggest that the parameters of this model were not appropriate to describe
the protein coated AuNP system. The fitted layer parameters obtained, and their
respective error, for the data before and after protein assembly are compared in Table
3.2. The parameter starting values were estimated from the theoretical size of the silane
molecule and from previous electron microscopy and neutron reflectometry data. To
confirm that the poor fitting of the AuNP and protein layers was not due to a lack of
protein assembly on the surface, the data was also analysed using the bare AuNP slab
model. This model was unable to fit the AuNP + GGzOmpAmwm reflectivity data
satisfactorily (Appendix Figure 7.4).

Table 3.2 Layer parameters obtained by fitting the slab model to the reflectivity data
before and after protein assembly.

Parameter AuUNP Surface AUNP =+ Starting Value
GGzOmpAT™m
Silicon Oxide Thickness / A | 15.04 +0.12 14.32 +1.27 10
Silane Thickness / A 8.57 £ 2.00 1191 +4.73 11
AuNP Thickness / A 179.18 + 5.66 153.69 + 14.25 200
AuNP Roughness / A 35.48 + 10.62 65.51 + 15.76 20
AuNP Coverage / % 23.01 +6.18 23.71+11.70 25
GGzOmpAmwm Thickness / A N/A 30.33 £ 9.56 100
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Figure 3.16 Data fitting and corresponding SLD profiles generated using the slab model
for the AuUNP coated surface after GGzOmpA+wm assembly. (A) Reflectivity data with the
model fits represented as solid lines and reflectivity profiles offset for clarity. The colours
represent the different solvent contrasts, D.O, AuMW, SMW and H>O. (B) A schematic
representation of the surface is overlaid on the fitted SLD profiles to highlight the different
regions of the sample. The orange layer around the nanoparticle represents the fitted protein and

filler layer.
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Sphere Model

The second model, known as the sphere model, separated the surface into a set of
packed cubes that sit on the silane layer. Each cube contained an AuNP, comprised of
200 gold layers, and formed a fractional coverage on the surface. The protein coating
was split into two layers, the inner layer contained both the thioAIKylPEG filler and
protein and the outer layer contained only the protein. This double layer was allowed to
form a fractional coverage on the particle surface apart from the interface between the
particle and the surface (Figure 3.17). The sphere model was adapted from work done
by Rebecca Welbourn in her PhD thesis (Welbourn, 2016). When using this model the
data sets for the AuNP surface before and after protein assembly were fitted

simultaneously.

_/

Figure 3.17 Schematic representation of the sphere model. The nanoparticles are modelled
inside a set of packed cubes on the surface. The protein coating is split into a double layer that
covers the nanoparticle except at the interface with the silane layer.

The fitting of the more complex sphere model to the reflectivity data was not as good as
the simple slab model, with deviations from the data most significant in the D20 and
AuUMW contrasts (black and blue solid lines in A + B Figure 3.18) and a ¥ value of
65.24 compared with 7.89 and 15.31 for the slab model before and after protein
assembly. However, a higher y?> would be expected for the sphere model as a greater
number of the model parameters were constrained and twice the number of data sets
were fitted simultaneously. The layer thicknesses obtained were reasonable and the
silicon oxide, silane and AuNP values (15.06 + 0.15, 8.01 + 1.02 and 183.69 + 4.82 A
respectively) were in good agreement with the slab model of the AuNP surface. Once
again, the AuNP shape can be seen clearly in the fitted SLD profile as a “hump”
between ~95 and 275 A (solid lines in C Figure 3.18). After protein addition the protein

Timothy Robson - February 2018 85



Characterisation of Self-Assembled Engineered Eroteips on Gold Nanoparticles and their Application to
Biosensing
layer on the nanoparticle can be seen as a pronounced extension of the particle “hump”
in the fitted SLD profile (dashed lines in C Figure 3.18). The reduction in the AuNP
SLD after protein addition is due to both a loss in the total AUNP coverage, from 38.90
+ 0.78% to 21.44 + 1.76%, and also the contribution of the protein and filler on the
surface which have lower SLDs than gold (1.993 and 0.216 x 108 A respectively). The
dual protein layer described a densely packed first layer that covered 99.10 + 1.59% of
the particle surface and a more diffuse second layer that had a coverage of 15.62 +
6.24%. The thicknesses of the respective layers were 22.94 + 2.93 and 75.09 + 0.18 A
which gave a combined protein layer thickness of 98.02 A. The layer parameters
obtained from the sphere model after fitting are summarised in Table 3.3. Once again
the starting parameters were estimated from theoretical length of the silane molecule

and previous electron microscopy and neutron reflectometry data.

Table 3.3 Layer parameters obtained by fitting the sphere model to the reflectivity data

Parameter Fitted Value Starting Value
Silicon Oxide Thickness / A 15.06 £ 0.15 10
Silane Thickness / A 8.01 +1.02 11
AuNP Thickness / A 183.69 + 4.82 200
AuNP Coverage (without protein) / % 38.90 +0.78 25
AuNP Coverage (with protein) / % 21.44+1.76 25
Inner Protein Layer Thickness / A 22.94 +2.93 30
Inner Protein Layer Coverage / % 99.10 £ 1.59 90
Outer Protein Layer Thickness / A 75.09+£0.18 100
Outer Protein Layer Coverage / % 15.62 £ 6.24 25
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Figure 3.18 Data fitting and corresponding SLD profiles generated using the sphere model
for the AuNP and AuNP + GGzOmpA~w surfaces. (A) AuNP and (B) AuNP + GGzOmpAmwm
reflectivity data are plotted on separate graphs, with the model fits represented by solid lines and
the reflectivity profiles offset for clarity. (C) The fitted SLD profiles have been overlaid with the
solid and dashed lines representing the AUNP and AuNP + GGzOmpAmwm surfaces respectively.

The colours represent the different solvent contrasts used D,O, SMW, AUMW and H-0.
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3.3 Discussion

3.3.1 Surface Characterisation

AAPTMS forms monolayers from aqueous ethanol deposition

AAPTMS surfaces made using the aqueous ethanol method, developed by Nippon
Sheet Glass, were shown by AFM to be very smooth, suggesting monolayer formation.
Further evidence for a dense monolayer was supplied by the colorimetric amine assay,
with ~4 molecules/nm? observed. This result gives an area per molecule of ~25 A2
which is in good agreement with X-ray reflectivity studies of packed silane monolayers
(Geer et al., 1994) and other self-assembled monolayer structures (Buscher et al., 1996).
While the APS layers had similar amine surface densities, AFM images showed large
island like structures that are similar to aggregates observed in previous studies
(Argekar et al., 2013). Argekar et al state that amine densities above 2 molecules/nm?
result in multilayer formation of APS and it has been shown that deposition from
aqueous ethanol leads to multi-layered structures (Vandenberg et al., 1991). AAPTMS
can generate well-ordered monolayers (Chen et al., 2006; Dressick et al., 1996) however
previous studies have used curing steps to complete covalent binding to the SiO>
substrate. This work would suggest that even without a curing step organised AAPTMS
layers are formed, most likely mediated through hydrophobic interactions between the
aryl groups and hydrogen bonding between the amines. Although it is unlikely that a
continuously bonded network, like in Figure 3.19, is formed without curing, the

AAPTMS layers are more stable and more resistant to multilayer formation than APS.
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Figure 3.19 Fully crosslinked AAPTMS monolayer structure. It is unlikely that a fully
crosslinked silane structure (highlighted in red circles) would be formed without a temperature
curing step. However a pi-stacking and hydrogen bonding network (red and blue arrows) could
be responsible for the higher stability of the AAPTMS film.

A smooth stable silane monolayer is required for uniform particle coverage

SEM images of gold nanoparticles deposited on APS layers show concentrated islands
of particle deposition and large areas without nanoparticle coverage. This uneven
coverage could be due to unstable APS layer being washed away after its initial
deposition with only areas that contained larger aggregates retaining silane on the
surface. Interestingly the silicon surface without silane showed some areas of fairly
uniform nanoparticle deposition which were not seen with APS. By far the most
uniform coverage was observed for AAPTMS functionalised silicon substrates with
both the 10 and 20 nm particles used in this study. Although aggregated structures were
seen when depositing the in house synthesised particles, the background contained a
more uniform distribution of smaller particles. This observation suggests that the
aggregates were formed in solution before binding to surface and not due to areas of
multi-layered AAPTMS.

The large difference in coverage between the 10 and 20 nm particles indicates that
binding to the surface is biased towards the surface area of the particle rather than the
number of particles. In a 1 ODszsnm concentration solution there are 8 times as many 10
nm particles than 20 nm, whereas the surface area of the individual 20 nm particles is 4
times larger than the 10 nm. Work here and elsewhere (Grabar et al., 1996b; Nath and

Chilkoti, 2004) has shown that nanoparticle coverage is correlated with the particle
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concentration, therefore the greater interaction surface of 20 nm particles must outweigh
their lower concentration in comparison with 10 nm particles. The area coverage of 20
nm particles on AAPTMS surfaces are comparable to other studies on cured APTES
monolayers and PEG surfaces (Grabar et al., 1997; Haddada et al., 2016). The main
advantage of the AAPTMS method is the ability to produce uniform, dense sub-
monolayer particle coverage of the surface without the need for anhydrous conditions or

curing steps.

Thiol assembly causes reorganisation

Different behaviour was observed for gold nanoparticle surfaces incubated with B-ME
and thioAlkylPEG solutions after surface assembly. These behaviours are due to
modification of interparticle and particle-surface interactions. Interparticle interactions
can be described by classical Derjaguin-Landau-Vervey-Overbeek (DLVO) theory.
Citrate coated particles are protected by repulsive electric double layer interactions from
the negatively charged surface ligands (Biggs et al., 1993). The stability of gold
nanoparticles in solution can be tuned by exchanging citrate anions for organic thiol
molecules, reducing electrostatic repulsion and increasing van der Waals attraction
(Kim et al., 2001). Tuning of interparticle interactions has been used to initiate particle
reorganisation on surfaces to generate closely packed nanoparticle arrays. This was
achieved by exchanging the citrate layer with thioalkane molecules to introduce
favourable hydrophobic and van der Waals interactions between the particles (Brown
and Johnson, 1997; Ochiai et al., 2014; Osterloh et al., 2004). Particle-surface
interactions are also affected, changing from electrostatic to van der Waals forces,
allowing greater particle mobility (Brown and Johnson, 1997; Osterloh et al., 2004).
BME incubation did not result in a loss of surface coverage but did cause an increase in
aggregated clusters of particles, which is consistent with the displacement of citrate ions
on the surface and a concomitant change in the interparticle and particle-surface
interactions. This behaviour would indicate that the electrostatic attraction to the surface
and repulsive forces between particles are replaced by hydrogen bonding from the
pendant alcohol groups (Figure 3.20). The BME-BME interactions appear to be weaker
than those observed for long alkyl chains with a number of individually located particles
remaining. The stability in the nanoparticle coverage suggests that strong particle-

surface interactions remain.
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Figure 3.20 Possible hydrogen bonding interactions of PME coated particles and a
primary amine coated surface. Hydrogen bonds are indicated by blue arrows. AuNP and
ligand sizes not to scale.

Incubation with the thioAlkylPEG solution resulted in a significant loss of particles
from the surface, however no morphological changes were observed for the remaining
particles. The particle removal could be due to weaker interactions between the
thioAlkylPEG and the amine surface and would be compounded by the detergent in the
buffer used. As no significant increase in groups of particle aggregates on the surface
were observed it is likely that the terminal ethylene glycol repeats of the ligand do not
confer increased interparticle attraction. This finding would be consistent with the use
of PEG coatings on gold nanoparticles to improve their stability in solution (Manson et
al., 2011).

Neutron Reflectometry

Deposition of gold nanoparticles on to the silane surface could be clearly observed by
neutron reflectometry. The thicknesses of the SiO», silane and gold nanoparticle layers
obtained from the two models fitted to the reflectivity data were in good agreement.
These values, ~15, 8 and 180 A respectively, were reasonable for the expected structure
of the system. A protective layer of native SiO> is formed on bare silicon surfaces when
exposed to air, which is usually in the region of 10-15 A for a single crystal block (Kuhl
et al.,, 1998; Mazzer et al., 2017). The silane thickness would suggest monolayer

formation on the surface, consistent with the AFM images acquired for AAPTMS
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modified silicon wafers. AAPTMS has a theoretical length of 10.7 A, calculated from
the bond lengths of the carbon chain, however silane monolayers are usually aligned at
an angle to surface (Wang et al., 2005; Yi et al., 2008) which would account for some of
the difference between the two values. The slightly lower than expected particle
thickness, 20 nm AuNPs were used, is most likely due to polydispersity of the particles
and also the sub-monolayer coverage of the surface.

Modelling of the protein layer was more difficult, adding a single protein layer to the
slab model, that contained both the filler and protein molecules, did not describe the
protein-nanoparticle system very well. The slab models reliance on using roughness to
create the smooth shape of the particle would make any surface components more
difficult to resolve. Therefore, it is not surprising that the model struggled to fit realistic
values for the AuNP and proteins layer thicknesses to the AUNP + GGzOmpArwm data,
resulting in 153.69 and 30.33 A respectively. While the quality of the model fitting to
the reflectivity data was still relatively good when using this model (3> = 15.31), the
ambiguity of the model could be seen in the higher level of error for all of the fitted

parameters.

A more realistic AUNP layer thickness of 183.69 A was obtained for the GGzOmpAmm
coated AuNPs when using the sphere model. This was achieved by simultaneously
fitting the SiOy, silane and AuNP layers to both data sets. It was necessary to allow the
AUNP coverages to be fit independently, which reduced from 38.90% to 21.44% after
protein assembly. AuNP loss was also observed by SEM when incubating particles with
the thioAlkylPEG filler so the reduction in the coverage was not unexpected. The
protein surface was modelled as a dual layer with the inner layer containing both the
OmpA barrel and filler molecules and the outer layer containing the extended protein
domains. The thickness of the inner layer, 22.93 A, while comparable with a previous
study on the GGzOmpAmm system (Brun et al., 2015), was nearly 10 A shorter than the
theoretical length of the thioAIKylIPEG filler molecule used (32.6 A). Once again it is
worth noting that the molecules in a self-assembled monolayer can be oriented at an
angle to the surface, resulting in a lower monolayer thickness than the length of the
molecule. However, a 22.93 A layer would require the molecules to be at 45° to the
surface which is an unrealistically large angle. The outer layer, at 75.09 A, was much
shorter than expected when compared with previous GGzOmpATtvm measurements on

planar surfaces (Brun et al., 2015). This is most likely due to variation in the protein
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layer across the sample, with the possibility of some poorly organised proteins or steric
hindrance from closely packed AuNPs. However, the overall thickness fitted for this
layer, 98 A, is still significantly longer than an OmpAmm domain (60 A) or a protein
lying down on the surface. The difficulties in fitting the protein layers highlights both
the complicated nature of the system being modelled and also the limitations of NR.

Neutron reflectometry is an averaging technique where a wide beam, of around 50 mm,
is reflected from the surface. Therefore, samples with high levels of order, such as a
packed SAM, can be easily observed as the signal from the highly repetitive units is
reinforced to give sharp, distinct features in the reflectivity profile. When analysing a
more disordered system, such as the deposited nanoparticles in this study, the average of
all the possible geometric configurations of the nanoparticles is observed. Assembly of
the protein layer on the nanoparticle surface adds further possible variation in both the
protein coverage and the orientation of the protein, especially if there are steric clashes
with closely located particles. The more variable the surface structure, the more
ambiguous the data becomes, which can be seen as a smoothing of the features in the
reflectivity profile (Le Brun et al., 2011). While variation in the particle and protein
coverages was accounted for in the sphere model, an idealised system was still being
fitted where all the particles are equivalent and don’t interact with one another. Further
to this, the model also assumes the interface between the particles and the surface
remained unchanged after protein and filler assembly which is not necessarily true.
Taking into account the assumptions and caveats of the sphere model, the neutron data
still provides strong evidence that the majority of the GGzOmpAmm proteins were
assembled in an oriented fashion on the nanoparticle surface with the OmpArm domain
embedded in a filler layer. The difference in the height of the protein when compared
with previous studies on planar gold, 98 to 135 A, is most likely due to the mixed
population of particle geometries and protein conformations. Another possible
contributing factor was the relatively low protein coverage, 15.62 + 6.24%, which was
approximately half the maximum protein coverage observed previously on planar
surfaces (Brun et al., 2015; Le Brun et al., 2011). The proposed structure of the
assembled GGzOmpArwm protein on the AuNPs using the sphere model is shown in
Figure 3.21.

While the quality of the neutron reflectometry data collected in this study was not ideal,
NR experiments are unmatched in their ability to provide both Angstrom resolution
structural data and differentiate between the protein and nanoparticle layers. This was
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achieved by matching the SLDs of the protein and gold components of the sample with
the SLD of the outer solvent. The effect of contrast matching could be seen in the fitted
SLD profiles. In the AUMW contrast the shape of the gold nanoparticle was lost and the
protein layer remained visible (dashed blue line Figure 3.18), whereas, in SMW only
the gold nanoparticles were visible in the SLD profile (dashed red line Figure 3.18). As
discussed previously in Section 1.5, the combination of both protein and gold
nanoparticles on the sample surface presented a significant challenge when collecting
high resolution structural information. State of the art electron microscopy techniques,
such as SEM, can provide nanometer resolution images of nanoparticle surfaces, as
shown in this study and others (Kumari and Moirangthem, 2016; Ochiai et al., 2014),
but are insensitive to the lighter elements of organic materials. Generally, techniques
more suited to interrogating organic molecules on surfaces are limited in the amount of
structural information they can provide. Fourier transform infra-red (FTIR)
spectroscopy has been used to confirm the secondary structure of assembled protein
layers on gold (Terrettaz et al., 2002) and surface enhanced raman spectroscopy (SERS)
could be used to investigate protein layers on deposited nanoparticle surfaces (Armas et
al., 2016; Freeman et al., 1995; Kaminska et al., 2008), however, neither of these
techniques are able to provide information on the protein layer structure. Surface
plasmon resonance (SPR) has been used to monitor the thickness and density of surface
grown polymer layers (Emilsson et al., 2017) and the properties of deposited laminin
layers have been investigated using a combination of SPR and quartz crystal
microbalance with dissipation (QCM-D) (Malmstrém et al., 2007). How applicable
these methods are to the nanoparticle system investigated in this study is unclear. Both
approaches have been used with protein layers on planar surfaces, just as previous
neutron reflectometry experiments, so would need to be adapted for the more complex
surface topology presented by the deposited nanoparticles. For SPR in particular, the
addition of the gold nanoparticles, which have their own plasmon field, would cause
multipole effects and possibly others problems due to plasmon coupling (Okamoto and
Yamaguchi, 2003).
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Figure 3.21 Schematic representation of the GGzOmpATwm coated AuNP surface using the
sphere model. The GGzOmpAmwm protein was embedded in a dense layer of the thioAlkylPEG
filler molecule with the antibody binding domains extending away from the particle surface.
The layer thicknesses obtained are the average of all the particles on the surface.

3.4 Conclusions

In this chapter it has been shown that the silane, AAPTMS can be used to generate
stable monolayers on silicon oxide surfaces when deposited from aqueous ethanol at
room temperature. These layers have a high density of available amine moieties, ~4 per
nm?, that can bind to citrate coated gold nanoparticles. Assembly of gold nanoparticles
from solution results in sub-monolayer formation with a maximum area coverage of
~35% observed for 20 nm particles. While the density and morphology of the assembled
particles are comparable with work published by others on APTES functionalised
surfaces (Grabar et al., 1997; Seitz et al., 2003), the AAPTMS method does not require
strict anhydrous deposition conditions and high temperature curing of the silane layer to

maintain stability.

The structure of an engineered OmpATm protein, GGzOmpATw, after assembly on the
gold nanoparticle surface with a thioAlkylPEG filler molecule was investigated by
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neutron reflectometry. Through this technique, it was shown that the majority of the
proteins assemble in an oriented fashion with the OmpAmwm barrel embedded in a dense
thioAlkylPEG monolayer and the GGz domains extended away from the surface. The
particles were completely covered in a GGzOmpArm-filler monolayer which was
comprised of approximately 16% protein. This work represents one of the first studies
on the structure of self-assembled protein arrays on deposited nanoparticle surfaces.
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4 SELF-ASSEMBLY OF
ENGINEERED PROTEINS ON
GOLD NANOPARTICLES IN
SOLUTION
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4.1 Introduction

Gold nanoparticle conjugates have been used in medicine and biology for over 100
years and are currently used in a wide variety of applications including; diagnostics,
drug delivery and photothermal therapeutics (Choi et al., 2010; Dreaden et al., 2012;
Huang and EIl-Sayed, 2010). The ability of modern synthesis techniques to produce
nanoparticles of defined size and geometries coupled with the number of attachment
strategies for biological molecules and their low cytotoxicity make AuNPSs an attractive
platform for biological applications (Jazayeri et al., 2016; Shukla et al., 2005).

Although widely used, the conjugation of proteins, particularly antibodies, is commonly
achieved through simple adsorption processes and not by a specific interaction such as
via a chemical linker. This gives little control over the orientation of attached protein
layers which could be detrimental in applications where the display of certain domains

is crucial for functionality (Kausaite-Minkstimiene et al., 2010).

Considering the maturity of the research field very few detailed studies have been
published on the nanoscale structure and orientation of proteins on nanoparticle
surfaces. Quantification of the binding affinity and capacity of proteins can be quite
variable depending on the techniques used (Boulos et al., 2013; Brewer et al., 2005;
Spinozzi et al., 2017; Wang et al., 2014; G. Wang et al., 2017). More recently the
binding mechanisms, including the residues responsible, have become better understood
for globular proteins (Lin et al., 2015; Siriwardana et al., 2013; Wang et al., 2016) but
the complex rearrangement of proteins after initial association with the nanoparticle

surface remains difficult to investigate.

It has been shown that outer membrane proteins from E. coli can self-assemble on to the
surface of gold, with the addition of a cysteine residue to direct binding through a gold-
thiol bond (Brun et al., 2008; Cisneros et al., 2006; Shah et al., 2007; Terrettaz et al.,
2002). The orientation of engineered OmpA monolayers is guided by the addition of a
membrane mimicking filler molecule, usually a poly(ethyleneglycol) terminated alkane
thiol, which also reduces non-specific binding to the surface (Figure 1.10) (Le Brun et
al., 2011). The self-assembling nature and high stability of the OmpA beta-barrel make
it an ideal scaffold protein for the display of functional domains on gold surfaces, with a

range of applications including label free biosensing (Brun et al., 2015).

To understand the assembly of the transmembrane domain of OmpA (OmpArwm) on the
surface of AuNPs two proteins, wild type (wWtOmpAmm) and cysteine modified

98 Timothy Robson - February 2018



Chapter 4: Self-Assembly of Engineered Proteins on Gold Nanoparticles in Solution

(cysOmpATwm), were studied to investigate binding kinetics, quantify equilibrium
binding and measure the stability of the resulting AuNP-protein complexes. To confirm
the correct orientation of assembled protein layers, the biological activity of a more
extensively engineered OmpArm protein with three IgG-binding domains: two B
domains from Streptococcus spp, followed by a single Z-domain of Staphylococcus
aureus Protein A fused to the N-terminus of circularly permuted OmpAtm

(GGzOmpAT™M) was characterised and specific protein-protein interactions investigated.

The intrinsic local surface plasmon resonance (LSPR) of the AuNPs was used for the
detection of protein binding at the nanoparticle surface. As discussed previously LSPR
occurs when nanoparticles interact with light photons, creating a plasmon wave that
oscillates around the particle (Willets and Duyne, 2007). The oscillation frequency is
dependent on multiple factors including the size of the nanoparticle and the refractive
index of its environment. Protein binding at the nanoparticle surface can be observed by
a shift in the LSPR peak in the absorption spectrum (Fujiwara et al., 2006).

Typically, the peak wavelength, Amax, IS taken using a simple peak picking algorithm.
For a more rigorous interrogation of spectral changes the barycentric mean, Am, can be
used (Chalton and Lakey, 2010). This is calculated using the following equation;

_YIM) % 2

Am = W [4 1]

Where I()) is the absorbance at wavelength A. Analysis by this method enables precise
detection of small changes in the spectrum. To complement the spectroscopic data
changes in both the hydrodynamic size and charge of the particles were also
investigated by scattering and electrophoretic methods.

4.2 Results

4.2.1 cysOmpAmv Assembly

The effects on assembly of inserting a cysteine residue in a periplasmic loop of the
transmembrane domain of OmpArm was investigated in this study using several
techniques. Binding kinetics were followed by UV-Vis spectroscopy, equilibrium
binding, structure and stoichiometry were analysed by DLS, UV-Vis and fluorescence

spectroscopy and protein-nanoparticle stability by UV-Vis spectroscopy and DLS.
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Overnight Binding Kinetics

Overnight assembly of cysOmpArm onto AuNPs was followed by UV-Vis
spectroscopy. An 8 UM cysOmpArwm solution, in DDM buffer (0.5% w/v n-Dodecyl -
D-maltoside, 10 mM Tris, pH 8), was added to the nanoparticle solution by a 1/10
dilution immediately before data collection. Initially, cysOmpAtv binds to the
nanoparticle surface in a rapid manner, slowing after approximately an hour. The Am
continued to shift to longer wavelengths indicating that protein binding to the surface
continued to occur even after 15 hours. Addition of the SH-C11-OEG6 filler molecule
at 30 minutes after protein addition initiated a rapid increase in the Am followed by an
apparent stabilisation of the particle surface with no further binding observed (Figure
4.1).
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Figure 4.1. Overnight binding kinetics of cysOmpArm, with and without filler addition.
The protein solution was added to the nanoparticles by a 1/10 dilution immediately before data
collection. Spectra were acquired (400-800 nm) every 10 minutes for 920 minutes. The
barycentric mean wavelength, Am, was calculated for the extinction peak (500-600 nm) for each

spectrum and normalised to 1 to aid comparison of the two samples. Filler solution was added
by 1/10 dilution after 30 minutes for the filler sample.
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Initial Binding Kinetics

The initial binding kinetics of cysOmpAmm and wtOmpArwv were followed by UV-Vis
spectroscopy (A Figure 4.2). A modified pseudo-second order kinetic model can be
used to describe the binding kinetics, if it is assumed the protein is available in excess
(Boulos et al., 2013; G. Wang et al., 2017). The pseudo-second order rate constant (k)
can be extracted from a linear pseudo-second order kinetic curve using the following

equation;

t t 1

= —  — 4.2
A ML T ka1 [4.2]

Where t is the time in seconds, AAm is the shift in the mean wavelength and Al iS
the mean wavelength shift at equilibrium. Rate constants of 7.58x10° and 4.89x103 s’
nm were calculated for cysOmpAmw and wtOmpArm respectively. These results are
consistent with timeframes observed for bovine serum albumin (BSA) and human
serum albumin (HSA) binding to AuNPs (Boulos et al., 2013; Cedervall et al., 2007).
The initial binding rate, h, can be estimated from Equation 4.2, as t/A\m approaches 0
(Ho, 2006),

h = k,(A2,)? [4.3]

This gave initial rates of 6.77x10° and 4.72x10° s nm for cysOmpAmwm and
wtOmpATm respectively.
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Figure 4.2 Initial binding Kinetics of wild type and cysOmpArwm. Binding kinetics were
followed by UV-Vis spectroscopy with spectra acquired every 33 seconds between 400-800 nm.
The results were plotted as a shift in the AmOver time (A). Linear pseudo-second order kinetic
curves were generated for cysOmpAmv (B) and wild type (C) showing good correlation with R?
values of 0.995 and 0.994 respectively. Error bars represent the standard error of the mean based

upon 3 samples.

Effect of TCEP addition on binding kinetics

Kinetic experiments were carried out with the proteins incubated with 10 mM Tris(2-
carboxyethyl)phosphine (TCEP),
disulphides (Burns et al., 1991), for 30 minutes prior to addition to the AuNP solution.

a reducing agent used to selectively reduce

This had a significant effect on the binding curves with an increase in overall protein
binding observed. This was the case for both the wild type and cysOmpATwm, however,
the effect on the cysOmpArm variant was much more pronounced than for the
wtOmpAT™m (A and B Figure 4.3). Subsequently citrate coated AuNPs incubated with
TCEP were run on a 1% agarose gel, revealing that the electrophoretic mobility of the

particles increased with the TCEP concentration. This suggests that the addition of
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TCEP modifies the surface charge of the AuNPs which is discussed in more detail in
Section 4.3 (C Figure 4.3).
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Figure 4.3 Initial protein binding kinetics after TCEP addition (A+B) and the effect of
TCEP on AuNP electrophoretic mobility (C). Wild type (A) and cysOmpAmm (B) were
incubated with TCEP for 30 minutes prior to mixing with the AuNP solution. Once again
binding kinetics were followed by UV-Vis spectroscopy with spectra acquired every 33 seconds
n = 3. Bare AuNPs were titrated with increasing TCEP concentration and run on a 1% agarose
gel (C). Both the mobility of the AuNPs and the distribution of the nanoparticles in the gel band

are increased with TCEP concentration.

The pseudo-second order rate constants and initial rates for the TCEP samples were
calculated using Equations 4.2 and 4.3 respectively (summarised in Table 4.1). This
revealed an increase in the rate constant for both wild type and cysOmpAmwm of 3.01 and
1.96 times respectively at 0.22 uM. TCEP had a greater effect on the initial rate, with
increases of 4.18 and 14.06 times for wtOmpAtw and cysOmpATw respectively.
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Table 4.1 Pseudo-second order rate constants and initial rates of cysOmpAmw and
wtOmpAmwm both with and without TCEP addition.

Estimated
Pseudo-Second . o
Initial Rate (h) /  Equilibrium
Sample Order Rate Constant )
x 10235t nm Shift (4ie) /
(ko) / x 103st nm?
nm
cysOmpAmw 7.58 £ 0.45 6.77 £0.40 0.94 £0.01
cysOmpAtm + 0.13 pM TCEP 7.39 £ 0.47 1155+ 0.74 1.25+0.01
cysOmpAtm + 0.22 pM TCEP 14.86 + 1.09 95.24 +7.01 2.53+0.01
wtOmpATwm 4.89+0.21 4.72 £0.20 0.98 £ 0.01
wtOmpAm + 0.22 uM TCEP 1476 £1.12 19.73 £0.15 1.15+0.01

Equilibrium Binding

The theoretical binding capacity of OmpArm on AuNPs can be calculated using
geometric constraints. A simple method for this, from Wang et al (Wang et al., 2014),
uses the radius of gyration (Rg) of the protein and the radius of the particle (Raune) to

predict the adsorption capacity (Nmax);

4R2
Npax = ;;NP [4.4]
G

Giving a capacity of 142 protein molecules for a 20 nm particle, assuming an Rg of
16.76 A, calculated using PyMOL. However, for non-spherical proteins, Rg is not the
best descriptor of the overall size. To account for the possible oriented nature of
proteins on the surface a maximum and minimum capacity was calculated by dividing
the surface area of the nanoparticle by the footprint of OmpAtwm proteins standing or
lying on the particle surface. The estimated boundaries for the two protein footprints
used are shown in Figure 4.4, giving areas of 718.24 and 1608 A? for the stood up and
lying down proteins respectively. For a 20 nm particle, with a surface area of 125,663

A2, this gave a theoretical binding capacity of between 78-175 proteins per particle.
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Figure 4.4 Protein footprints used for theoretical binding capacity calculations. The base of
the OmpA barrel was used for stood up proteins (A) with the area of the side of the barrel used
to approximate the footprint of a protein lying on the surface (B). The solvent accessible surface
was generated using APBS with the distance measurements carried out with the measurement
wizard in PyMOL.

Equilibrium binding was investigated by titrating an AuNP stock solution with
increasing protein concentration. Protein binding was then analysed using UV-Vis and
fluorescence spectroscopy. Both cysOmpArm and wtOmpArm show greater binding
with increasing protein concentration. Below 0.16 uM only minor differences between
the two proteins are observed, above this concentration cysOmpArwm exhibits higher
equilibrium binding. This becomes particularly evident with protein reduced by TCEP
before addition to the AuNP. The increased shift in the Am indicates higher protein
binding for both the wild type and cysteine proteins after TCEP incubation, in
agreement with kinetic experiments (A and B Figure 4.5). Once again, the difference in
apparent protein binding is greater for the cysteine containing OmpAmwm than with the
wild type when reduced with TCEP.

The maximum average protein binding observed by fluorescence spectroscopy, 173.5 +
30.6 proteins per particle, for cysOmpAtwm equates to a surface coverage of 99.10% +
17.50% when using the geometrically calculated maximum capacity of 175. This is

much higher than the maximum coverage observed for planar surfaces (Brun et al.,
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2008). The lower average binding of wtOmpATwm, 80.0 £ 15.8 proteins per particle, is
suggestive of a less ordered protein layer but could also be due to a less favourable

binding enthalpy from the lack of a gold-thiol bond.
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Figure 4.5 UV-Vis spectroscopy (A and B) and Protein:AuNP stoichiometry (C and D)
data for 1 ODszsnm 20 nm AuNPs titrated with increasing protein concentration, after
overnight incubation. A and C were carried out without prior TCEP incubation of the protein,
B and D were incubated with 10 mM TCEP for 30 minutes before mixing with the AuNP
solution. The UV-Vis data is presented as a shift in the A as function of protein concentration.
The Protein:AuNP stoichiometry was calculated using fluorescence spectroscopy (see Section
2.12.2). Error bars represent the standard error of the mean based upon 3 samples.

Equilibrium binding and the protein-nanoparticle structure was further explored by
examining the electrophoretic mobility of the protein-nanoparticle conjugates in
conjunction with DLS and UV-Vis measurements. cysOmpArm conjugated particles
migrated faster, suggesting that these were either smaller in size or had increased
protein binding (A Figure 4.6). This was corroborated by DLS and UV-Vis
spectroscopy measurements showing that these particles were both slightly smaller and
had a larger shift in the Am than wtOmpAtw (B and C Figure 4.6). The addition of a
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thioAlkylIPEG filler molecule, which is used to stabilise the protein monolayer (Figure
3.12), to both the wtOmpATm and cysOmpATm conjugated particles showed an increase
in the hydrodynamic diameter (Dnys) and corresponding retardation in the
electrophoretic mobility. Protein and filler coated particles migrated in a tighter band,
suggestive of a more homogeneous sample when compared to those with just protein.

0.5l._l-
0-

wtOmpAm  WtOmpAm + F cysOmpAm cysOmpAm + F
C Sample
10

1]

ADyyq by Volume / nm

wtOmpAw ~ WtOmpAmw + F cysOmpAm  cysOmpAm + F
Sample

Figure 4.6. Agarose gel electrophoresis (A), UV-Vis spectroscopy (B) and DLS (C) results
for 20 nm AuNPs conjugated with wtOmpArm and cysOmpArm. 20 nm AuNP at 10 ODszsnm
were incubated with 8 puM protein overnight before separating on a 1% agarose gel. F
designates 8 UM filler addition after 30 minutes of protein incubation. UV-Vis spectroscopy and
DLS samples were split into three aliquots, centrifuged and resuspended at 1 ODszsnm to remove
any residual protein or filler before measuring. Error bars represent the standard error of the

mean based upon duplicate measurements.

Stability
Sodium borohydride (NaBH4) competition was used to investigate the stability of the
protein-nanoparticle complexes. Instead of utilising the reductive power of NaBH4 this
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assay took advantage of the high affinity of the borohydride ion (BH4) for the gold
nanoparticle surface and has previously been used to remove organothiol compounds
from both planar gold films and nanoparticles (Ansar et al., 2013; Yuan et al., 2008).
Changes in the bound protein layer were analysed by UV-Vis spectroscopy and
dynamic light scattering (DLS) with cysteine modified OmpArm showing greater
stability when challenged with NaBHs than the wild type (Figure 4.7 below). An
increase in the Dnya at 1 mM NaBH4 was observed for both cysOmpA and wtOmpA
even though a reduction in the Am Was seen by spectroscopy at that concentration. This
effect was much more pronounced for cysOmpATwm than the wild type. The addition of
the SH-C11-OEG6 filler molecule increased the stability of both cys and wtOmpATm
conjugated particles, remaining stable up to 20 mM NaBHa4. There was, however, still a
reduction in the Dnya of wtOmpATm particles after filler addition which was not seen

with the cysOmpATm (C Figure 4.7).
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Figure 4.7. Protein-AuNP stability when challenged with increasing NaBH,
concentrations. Wild type and cysOmpAmv conjugated 20 nm AuNPs were incubated with
increasing NaBH4 concentrations for 3 hours before measuring protein loss by UV-Vis
spectroscopy and DLS. (A) Spectroscopy results are presented as the percentage shift in the Akm
(AAAm) when compared with conjugated particles before NaBH,4 addition. DLS results show the
change in the Dnyq, after blank AuNP subtraction, for conjugated particles both with (C) and
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without (B) filler addition. Error bars represent the standard error of the mean based upon 3

samples.

Cary 4E vs NanoDrop Spectrometer

The robustness of calculating the mean wavelength using the barycentre was tested by
measuring samples with both the Cary 4E and NanoDrop™ spectrophotometers. The
NanoDrop™ is a microvolume spectrometer that forms a liquid column with a path
length of approximately 1 mm instead of using a traditional cuvette (“NanoDrop,” n.d.).
By using this method samples of 2 pl in volume can be measured, however, the
absorbance of the sample is 10 times lower than a spectrum acquired with a 10 mm
cuvette leading to increased noise levels (A Figure 4.8). Analysis of the LSPR peak of
AuNPs titrated with cysOmpArm measured by each spectrometer showed remarkable
consistency (B Figure 4.8) for both the calculated AAm and the standard error. Statistical
analysis of the Akm using a paired T-test gave p-values of above 0.05 for all
concentrations with the majority above 0.1 indicating that there is no significant
difference between the two data sets. These results show that the A\m iS a robust
measure of protein binding even when using low absorbance data with higher levels of

background noise.
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Figure 4.8 Measuring protein binding using a NanoDrop™ ND-1000 spectrophotometer
and comparison with the Cary 4E system. A representative gold nanoparticle spectrum is
shown from the ND-1000 (A), the low absorbance is due to the NanoDrop using a 1 mm
pathlength column of sample to measure the absorbance. (B) Shifts in the Am are comparable
between the two systems for AuNPs titrated with cysOmpAmwm. Triplicates of each concentration

were measured on both spectrometers.
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4.2.2 GGzOmpAmm Assembly

The same analytical techniques were applied to the assembly of the fusion protein
GGzOmpATm. This construct contains two 1gG-binding B domains from Protein G and
one Z domain from protein A fused to the N-terminus of a circularly permuted OmpATm

scaffold.

Optimisation of GGzOmpATm Conjugation

20 nm AuNPs at 1 ODspsnm were incubated with 0.16, 0.4, 0.8, 1.28 and 1.6 pM
GGzOmpATtm overnight. These concentrations equate to molar ratios of between
127.6:1 and 1276:1, protein:nanoparticles. Visual inspection of the samples revealed
that aggregation of the nanoparticles was present above 0.8 UM (Figure 4.9). The buffer

volume was kept constant across the samples to remove any possible detergent effects.

0.16 uM 0.4 uM 0.8uM 1.28 uM 1.6 uM Buffer

Figure 4.9. Gold nanoparticle samples after overnight incubation with increasing
GGzOmpA~rm concentration. All samples were made with 20nm AuNPs at 1 ODszsnm With the
final protein concentrations indicated above. The buffer sample only contained 0.5% DDM
buffer.

Binding Kinetics

GGzOmpATwm binding was followed by UV-Vis spectroscopy acquiring spectra every
10 minutes for 440 minutes. A similar binding curve to cysOmpATtm was observed at
0.8 UM with the maximum absorbance of the sample remaining stable over the entire
time period (A Figure 4.10). Conversely, when incubated with 1.6 UM protein the
change in the Am becomes more complex, complemented by an exponential decay in the
maximum absorbance as most of the nanoparticles crashed out of solution (B Figure
4.10).
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Figure 4.10 Overnight binding of GGzOmpA+rm with and without protein induced particle

aggregation. UV-Vis data showing the change in the An and max absorbance over time of 1
ODs2»s AUNP samples incubated with 0.8 pM (A) and 1.6 pM (B) GGzOmpAtm. The
absorbance was taken from the maximum of the LSPR peak.

Dynamic Light Scattering

Assembly of GGzOmpATm, with filler and the subsequent binding of a monoclonal

antibody was followed by DLS. The step wise building of the protein layers on the

surface can be clearly seen (Figure 4.11). The protein layer thicknesses of 12.13 nm +
0.68 and 19.26 nm £ 2.04, for GGzOmpAtm with filler and after mAb binding
respectively, are in good agreement with the published lengths of GGzOmpATm arrays

(13.5 nm) and GGzOmpATwm-IgG complexes (17.5 nm) on planar surfaces (Brun et al.,

2015).
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Figure 4.11. Assembly of GGzOmpArm proteins on AuNPs and binding to a mAb. A
stepwise increase in the mean Dny of AUuNPs after GGzOmpArw assembly and binding to a
monoclonal antibody can be seen by DLS (left). On the right is a schematic representation of the
protein assembly and mAb binding on the nanoparticle surface with the average protein layer
thickness calculated from the increase in the Dnyqa. Error bars represent the standard error of the

mean based upon 3 samples.

Binding specificity

To test the specificity of the monoclonal antibody binding, AuNPs conjugated with
wtOmpATm, cysOmpArv and GGzOmpATm were incubated with approximately 1 uM
of a monoclonal IgG before analysing by DLS. The GGzOmpAmwm particles exhibited a
much greater size increase than the wtOmpArm and cysOmpArm indicating that a
specific interaction occurred between the antibody binding domains and the 1gG protein
(Figure 4.12).
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Figure 4.12. Increase in the Dnyq of protein conjugated AuNPs after incubation with 1gG. 1
ODszsnm protein conjugated particles, with filler, were incubated with 1 pM of a monoclonal
IgG for 10 minutes. Excess antibody was removed by centrifugation before measurement of the

particle size by DLS. Error bars represent the standard error of the mean based upon 3 samples.

Agarose Gel Electrophoresis

GGzOmpATm conjugated particles migrate slower than cysOmpArwm particles when run
on a 1% agarose gel (A Figure 4.13). This is consistent with the much larger size of the
particles seen by DLS (C Figure 4.13). The shift in the Am of the GGzOmpAwm particles
IS much greater than for cysOmpAmw but the apparent binding of filler is similar for
both samples (B Figure 4.13). Although the electrophoresis band appears tighter for
GGzOmpATwm there is also more of a “tail” which is suggestive of aggregates in the

sample.
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Figure 4.13. Agarose gel electrophoresis (A), UV-Vis spectroscopy (B) and DLS (C) results
for GGz and cysOmpATwm conjugated particles. 20 nm AuNP at 10 ODszsnm Were incubated
with 8 uM protein overnight before separating on a 1% agarose gel. “F” designates 8 uM filler
addition after 30 minutes of protein incubation. UV-Vis spectroscopy and DLS samples were
split into three aliquots, centrifuged and resuspended at 1 ODssnm to remove any residual
protein or filler before measuring. Error bars represent the standard error of the mean based

upon duplicate measurements.

Transmission Electron Microscopy

GGzOmpATwm conjugated nanoparticles were excised from an agarose gel, extracted
with water and visualised using negative stain TEM. The isolated particles showed a
halo of protein structures extending outwards from the surface for several nanometers
(B Figure 4.14). The number of protein structures visible was variable between

particles.
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Figure 4.14 Transmission electron microscopy of GGzOmpATwm conjugated nanoparticles.

(A) Excised agarose gel band, indicated by the red box, and representative negative stain
micrographs of the conjugated particles (B) and a bare AuNP control (C). Arrows indicate the
protein objects on the surface. Scale bar = 25 nm.

Stability

The stability of GGzOmpATwm particles was investigated by UV-Vis spectroscopy and
DLS. Conjugated particles, with and without filler, were challenged with increasing
concentrations of NaBH4 and the Dnyg measured by DLS. An increase in the Dnyg was
seen with the addition of 1 mM NaBHs, in agreement with cys and wtOmpArwm
experiments. Above 1 mM the size of the particles decreased when only protein was
present on the surface. Particles with filler, however, were stable up to 20 mM NaBHy4
(A Figure 4.15). The effect of increasing ionic strength on GGzOmpAtm conjugated
particles with filler was analysed by UV-Vis spectroscopy. Only minor changes in the
spectrum were observed up to 1 M NaCl concentrations (B Figure 4.15). The shift in the
Am correlated with the changing refractive index of the buffer, suggesting that the
sensitivity of the surface plasmon to the bulk refractive index was a factor in the

spectral changes (C Figure 4.15).
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Figure 4.15. Stability data for GGzOmpAmm conjugated AuNPs with and without filler.
(A) DLS data showing the change in the Dny with increasing NaBH. concentration for
GGzOmpAw particles, with and without filler. (B) UV-Vis spectra of GGzOmpAmm particles
with filler after incubation with increasing NaCl concentration. (C) The An for each of the

spectra was calculated and plotted against the refractive index of the salt solution.

Small Angle Neutron Scattering

Small angle neutron scattering was carried out on 20 nm gold nanoparticles at different
stages of GGzOmpATm assembly. Data was collected on bare particles, GGzOmMpATm
and GGzOmpAr™wm + ThioAlkylPEG coated particles. The coated particles were prepared
by overnight incubation with their respective molecules after which the AuNPs were
pelleted by centrifugation and resuspended in D,O. The resuspended samples were
dialysed for 72 hours, with two solvent changes, against DO to ensure complete
removal of any remaining H20 and unbound residual protein or filler molecules. H,O
was not used as the solvent in these experiments due to its high incoherent scattering
which would significantly reduce the coherent scattering signal from the particles.
Initially, it was decided to measure the protein coated AuNPs in two different contrasts,
D20 and gold matched water (AuMW, 73% D-0, 27% H:0). This would have allowed
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the protein component of the particles to be measured independently of the AuNP, thus
providing much greater information on the protein layer structure. Unfortunately,
measurements of the AuMW samples provided almost no signal. This was most likely
due to the very low concentration of bound protein, in the region of 0.2 mg/ml, with
SANS experiments usually requiring a minimum of ~2 mg/ml protein to produce
significant levels of scattering (Clifton et al., 2012). The AuNP samples were analysed
by DLS before carrying out SANS experiments. This showed that the samples remained

homogeneous after dialysis into D2O (Figure 4.16).

To see if the GGzOmpATw protein was still biologically active after assembly, the
protein + filler coated particle sample was incubated with 1 uM of an alkaline
phosphatase conjugated IgG (EMD Millipore, UK, used due to availability) for one
hour before carrying out a further SANS measurement.
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Figure 4.16 Particle size distributions, by DLS, of the nanoparticle samples used for SANS
after 48 hours dialysis in D.O. A 5 ul aliquot of each sample, at 10 ODszsnm, Was taken and
diluted in to 45 pl of DO before analysis using the Malvern Zetasizer Nano S. The viscosity of

D>0 at 25°C was used for analysis.

Scattering Data

The radial scattering data from the detector was reduced to a one-dimensional scattering
profile and the scattering of a buffer sample subtracted. Examination of the scattering
profiles shows that the samples are weakly scattering, especially at high Q (blue box

Figure 4.17). This was particularly problematic for the AuNP and the GGzOmpAtwm
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samples where subtraction of the buffer blank resulted in negative intensity values at
high Q. There were enough remaining points to carry out analysis of the AuNP data,
however, this was not the case for GGzOmpATm. To correct for over-subtraction the
data set was shifted upwards by adding a constant 1.5 x 10%. A comparison of the low Q
region of the samples, also known as the Guinier region, (red box Figure 4.17) provides
information on how the size of the particles changes with protein addition. There is a
significant shift in this region after GGzOmpArm addition (red squares) on the AuNP
surface (black circles), however, addition of the filler and antibody appeared to have a

much smaller effect.
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Figure 4.17 Raw SANS scattering data for the 20 nm AuNPs and GGzOmpAmm coated
particles. The red box indicates the Guinier region of the scattering profile, which contains the
majority of the particle size information. A large shift in the AuNP scattering can be seen on
addition of the protein on the surface, indicating an increase in the particle size. The blue box
indicates the high Q region where the AuUNP and GGzOmpA+mw data sets have been over-

subtracted by the buffer blank, therefore removing some of the data points.

More detailed analysis of the particle size was carried out by performing an indirect
Fourier transform of the one-dimensional scattering profile using the BayesApp web
server (Hansen, 2012). This converts the data from reciprocal space, momentum transfer
in A, to real space, in A, to give the pair distance distribution function or p(r). The p(r)

plot describes the probability of finding a point of distance r away from any given point
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from within the particle. From this information, the radius of gyration, Rg, can be
calculated, the maximum distance between points in the particle, Dmax, Obtained and
information on the shape of the particles deduced. Analysis of the AuUNP scattering data
resulted in an p(r) plot with two peaks centred at ~150 and 320 A (B

Figure 4.18). The location of the second peak and the increased error of the points
would suggest that it is due to transient interparticle interactions. Examination of the
low Q region of the scattering profile, where information on larger scale structures is
contained, shows that the first five points appear separate from the rest of the data.
Carrying out the data analysis without these points resulted in a p(r) plot with a single
peak, Dmax 0f 207.25 A and Rq0f 87.30 A (D

Figure 4.18). A hump remained at around 180 A which suggests that some contribution

from the interparticle interactions remained.
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Figure 4.18 Fitting of the 20 nm AuNP SANS scattering profile by the BayesApp program
is shown before (A) and after (C) truncation of the data at low Q. The pair distance
distribution functions generated by the program are shown on the right of the
corresponding data set (B and D). The red lines are the BayesApp fits of the data and the
truncated data points are indicated by the black circle. Removal of the first five data points
resulted in a significant change in the p(r), with a large reduction in the Dmax and removal of the

second peak.

The p(r) plots generated from analysis of the protein coated AuNPs revealed that the
particle sizes were similar with Dmax values of 382.98, 367.26 and 359.86 A for the
GGzOmpATvm, GGzOmpATwm + Filler and after IgG addition respectively (B Figure
4.20). The reducing size of the particles shows the opposite trend to the DLS results in
Section 4.2.2. For the GGzOmpArm and GGzOmpATwm + Filler coated particles this
could be due to the differences in the way the two techniques “see” the particles. In a

SANS experiment the scattering contributions from both the AuNP and protein
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components of the system are measured and any scattering contributions from the
solvent are subtracted. As the volume fraction of the protein layer is much lower than
the nanoparticle, the scattering of the AuNP will dominate the scattering profile. This
was shown by the lack of scattering when measuring the protein coated particles in gold
matched water. In contrast, DLS measures the dynamics of the particles in solution and
calculates their size from the diffusion coefficient, that is obtained from the correlation
curve. Therefore, the DLS data describes solvated particles that are tumbling through
the solution. The shape of the p(r) plot generated for the GGzOmpATm coated particles
shows that there is heterogeneity in the particle size when coated with protein alone
(black circles Figure 4.20). This was reduced but not completely removed by the
addition of the filler molecule (red circles Figure 4.20). While the maximum size of the
particles is smaller than the DLS experiments, the Dmax of 367.26 A for the
GGzOmpATm + filler particles was still larger than expected for a single protein
standing on the particle surface (Figure 4.19). This would be ~342.35 A using the
published height of GGzOmpATw in a planar array (135 A) (Brun et al., 2015).

g ‘3 135 A GGzOmpAqy,
Z4
R TTTTPP)
QI tily 7
Approx. 342.35 A
207.35A

"

Figure 4.19 Schematic diagram of an AuNP with a single GGzOmpAmwm protein standing
on the surface. The particle size was taken from the SANS data of the bare gold nanoparticles

and the protein height was taken from (Brun et al., 2015).

No antibody binding was observed in this experiment, however the generated p(r) plot
did show a small change in the size distribution. The Rg and Dmax values obtained from

the BayesApp analysis are summarised in Table 4.2. The anomalous results from the
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SANS experiments could have been due to poor samples, poor data quality from the

weak scattering intensity or very possibly from a combination of these two factors.

Table 4.2 Summary of the particle size parameters calculated from the SANS data.

Radius of Gyration Maximum Distance
Sample
(Rg) / A (Dimax) / A
AuNP 87.30 £ 0.59 207.35 + 4.56
GGzOmpATwm 140.78 + 1.43 382.98 + 6.10
GGzOmpAmv + Filler 127.24 +1.10 367.26 + 6.20
GGzOmpAmwm + Filler
130.67 £ 0.53 359.86 + 3.06
+ 19G
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Figure 4.20 (A) Protein coated AuNP neutron scattering data with the BayesApp fits
represented by the solid lines. (B) The p(r) plots generated from the indirect Fourier
transform of the data. The lower scattering intensity of the GGzOmpAmw coated particles at
high Q (black circles) resulted in much greater error and fewer data points being used for
analysis. The data has been offset for clarity. The resulting p(r) plots did not show a significant

change in the size of the particles.
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Analytical Ultracentrifugation

Further analysis of GGzOmpATwm conjugated nanoparticles was carried out by analytical
ultracentrifugation. AuNPs conjugated with GGzOmpAmw, both with and without filler,
were measured in comparison to citrate coated AuNPs. All the particles displayed a
single sedimentation distribution peak indicating that a single species was present in
each sample. Addition of GGzOmpAmwm decreases the sedimentation coefficient with a
further decrease seen after the addition of the SH-C11-OEGS6 filler molecule on to the
surface (Figure 4.21). As discussed in Section 1.6.2 the sedimentation coefficient is
proportional to the buoyant mass divided by the frictional coefficient of the particle.
Addition of the protein on the surface will cause a greater increase in the frictional
coefficient than the buoyant mass, leading to a lower sedimentation coefficient. This
data agrees with the step wise increase in size seen by DLS. Interestingly addition of the
protein and the filler on the surface appears to sharpen the peak suggesting that the
functionalised AuNP samples have a lower polydispersity.
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Figure 4.21 Sedimentation coefficient distributions of GGzOmpAwm conjugated particles.

20 nm AuNPs at 1 ODsysnm Were incubated with 0.8 uM protein overnight, for samples with
filler 0.8 pM filler solution was added after 30 minutes. Before sedimentation velocity
experiments were carried out, excess protein was removed by centrifugation of the particles and
resuspension in protein free buffer. Data acquired using both interference (A) and absorbance

(B) detectors was in good agreement. Absorbance was measured at 530 nm.

4.3 Discussion

Kinetic Analysis Indicates a Multi-Stage Binding Process

Both the pseudo-second order rate constants (k2) and initial rates for wild type and
cysOmpATw are quite similar, with the rates for cysOmpAtw being 1.5 and 1.4 times
larger respectively. This suggests that the addition of the cysteine has a minimal effect
on protein binding in the early stages and up to tens of minutes. In contrast, proteins
incubated with TCEP show more complex behaviour. The rate constants (k) for both

proteins at 0.22 UM TCEP are within error, however there is a much larger difference
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between the initial rates, which are 19.73 and 95.24 x 107 s nm respectively for wild
type and cysOmpArm. This would suggest that the kinetics are affected by multiple
factors that differ between the proteins and change as binding progresses from the

seconds to minutes timescales.

It was not expected that wtOmpArm kinetics would be affected by TCEP addition and
whilst there are increases in the cysOmpArwm binding rates this would suggest that the
cysteine plays a more important role in the stabilisation of the protein layer (discussed
later in further detail). The unexpected TCEP kinetics changes are possibly due to two
secondary affects. Firstly, TCEP was purchased as a hydrochloride salt, so when
dissolved the resulting solution has a pH of 2.5. Although buffers were used in the
experiments a decrease of 1-2 pH units was observed using an indicator strip. Secondly,
agarose gel electrophoresis carried out on citrate coated AuNPs incubated with TCEP
showed an increase in mobility, indicative of surface charge modification (C Figure
4.3). It has been shown that changing the buffer pH affects protein binding to gold
nanoparticles, with increased binding at lower pH (Kelly et al., 2015; Wang et al.,
2016), binding can also be adjusted by changing the particle surface charge (Lundqvist
et al., 2008).

Examination of the OmpArm structure provides evidence for possible electrostatic
interactions. Although the overall charge is negative above pH 6.1 there are two basic
residues, K73 and R102, that form a positively charged surface at the extracellular end
of the barrel (A Figure 4.22). Analysis of the surface charge by APBS (Baker et al.,
2001) shows an increase in the positive electrostatic potential of this surface when
lowering the pH from 8 to 6 (B Figure 4.22), this is mirrored by a reduction in the net
negative charge from -3.6 to +0.4 (C Figure 4.22). Lysine residues have been shown to
mediate binding to negatively charged gold nanoparticles for the soluble proteins
Ubiquitin and GB3 (Wang et al., 2016). Therefore, the rate increase is most likely due
to higher electrostatic attraction between wtOmpAtw and the AuNPs facilitated by a
reduction in the overall net negative charge of the protein coupled with an increase in

the nanoparticle surface charge.
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Figure 4.22 Examination of the solvent accessible surface charge and net charge of the
OmpAmw transmembrane domain. (A) Acidic residues, aspartate and glutamate, are coloured
in red with basic residues, arginine and lysine, coloured in blue. (B) The electrostatic isosurface
at different pHs was generated using APBS with contours shown between -1kT (red) and +1kT
(blue), the dashed lines indicate the membrane region. (C) Net charge was estimated using the

pKa values for each residue in isolation.

Although wtOmpA+™m Kinetics are quite strongly affected by TCEP addition, the
estimated steady state binding from the kinetics data are similar, with Aie values of 0.98
and 1.15 with and without TCEP respectively. This would suggest that TCEP has a
smaller effect on the binding affinity of wtOmpATwm and structure of the protein layers
on the nanoparticle surface. cysOmpATm Kinetics appear more complex, at 0.22 puM
TCEP there is a huge disparity between the initial rate and the pseudo-second order rate
constant, much larger than seen with wtOmpATwm. The second order rate constants for
both proteins, however, are remarkably similar at 14.76 and 14.86x10° s nm™ for
wtOmpATm and cysOmpATm respectively. The much higher initial rate could be due to
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an increase in the concentration of active cysOmpArwm, after disulphide reduction and
possibly a stronger interaction between the reduced protein and the citrate coated
AUNPs. The variation in the initial rate and rate constants for both proteins indicates
that after initial binding, > 10 seconds, the binding rate becomes progressively limited
by protein reorganisation and Vroman type protein displacement on the surface
(Vroman, 1962). Vroman effects take place when poorly bound proteins are displaced
from the surface. This was first observed with blood serum proteins, small, highly-
mobile proteins initially bound to the surface and were slowly replaced with larger

proteins that had a higher surface affinity.

Cysteine Addition Stabilises Protein-NP Conjugates

The higher stability exhibited by cysOmpArm-AuNP conjugates is indicative of binding
through the cysteine residue. However, the reduction in Akm when challenged with
NaBH; (A Figure 4.7), would suggest that there are also non-specifically bound proteins
on the surface. The increase in Dnyg after 1 mM NaBH.; addition, observed for
cysOmpAtv and GGzOmpATm, could be due to protein reorganisation after poorly
bound protein is removed from the surface, which would be consistent with the protein
loss seen by UV-Vis spectroscopy. The addition of the thioAlIKylPEG filler blocks
NaBH4 competition up to 20 mM, with no change in the Dnya observed for Cys and
GGzOmpATm (C Figure 4.7 and Figure 4.15). AuNPs conjugated with GGzOmpAtm +
filler also exhibit high stability in salt solutions, being resistant to aggregation up to 1 M
NaCl. The SANS data for GGzOmpAtm + filler particles also showed the fewest
observed aggregates. The increase in stability after both protein and filler addition
provides evidence for an organised monolayer where oriented OmpAtm domains

interact cooperatively with the surrounding filler molecules.

Cysteine Addition Increases Equilibrium Binding

The addition of a cysteine residue into the base of the OmpArm structure increased
steady state binding of the protein to the nanoparticle surface. This could be due to two
cysteine driven effects, firstly, the formation of an energetically favourable gold-thiol
bond between the protein and nanoparticle causing irreversible binding to the surface.
As the system is in a dynamic equilibrium of bound and unbound protein this would
shift the equilibrium toward more bound protein on the surface. Secondly, a standing
protein orientation, driven by the cysteine’s location in one of the periplasmic loops,

would reduce the footprint on the surface, increasing the number of proteins needed to
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reach surface saturation. Furthermore, proteins in a standing orientation would
maximise favourable interactions with neighbouring proteins in the hydrophobic core of
the barrel, decreasing enthalpy, and reduce the number of hydrophobic residues exposed

to the surrounding water, increasing entropy.

The equilibrium binding of wild type and cysOmpAmw after incubation with TCEP
gives further evidence of a cysteine related effect. TCEP is a strong reducing agent used
to selectively break disulphide bonds, resulting in proteins with a reactive cysteine
residue so should increase the active concentration of cysOmpArm while having no
effect on the active wtOmpATm concentration (Begg and Speicher, 1999; Burns et al.,
1991). The shift in the Am at equilibrium with 0.8 puM protein was 34.7% larger for
cysOmpAmw after TCEP incubation compared with 14.8% for wtOmpATm. While this
provides evidence of cysteine binding to the nanoparticle, the increase in apparent
wtOmpATm binding suggests that TCEP also causes changes to the surface structure of

the nanoparticle.

When analysing adsorption equilibrium data, adsorption isotherm models are
traditionally used to extract thermodynamic and mechanistic information about the
system. The most commonly used isotherm models are Langmuir, Fruendlich and
Brunauer-Emmett-Teller (Brunauer et al., 1938; Freundlich, 1906; Langmuir, 1916).
Each model carries a set of assumptions which must be met for the results to be valid.
For the Langmuir isotherm there are four assumptions, firstly, all of the adsorption sites
on the surface are equivalent, secondly, each site only binds a single molecule, thirdly,
dynamic reversible equilibrium is established and finally there are no interactions
between the bound molecules. Protein adsorption data has previously been fitted to
Langmuir isotherms, however, most do not satisfy the requirements needed for the
model to be valid (Latour, 2015). This is particularly evident in the protein-nanoparticle
system studied here. If you consider the typical gold nanoparticles used in these
experiments, the surface is covered in a stabilising citrate coating. Park et al have shown
that the citrate molecules form a hydrogen bonded network across the surface, which
also bind preferentially to the (111) crystal faces (Park and Shumaker-Parry, 2014).
Therefore, the binding energy required for protein adsorption will vary, depending on
the geometry of the crystal face and the level of disruption to the H-bond network
through citrate displacement. It is also possible for multiple protein orientations and

transitions to occur between different states on the surface. Finally, it is not possible to
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discount protein-protein interactions between closely localised proteins and in the case

of the cysteine modified protein they may be irreversibly bound to the nanoparticle.

Great effort has been spent on developing more appropriate models for use with protein
systems, taking in to account surface crowding, protein-protein interactions, multiple
state transitions and multilayer formation among other factors. A review by Rabe et al
discusses at length many of the models in use (Rabe et al., 2011). For an equilibrium
model to be suitable it must have a representative expression of the free energy of the
system, taking into account enthalpic contributions from inter-protein and protein-
surface interactions and also entropic contributions from the protein conformation and
its interaction with external solvent. This is a particularly difficult and complex
problem, especially as the number of states and the different interactions present in the
OmpATm-nanoparticle system are not defined. It is possible to develop a model for a
specific adsorption mechanism by using arbitrary parameters for the internal states and
carrying out Monte Carlo simulations to model the system, as shown by Sz6l6si et al

(Szol16si et al., 2004), however, this is beyond the scope of this study.

Using prior knowledge of OmpATm assembly on planar gold surfaces from SPR and
neutron reflectometry (Brun et al., 2008; Shah et al., 2007; Terrettaz et al., 2002) a
possible mechanistic explanation of the differences in cysOmpA and wtOmpA
equilibrium binding can be proposed (Figure 4.23). At low protein concentrations both
proteins exhibit poorly ordered sub-monolayer coverages, as the protein concentration
increases wtOmpArwm quickly forms a complete monolayer of proteins with several
different confirmations on the surface. In contrast cysOmpATm proteins, when in close
proximity, assemble into more ordered domains, mediated by cysteine binding, thus
reducing the protein footprint and allowing a more dense protein layer on the

nanoparticle surface.
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Figure 4.23 The three proposed binding regimes of wtOmpAmv and cysOmpAswm on gold
nanoparticles. At low concentrations both proteins form sub-monolayers (1), as the protein
concentration increases some orientational order forms for the cysOmpArw layer allowing for
more protein to bind (2). The disordered wtOmpAmv monolayer saturates quickly whereas

cysOmpAmw continues to slowly pack more protein on the surface (3).

Cysteine OmpArm Fusion Proteins Assemble in an Oriented Fashion

The thickness of the GGzOmpAtwm protein layer on gold nanoparticles, measured by
DLS, was in good agreement with published neutron reflectometry data showing
GGzOmpAtwm standing on a planar surface, embedded in a monolayer of filler
molecules (Table 4.3) (Brun et al., 2015). The increase in layer thickness with the
addition of the filler molecule is consistent with the filler assisting in protein
orientation. Filler addition covering the particle surface was supported by overnight
Kinetics data of cysOmpArw addition. Without filler, the protein surface continues to
evolve slowly, even after 15 hours, conversely if filler has been added it quickly blocks
the remaining surface and stabilises the particle with no further increase in the Am
(Figure 4.1). The same trend of increasing particle size as GGzOmpATm and filler are

assembled on the surface was also observed by AUC.
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Table 4.3 Comparison of protein layer thicknesses for GGzOmpA on planar and

nanoparticle surfaces. 'data from (Brun et al., 2015) *data from this study

Sample Protein Layer Thickness / nm
GGzOmpArm — DLS* 10.1 £ 0.53

GGzOmpArm + Filler - NRt 13.5+£0.16

GGzOmpArm + Filler - DLS* 12.13 + 0.68

GGzOmpArm + mAb - NRY 175+0.11

GGzOmpArm + mAb - DLS? 19.26 + 2.04

Further evidence of orientated assembly is provided by retention of the antibody
binding functionality of GGzOmpATm, shown by DLS. Binding was specific to the
tandem B domains with very little binding observed for the cysOmpAtm scaffold
(Figure 4.12). Once again the thickness of the GGzOmpATm-mAD layer agreed with NR
data on planar surfaces (Table 4.3).

The reproducibility of the DLS results and the tight width of the AUC peaks is a good
indicator of uniform GGzOmpArm coverage on the nanoparticles. It is interesting to
note that the width of the AUC peaks appears to reduce on protein and then filler
addition. This could be due to selection of only the protein-nanoparticle conjugates
when centrifuging the samples to remove excess protein. Alternatively, the
sedimentation of the AuNPs could be more sensitive to variation in the citrate coating

than the protein coating.

Multi-Domain Fusion Proteins Cause Aggregation at High Protein:NP Ratios

Protein induced particle aggregation was observed with GGzOmpAmwm suggesting that
the formation of multi-layer structures is possible at high protein:nanoparticle ratios, i.e.
above 638:1 (Figure 4.9). Aggregation was not observed with wild type and
cysOmpATwm at ratios above 638:1 (data not shown) indicating that this was due to the
GGz domains of the fusion protein. Analysis of the overnight kinetics of GGzOmpAwm
at a ratio of 1276:1 provides some insight into the aggregation mechanism. Initial
binding is rapid, <20 minutes, then slowing between 20-100 minutes, after which there
is an inflection point, indicative of a secondary binding event, coupled with an
exponential loss of the nanoparticles from free solution (B in Figure 4.10). This would

suggest that initially GGzOmpAwm binds quickly to the nanoparticle surface, forming a
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sub monolayer. The binding rate then slows as proteins reorganise on the surface,
however, due to the high protein concentration a number of non-specific binding events
occur, probably between the GGz domains and proteins on the surface, forming multi-
layer structures. The uncontrolled formation of multiple protein layers could then result
in the precipitation of AUNP-Protein conjugates from the solution.

4.4 Conclusions

In this chapter it has been shown that incorporation of a single cysteine residue into a
periplasmic loop of OmpArm results in increased steady state binding to AuNPs. This is
most likely due to the formation of an energetically favourable cysteine-gold bond and a
more organised protein layer on the surface. Effects on the binding kinetics were much
less prevalent, suggesting that the cysteine addition plays a more minor role in initial
protein binding. Electrostatic interactions were shown to be important, with significant
effects on both the kinetics and equilibrium binding observed when changing the

surface charge of both proteins and nanoparticles.

The correct orientation of the GGzOmpA~Tm fusion protein on the nanoparticle surface
was shown by DLS and SANS. Protein layer thicknesses indicative of a fully organised
GGzOmpATtm monolayer were only achieved after addition of the thioAlkylPEG filler
molecule, which is consistent with previously published NR data (Brun et al., 2008; Le
Brun et al., 2011). Surface display of the antibody binding domains was confirmed by
specific binding to a monoclonal 1gG.

Exchange experiments with NaBH4 showed that addition of a cysteine in the OmpAmwm
domain increased the stability of the protein:nanoparticle complexes. Increased stability
was also observed after addition of the thioAlkylPEG filler for both the cysOmpATm
and GGzOmpATw proteins, providing further evidence of an ordered protein layer that

is stabilised through multiple cooperative filler-protein and protein-protein interactions.
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5 USING PROTEIN-
NANOPARTICLE
ASSEMBLIES FOR
BIOSENSING
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Chapter 5: Using Protein-Nanoparticle Assemblies for Biosensing

5.1 Introduction

Gold coated glass surfaces have been extensively used for the detection of analytes and
other biomolecular interactions, particularly in surface plasmon resonance biosensors
(Homola, 2003). Although SPR has become routinely used for measuring binding
affinities and kinetics, with several companies offering SPR machines, the equipment

remains prohibitively expensive for many laboratories.

Gold nanoparticle assemblies on glass surfaces have been explored as a more cost
effective substrate for sensing applications, using UV-Vis spectroscopy (Kumari and
Moirangthem, 2016; Nath and Chilkoti, 2004) and surface enhanced raman
spectroscopy (SERS) (Freeman et al., 1995; Kaminska et al., 2008; Seitz et al., 2003).
Binding of biomolecules, such as streptavidin and antibodies, has been observed by
spectroscopy, both from shifts in the LSPR peak Amax and increases the absorbance
(Fujiwara et al., 2006; Mayer and Hafner, 2011; Nath and Chilkoti, 2002). The
sensitivity of gold nanoparticle arrays, when using both LSPR and SERS, is affected by
several factors including the particle shape, size and density on the surface (Masson and
Yockell-Lelievre, 2014; Nath and Chilkoti, 2004). These parameters can be adjusted to

optimise the sensor surface for the analyte in question.

More highly ordered nanostructured surfaces have also been investigated for use in
biosensing applications, for example, nanohole and nanoprism arrays (Dahlin, 2015;
Huang et al., 2005). As discussed in Section 1.4, periodic arrays are usually generated
by lithographic methods. Nanohole and nanoprism sensors have been fabricated using
nanosphere lithography, where the assembly of colloidal particles on a surface is used as
the mask in the lithographic process (Hulteen and Van Duyne, 1995; Malekian et al.,
2017). The size of the colloids and their orientation on the surface can be used to adjust
both the feature size and the order of the resulting arrays. Once again, the optical
properties of these surfaces, such as LSPR and SERS, have been exploited for sensing
(Cui et al., 2008; Sannomiya et al., 2011).

Gold nanoparticles in solution are commonly used for biosensing and have been utilised
in several formats, including lateral flow and colorimetric assays. The lateral flow assay
(LFA) is one of the most established and widely used rapid diagnostic tests in the world
with a huge variety of detectable analytes. The majority of lateral flow based tests use
antibody conjugated AuNPs as the detection molecule (Koczula and Gallotta, 2016;

Sajid et al., 2015). Briefly, a typical lateral flow assay consists of a porous membrane
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strip, normally nitrocellulose, with two antibody lines deposited at one end. One line
containing a control antibody, the second a capture antibody. Antibody conjugated gold
nanoparticles are mixed with the sample and added to the opposite end of the membrane
strip. The mixture is transported down the membrane by capillary action and the AuNP
conjugates, with associated antigen, will bind to the capture antibody in a sandwich
configuration, resulting in the build-up of a characteristic red line (Figure 5.1).

.
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Figure 5.1 Schematic of a lateral flow assay. The nanoparticle conjugate and antigen are

—_—

mixed together and added at the bottom of the strip. When the particles reach the antibody lines
some will bind to the control antibody and those with a bound antigen will be bound by the

capture antibody.

More recently, changes in the LSPR have been used for the detection of biomolecular
interactions by colorimetric methods. Many of these assays observe AuNP aggregation
caused by interparticle crosslinking; where protein-protein interactions link the particles
through multivalent interactions (Figure 5.2), or destabilisation induced aggregation,
where binding of the analyte causes a loss of particle stability (Sato et al., 2003; Thanh
and Rosenzweig, 2002; Tsai et al., 2005; Zhao et al., 2008). Particle aggregation causes
a large shift in the LSPR, with a visible colour change from red to purple, or a complete
loss of the particles from solution which can be easily detected with simple

instrumentation.
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Figure 5.2 Gold nanoparticle aggregation induced by crosslinking with a multivalent
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analyte.

In this study the binding of antigens and antibodies to engineered OmpArm assemblies
on gold nanoparticles was investigated. Detection was carried out using several
methods, both with the AuNPs in solution and deposited on a glass surface. Antibody
binding to gold nanoparticle-glass surfaces with assembled GGzOmpArm monolayers
was assessed by fluorescence microscopy. The assembled protein surface was imaged
after the addition of an Alexafluor 488 labelled 1gG and the fluorescence intensity
compared with a cysOmpArm control surface. GGzOmpATtm mediates antibody binding
through tandem B1 domains from Streptococcal protein G (GG), which were inserted at
the N-terminus of circularly permuted OmpArm. The B domains of Streptococcal
protein G are repeated small antibody binding domains consisting of an alpha helix
packed against a four stranded beta sheet (Figure 5.3) (Derrick and Wigley, 1994;
Gronenborn et al., 1991). Binding to the Fc region of IgG occurs between the alpha
helix and third beta strand (Gronenborn and Clore, 1993). The alpha helical Z domain
linker, which is a modified B domain from Staphylococcal protein A (Nilsson et al.,
1987), separates the two regions of the fusion protein to aid folding (Brun et al., 2015).
In Chapter 4 GGzOmpArwm conjugated AuNPs were shown to bind 1gG in solution by
DLS, suggesting their potential application in the aforementioned diagnostic

technologies.
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180°

Figure 5.3 B1 domain from group G Streptococci with the helix and beta strand involved
in antibody binding indicated in blue. (PDB ID:3GB1)

Diagnosis of influenza is of high importance with seasonal infections leading to the
deaths of 250,000 to 500,000 people per year (WHO, n.d.). Pandemic strains of
influenza type A have the potential to endanger large populations as seen during the
Spanish flu of 1918 and the Asian flu of 1957 (Potter, 2001). Influenza nucleoprotein is
the preferred target for detection over the variable surface glycoproteins, as it is both
highly conserved between strains and type specific for influenza A and B (Brun et al.,
2015; Farris et al., 2010).

Therefore, binding of an antigen, Influenza A nucleoprotein, to engineered OmpATm
assemblies on AuNPs was investigated both in solution and on glass surfaces. The
functional domain used to detect FIuA NP was a single chain variable fragment, scFv,
inserted at the N-terminus of a circularly permuted OmpArwm scaffold. The scFv domain
was connected to OmpAtm by an alpha helical linker domain (unpublished, kindly
shared by Professor J. Sayers, Sheffield University). An scFv is the smallest domain of
an antibody that displays functional antigen binding. Selection of a functional scFv
against a desired antigen is carried out in vitro through phage display of an scFv library
and affinity selection techniques (Ahmad et al., 2012). The chosen antibody fragment
can then be produced recombinantly in E. coli. Gold nanoparticles functionalised with a
cysteine mutant scFv have previously been shown to bind rabbit 1gG in an aggregation
assay by Liu et al (Liu et al., 2009). To observe FIUA NP binding to scFvOmpATm
conjugated AuNPs, UV-Vis spectroscopy, DLS and transmission electron microscopy
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were carried out. Following the analysis of FIuA NP binding in solution two different
biosensing approaches were used as a proof of concept for using scFvOmpAtwm
conjugated AuNPs in a clinically relevant assay. The first assay utilised gold
nanoparticle functionalised glass capillaries as a simple LSPR biosensor for detecting
FIuA NP binding to scFvOmpATm Vvia the shift in the barycentric mean wavelength (Am)
(Figure 5.4). Capillary based AuNP biosensors have been proposed as an inexpensive
alternative to conventional SPR machines (Kumari and Moirangthem, 2016). The
second assay developed was a lateral flow assay, which was chosen as it is an industry
standard diagnostic test. The LFA, which is described in more detail in section 5.2,
consisted of a-FluA NP and a-human IgG antibodies, as the capture and control lines

respectively (Figure 5.9).

Figure 5.4 Schematic of LSPR biosensor assay for FIUA NP detection. 1. After gold
nanoparticle deposition on the glass capillary scFvOmpAwv was co-assembled on the surface
with a thioAlkylPEG filler molecule. 2. The functional scFv domain can then bind free FIuA NP

in solution which can be observed as a shift in the Am.

5.2 Results

5.2.1 Antibody Binding to Engineered OmpA Monolayers

Binding of an Alexafluor 488 conjugated IgG to GGzOmpArm and cysOmpAtwm
monolayers assembled on gold nanoparticle-glass surfaces was assessed by fluorescence
microscopy. The experiment was carried out on a 20 nm gold nanoparticle
functionalised glass coverslip (see Section 2.18 for method) which was placed in a four-
well holder to allow different proteins to be assembled on separate areas of the same
coverslip. One well was left blank to measure the background fluorescence of the
surface. The GGzOmpATm surface exhibited strong fluorescence after incubation with
the Alexafluor 488 conjugated 1gG in comparison to the cysOmpAmwm surface (Figure
5.5). Very little background fluorescence was observed for the bare gold-glass surface.
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Figure 5.5. Fluorescence intensity of cysOmpArw and GGzOmpAtwm surfaces after
incubation with Alexafluor 488 conjugated rabbit 1gG. The protein surfaces were incubated
with 100 pg/ml Alexafluor 488 conjugated IgG for 10 minutes before washing twice with TBS-
Tween-20 and imaging. The AuNP surface showed almost no background fluorescence without
antibody addition. Some non-specific binding was observed on the cysOmpAmm control surface.

Mean pixel intensity calculated from 3 random fields of view using ImageJ.

5.2.2 Antigen Binding to Single Chain Variable Fragment Fusion Proteins

In Solution

The binding of recombinant Influenza A nucleoprotein (FIUA NP) to a single chain
variable fragment-OmpAmwm fusion protein (scFvOmpATm) was investigated by UV-Vis
spectroscopy, DLS and TEM. The scFvOmpATm protein and thioAlkylPEG filler were
assembled on 20 nm AuNPs using the same method as GGzOmpAtm. A significant
shift in the LSPR peak of the nanoparticles was observed after incubation with FIuA NP
and a corresponding shift in the size of the particles was also seen by DLS (C and D
Figure 5.6). An IgAPOmpATm control protein, without the scFv domain, was also
assembled on 20 nm AuNPs with no significant change observed in either the LSPR
spectra or particle size distribution after incubation with FIuA NP (A and B Figure 5.6).
Negative stain TEM images revealed large protein objects bound to the scFvOmMpATwm

particles that were not present before addition of FIuA NP (E and F Figure 5.6)

140 Timothy Robson - February 2018



b

Chapter 5: Using Protein-Nanoparticle Assemblies for Biosensing

Normalised Absorbance
o o = S
N S [=)] [+ -] -

(=}

A EEEEEE FEEENE FREEE RS RN

— AuNP
— IgAPOmMpAm
— IgAPOmMpAm + FIUA NP

400

@]

T

500 600 700
Wavelength / nm

800

e e e
ES o -] -

e
L]

el bev e b b e ra by

Normalised Absorbance

o

— AuNP
— sCFvOmMpAm
— scFvOmpAm + FIuA NP

-
(=]
[=]

T
500 600 700

Wavelength / nm

B
1 — IgAPOMpAm
15 — IgAPOmMpAm + FIuA NP
o 1
S
‘.. —
o'’
£
=
]
> 4
5|
0 A B e
0.1 10 100 1,000 10,000 100,000
Size / nm
DZG
1 — scFvOmpAmm
] — scFvOmpAm + FIUA NP
15+
(=] N
>
~
Q10|
£
2 ]
o |
> |
5]
0 s e ———
0.1 10 100 1,000 10,000 100,000

Size / nm

Figure 5.6. Influenza A nucleoprotein binding to scFvOmpAtv and IgAPOmMpATm
conjugated AuNPs. The assembly of IJAPOmMpA-m (A) and scFvOmpAmm (C) on AuNPs, and
subsequent incubation with FIuA NP was followed by UV-vis spectroscopy. (B) and (D) show

the corresponding particle size distributions, measured by DLS, for IgAPOmpAr, and

scFvOmpArmw particles, before and after incubation with FIUA NP. Negative stain TEM of

scFvOmpAmw particles (E) revealed large protein objects (indicated by arrows) bound to the

AuNP conjugates after incubation with FIUA NP (F). The IJAPOmpAmw control protein does

not contain the scFv domain. 25 nm scale bar.
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AUNP Coated Borosilicate Glass Capillaries

Simple LSPR biosensors were made by depositing 20 nm gold nanoparticles on
AAPTMS functionalised borosilicate glass capillaries (see Section 2.19 for the method).
Nanoparticle deposition was visible on the capillary surface as a uniform, transparent
red colouring. UV-Vis spectroscopy of the functionalised capillaries, filled with water,
revealed major and minor peaks in the absorbance spectrum at 530 and 628 nm
respectively (A Figure 5.7). The sensitivity of the main LSPR peak (530 nm) to changes
in the refractive index of the solvent was assessed by measuring the absorbance
spectrum, between 400-800 nm, with glycerol:water solutions of increasing glycerol
concentration. The barycentric mean (Am), calculated between 500-600 nm, increased
linearly with the refractive index of the solution in the capillary and had a sensitivity of

39.95 + 0.02 nm/RI unit, given by the slope of the linear regression.
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Figure 5.7 Bulk refractive index sensitivity of AuUNP functionalised borosilicate glass
capillaries. (A) UV-Vis spectra with increasing glycerol stock concentration (% w/w in H;0).
(B) Linear regression analysis of the calculated Am versus the refractive index of the glycerol

stock. Measurements were carried out in triplicate.

Influenza A Nucleoprotein Binding

FIUA NP binding to cysOmpATtm and scFvOmpATmm proteins assembled on AuNP
functionalised glass capillaries was investigated by UV-Vis spectroscopy. A syringe
was connected to the functionalised capillary via a length of rubber tubing to form a
rudimentary flow cell. Injections were carried out in situ in the sample environment of
the Cary 4E spectrometer prior to taking measurements. Assembly of both proteins on

the capillary surface was observed by a shift in the Am (AAm). A much greater increase in
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Alm Was observed for the scFvOmpATm surface after incubation with FIuA NP than the

cysOmpATwm control surface (Figure 5.8).

2.25
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cysOmpAm  cysOmpAmw + FIUA NP scFvOmpAmv ScFvOmpArm + FIuA NP
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AAn / Nm

Figure 5.8. The shift in A, after assembly of cysOmpAm and scFvOmpAw on AuNP
functionalised glass capillaries and subsequent incubation with FIUA NP. The A\m was
calculated in comparison to a AuNP functionalised capillary filled with water. Proteins were
assembled on 20 nm AuNP surfaces with subsequent filler addition. 60 pg / ml FIuA NP was
injected in to the capillary and incubated for 5 minutes before taking a measurement. Duplicate

spectra were acquired for each sample.

Lateral Flow Assay

A lateral flow assay was developed to detect influenza A nucleoprotein using
scFvOmpATv conjugated nanoparticles. Two antibody lines were bound to
nitrocellulose strips, a capture line using a monoclonal a-FIUA NP antibody (Hytest)
and a second, control line, using a polyclonal a-Human IgG (Abcam). scFvOmpATm
conjugated particles were mixed with FIUA NP and transported down the porous

nitrocellulose membrane towards the control and capture lines (Figure 5.9).
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Figure 5.9 Schematic diagram of the influenza A nucleoprotein lateral flow assay. 1.
scFvOmpAmw conjugated particles are mixed with recombinant FIuUA NP and added to the
porous nitrocellulose membrane. 2. As the particles move up the strip by capillary action,
particles bind to the control antibody line via the scFv. 3. Particles with associated FIUA NP
bind to the capture antibody line through the FIuA NP. Binding is detected by the formation of a

characteristic red line on the strip.

Detection of recombinant FIuUA NP was achieved with a minimum observable
concentration of 500 ng/ml (strips 1-4 Figure 5.10). scFvOmpATm conjugated particles
did not show any non-specific binding when incubated with respiratory syncytial virus
nucleoprotein, producing only a control line on the lateral flow strip (strip 6 Figure
5.10). Neither capture or control lines were observed when negative control particles

conjugated with IJAPOmpATMm were incubated with nucleoprotein and run on a lateral

flow strip (strip 7 Figure 5.10).
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Figure 5.10 Lateral flow strips showing influenza nucleoprotein binding to sScFvOmMpAm
conjugated particles and binding specificity. (1-4) Binding sensitivity was assessed by
incubating scFvOmpAmm particles with 5000, 2500, 1000 and 500 ng/ml of FIuA NP. (5-6)
Binding specificity was tested by incubating with 5000 ng/ml of FIUA NP and respiratory
syncytial virus nucleoprotein respectively. (7) Non-specific binding was tested with
IgAPOmMpArv conjugated control particles incubated with 5000 ng/ml FIuA NP. All capture
lines were monoclonal a-FIUA NP antibody (Hytest) and the control lines were polyclonal a-
Human 1gG (Abcam).
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5.3 Discussion

Engineered OmpA-AuNP Conjugates Provide a Flexible Platform for Biosensing

The work presented in this chapter, and the previous, show that the assembly of
functional engineered OmpAtwm proteins on AuNPs can be utilised in biosensing
applications. Several different assays were developed with the same protein molecule
applicable to both sensor chips, on solid substrates, and liquid format tests. The use of
AuUNPs in solution for biosensing assays is already well established, particularly in
lateral flow tests. Glass surfaces decorated with gold nanoparticles have shown promise
as inexpensive sensor substrates (Kumari and Moirangthem, 2016; Nath and Chilkoti,
2002). Glass is an attractive base material for biosensors; it is readily available in a
variety of shapes and sizes that can be easily integrated into the optical systems needed
for detection, thus, allowing for the design of simple detection equipment (Kumari and
Moirangthem, 2016), or the use of existing instrumentation, as shown in this work. An
advantage of using nanoparticle LSPR over planar gold surfaces for biomolecule
sensing is the reduced distance that the plasmon field extends away from the surface,
~10 times lower, this means that any binding events are completely within the localised

plasmon field which should enhance sensitivity (Richens and O’Shea, 2014).

Monitoring changes in the LSPR spectra provided robust information on protein binding
on the nanoparticle surface. Analysing spectra using the barycentric mean method was
sensitive and precise when used for both nanoparticles in solution (Section 4.2.2) and on
a glass surface. One disadvantage of using a standard UV-Vis spectrometer for data
collection is the volume needed to fill a sample cuvette, > 500 pl, which may not be
possible if protein stocks are limited. A possible solution for this is to use a low volume
spectrometer, such as a NanoDrop™ system, which only requires 2 pl of sample. This
could be used for rapid analysis of a panel of samples or for difficult to express proteins
with limited supply. Results acquired for cysOmpArm binding using a NanoDrop™
ND1000 spectrometer were comparable to those acquired using a Cary 4E (Figure 4.8).
This result indicates that such instrumentation could, in principle, be used for studying

biomolecular interactions.

While the AuNPs facilitated the use of several detection methods and multiple assay
formats the OmpArm scaffold provides a robust and versatile platform for the
generation of a wide variety of functional proteins. The bacterial domain and antibody

fragment fusions documented in this work are only a small percentage of the protein
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engineering possible. The variety of protein-protein interactions that can be studied with
this system should only increase as new protein binding domains are discovered and
their structures and sequences are analysed. scFv based fusions are limited by the phage
display libraries that are available and the costs involved in screening and selection,
although these should decrease as the technology continues to mature. By using a
protein scaffold that mediates binding to the AuNP a standard conjugation procedure
can be used for all the protein fusions, unlike traditional protein conjugation where

optimisation steps are required for each new protein.

scFvOmpAmv Conjugated Particles Specifically Bind a Target Antigen

AuNPs were successfully conjugated with an scFvOmpATm protein targeted to
influenza A nucleoprotein. The scFv domain was required for detection, no FIUA NP
binding was observed for control particles made with either IgAPOmMpATv or
cysOmpATv, as shown by DLS, UV-Vis spectroscopy and lateral flow assays (Figure
5.6, Figure 5.8 and Figure 5.10). Binding was specific to influenza A nucleoprotein,
with no binding of respiratory syncytial virus nucleoprotein observed using a lateral
flow assay (6 in Figure 5.10). This work shows that OmpAmwm can be used as a robust
scaffold for engineering targeted AUNP conjugates that are amenable to several
detection methods. Both the scFv domain and OmpArwm scaffold provide advantages for
using this approach. In contrast to traditional mAb production scFvs are selected using a
phage display library (Li et al., 2015), which is both more rapid than traditional methods
and removes the need for an organism to immunize. The resulting novel antibody
molecules are usually humanized, which is advantageous for therapeutic applications
and other regulated uses, and readily expressed in E. coli, which provides a mature, well
characterised expression platform. Although scFvs can be used as independent
molecules it is often required for them to be expressed as fusion proteins to improve
stability (Gil and Schrum, 2013; R. Wang et al., 2013), the OmpAtm scaffold can help

provide this stability while facilitating directed attachment to the nanoparticle surface.

Functionalised Glass Capillaries as Simple Biosensors

As predicted by Mie theory, borosilicate glass capillaries functionalised with 20 nm
gold nanoparticles were shown to be sensitive to changes in the refractive index of the
bulk solvent (Willets and Duyne, 2007). The LSPR spectrum, with its two peaks, was
somewhat unusual (Figure 5.7). The capillaries were a uniform red colour with no

obvious aggregation present, usually seen as purple patches on the glass. As the
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refractive index of the solution was increased the Amax Of both peaks red shifted.
However, the absorbance of the major peak decreased while the minor increased. The
smaller peak could be due to small aggregates on the surface, as its position in the
spectrum would suggest, which are more sensitive to the changing bulk refractive index
than the individual particles. Chemical bond coupled plasmon resonance splitting has
been observed for self-assembled AuNP surfaces, resulting from sulphur-gold bonding
which could theoretically occur for other conjugated bonding systems (Su et al., 2009).
It is also possible that this second peak is an optical effect due to aberrant light
scattering from the curved edges of the capillary, which could explain the opposing
shifts in the absorbance of the two peaks. LSPR measurements of the main peak (500-
600 nm) gave a sensitivity of 39.95 + 0.02 nm/RI unit, using glycerol solution
standards. Analysis of the full spectrum (400-800 nm) showed an increased sensitivity
of 289.46 £+ 18.03 nm/RI unit. These results are comparable with those seen for planar
surfaces and capillaries (Kedem et al., 2011; Kumari and Moirangthem, 2016; Nath and
Chilkoti, 2002).

The capillary format provided a convenient flow cell for protein binding experiments
and demonstrated that the nanoparticle deposition method, described in Chapter 3, could
be successfully applied to more complex glass shapes. The functionalised capillaries
were easily integrated in to the Cary 4E sample environment with minor modifications,
and could be fed in situ by a syringe or peristaltic pump. Alternatively, spectra could be
acquired using a simple spectrometer assembled with a CCD sensor and white LED
light source, as shown by Kumari et al. The quality of the spectra acquired for the
functionalised capillaries with the Cary 4E spectrometer were comparable to previous
studies using planar glass (Nath and Chilkoti, 2004) and capillaries (Kumari and
Moirangthem, 2016). However, both of these studies required the use of high
temperature annealing of either the silane layer or deposited nanoparticles to produce

good quality spectra.

5.4 Conclusions

Building upon the work from the previous chapter it has been shown that multi-domain
fusion proteins, made using the OmpAmwm scaffold, can be used in biomolecule detection
assays after assembly on the surface of gold nanoparticles. The AuNPs provided a

flexible platform that could be used in both, solution and surface based formats while
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remaining amenable to several detection methods including fluorescence, UV-Vis

spectroscopy and light scattering.

Detection of influenza A nucleoprotein was achieved using a single chain antibody
fusion protein (scFvOmpATm) with binding observed using DLS, UV-Vis spectroscopy
and TEM, when the particles were in solution, and by a novel spectroscopic assay when

deposited on a glass capillary.

The AuNP functionalised glass capillary results built upon the work of Kumari et al and
showed that assembly of engineered proteins on the gold nanoparticle surface can be
used for specific detection of a protein antigen. The low cost of the glass substrates and
the associated instrumentation needed to make these capillary based biosensors a good

candidate for applications in developing countries.

A prototype lateral flow test for FIUA NP was developed using scFVOmpATm
conjugated 20 nm gold particles with a minimum concentration of 500 ng/ml detected.
This provided a proof of concept for using self-assembling recombinant fusion proteins

as the detection molecule in a lateral flow assay.
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6 CONCLUSIONS AND FUTURE
WORK
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Nanoscale Topology of Deposited Gold Nanoparticles on
Aminosilane Surfaces

The complex silane molecule, AAPTMS, was shown by atomic force microscopy to
form smooth monolayers on SiO, surfaces when deposited from an aqueous ethanol
solvent. The assembled monolayers were stable without a high temperature curing step
and displayed a high density of primary amine groups for binding gold nanoparticles, ~4
NHs* per nm2. The more commonly used silane molecule, APS, formed poorly stable
multilayers under the same deposition conditions with large aggregate structures
observed by AFM. Scanning electron microscopy revealed strikingly different surface
topologies for the two different silane surfaces after gold nanoparticle deposition.
AAPTMS facilitated evenly distributed sub-monolayer AuNP surfaces with a maximum
observed area coverage of ~35%. Conversely, APS showed large islands of highly

concentrated particle deposition with areas of bare surface.

Assembly of Engineered Protein on Gold Nanoparticles

The addition of a cysteine residue into a periplasmic loop of OmpArm was shown by
UV-Vis spectroscopy to increase equilibrium binding to gold nanoparticles in solution.
The resulting OmpArm-AuNP complexes also displayed higher stability in solution due
to the formation of a gold-thiol bond. Structural studies of the multi-domain fusion
protein, GGzOmpAmv, by DLS and neutron reflectometry, provided evidence of
oriented assembly on the surface of gold nanoparticles, both in solution and when
deposited on a solid substrate. The assembled protein array could be modelled, using the
neutron reflectometry data, as a dual layer where the 21.93 A thick inner layer consisted
of the OmpAtm domain embedded in a dense thioAlkylPEG filler monolayer and the
GGz domains extended away from the surface as a diffuse 75.09 A thick outer layer.
The outer domains retained their functionality, with antibody binding observed by DLS
and fluorescence microscopy. The protein layer thicknesses obtained from the DLS
data, 12.13 and 19.26 nm before and after antibody binding respectively, were in good
agreement with the previously published GGzOmpAtwm structure on planar gold
surfaces (Brun et al., 2015).

Biosensing using Engineered OmpArwm Proteins on AuNPs
While engineered OmpArm proteins have previously been shown to bind protein

antigens using SPR and neutron reflectometry (Brun et al., 2008, 2015), the time
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consuming and expensive nature of these techniques make them unsuitable for most
commercial applications. In this work, it has been shown that biomolecule binding to
assembled engineered OmpArm proteins could be detected using more routine methods;
such as fluorescence microscopy, dynamic light scattering, lateral flow and UV-Vis
spectroscopy. The gold nanoparticles provided a flexible assembly platform that could
be used in liquid suspension and bound to glass substrates, while their intrinsic optical
properties facilitated simple, label free detection of bound antigens by UV-Vis
spectroscopy. Analysis of the spectroscopic data using the barycentric mean provided a

robust and sensitive measure of protein binding.

Detection of the antigen, influenza A nucleoprotein, was achieved using a single chain
antibody fusion protein (scFvOmpATwm) conjugated to 20 nm gold nanoparticles, both in
solution and with the nanoparticles bound to the surface of glass capillaries. A prototype
lateral flow assay was developed which could detect a minimum concentration of 500
ng/ml recombinant influenza A nucleoprotein. This work represents one of the first
examples of using a self-assembled recombinant fusion protein array on gold

nanoparticles to detect a clinically relevant antigen.

Future Work

Due to the time-limited nature of neutron reflection experiments and the need to prepare
samples on site using specialist equipment, it was not possible to fully optimise the gold
nanoparticle deposition procedure on the silicon blocks. Detailed analysis of neutron
data works best when measurements are carried out after each component of the system
is added to the surface, with each measurement taking 1-2 hours. However, this method
was not optimal for sample preparation with the best quality AuNP surfaces generated
by immediate deposition after the silanisation step, therefore reducing the chance of
silane layer degradation. Alternatively, a quartz crystal microbalance with dissipation
(QCM-D) could be used to gather real time information on the silane and gold
deposition steps to complement the reflectometry data of the deposited nanoparticles
and assembled proteins. A QCM is essentially a highly sensitive mass balance that
measures the change in the resonant frequency of a single crystal quartz plate. Quartz is
a piezoelectric material, therefore applying an alternating current causes the crystal to
resonate. The deposition of material on the surface can be observed as a lowering of the
resonant frequency. A QCM-D also measures the energy dissipation of the system
which gives information on the viscoelastic properties of the deposited layer.
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The quality of the neutron data could be improved by using polarised neutrons for the
reflectivity experiments. Neutrons have a small magnetic moment, so can be separated
depending on their spin property, i.e. up or down spin. The resulting polarised neutrons
are reflected differently from magnetic materials, therefore, the addition of a magnetic
reference layer introduces magnetic contrast to the system. Analysis of reflectometry
data collected with up and down spin polarised neutrons generates two independent
reflectivity profiles that only differ in the magnetic region. This approach reduces the
ambiguity in the model when fitting to the reflectometry data and has previously been
used to help analyse the complex layer structure of engineered OmpATm arrays on

planar gold surfaces (Brun et al., 2008).

The poor quality of the SANS data for the protein coated gold nanoparticles could be
improved by carrying out future experiments at the ILL neutron source in Grenoble. The
ILL is a reactor source with a much higher flux than ISIS, therefore the scattering signal
should be much higher. Carrying out a combined SAXS and SANS experiment could
also provide more information on the protein layer. X-rays are not very sensitive to light
atoms so the protein layer would be almost invisible when compared with the highly
scattering AuNPs. Simultaneously fitting the X-ray data with the neutron data would
effectively add a second contrast in which only the gold nanoparticles are observed.
This method has been used to investigate the structural and thermodynamic properties
of AUNP-HSA complexes (Spinozzi et al., 2017).

Analysis of the OmpATm surface charge (Figure 4.22) identified residues that could be
modified in the future to improve nanoparticle binding and possibly direct protein
orientation on the surface. Lysine residues have been shown to mediate protein binding
to citrate coated AuNPs (Wang et al., 2016), presumably through electrostatic
interactions between the positively charged residue and the negatively charged citrate
coating. Therefore, the surface charge of OmpArm could be modified using a rational
design approach to encourage binding to the nanoparticle through the base of the
protein, where the cysteine residue is located in the cysOmpAtm mutant. This could be
achieved by replacing the lysine and arginine residues at positions 73 and 103 with
aspartic acids and also replacing the aspartic acids at positions 4, 89 and 90 with lysine
residues. These changes should generate a molecule with oppositely charged poles,
resulting in a mostly positively charged periplasmic end and mostly negatively charged
extracellular end. To test this hypothesis, modification of the OmpAtm PDB file to
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mutate the lysine, arginine and aspartic acid residues was carried out using Pymol and
the surface charge analysed using APBS (Figure 6.1). This analysis indicated that the
desired modification of the surface charge would be possible through these mutations,
presenting a possible starting point for optimisation of the OmpArwm structure for

binding to gold nanoparticles.

A

Figure 6.1 OmpAsm surface charge before (A) and after (B) mutation of the charged
residues. Five mutations were carried out to make (B); K73D, R103D, D4K, D89K and
D90K. The electrostatic isosurface was generated using APBS at pH 7 with contours
shown between -1KkT (red) and +1kT (blue), the dashed lines indicate the membrane
region. PDB ID:1QJP

The biosensing assays used in this study were developed as a proof of concept for using
engineered OmpATm proteins as the biologically active molecule on gold nanoparticles.
Further studies are required to compare the sensitivity and robustness of these assays
with commercially available antibody-gold nanoparticle conjugates and other
biosensing techniques, such as SPR.
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Bootstrap Error Analysis
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Figure 7.1 Graphical representation of the bootstrap error analysis for the AuNP surface

using the slab model. Each line represents a single bootstrap run.
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Figure 7.2 Graphical representation of the bootstrap error analysis for the AuNP +

GGzOmpArw surface using the slab model. Each line represents a single bootstrap run.
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Figure 7.3 Graphical representation of the bootstrap error analysis for the AuNP and
AUNP + GGzOmpAmm surfaces using the sphere model. Each line represents a single
bootstrap run.
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Table 7.1 Model parameters fitted for the AUNP surface using the slab model.

Parameter Fitted Value
Substrate Roughness / A 7.32+1.35
SiO2 Thickness / A 15.04 +0.13
SiO2 Roughness / A 7.98 £0.15
SiO2 Hydration/ % 17.47 £ 4.29
SiO2 SLD / A2x10°6 3.49+0.06
Silane Thickness / A 8.57 +2.00
Silane Roughness / A 5.85 + 2.05
Silane Hydration / % 11.04 £22.01
Silane SLD / A2x10° 1.00 + 0.00
Gold Layer Thickness/ A 179.17 +5.65
Gold Roughness / A 35.48 + 10.62
Gold Coverage / % 23.01+£6.18
Gold SLD / A2x10°® 4.18 +0.09
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Table 7.2 Model parameters fitted for the GGzOmpAwm coated surface using the slab

model.

Parameter Fitted Value
Substrate Roughness / A 7.93+0.14
SiO2 Thickness / A 14.32 £1.27
SiO2 Roughness / A 10.50 + 2.52
SiO2 Hydration/ % 12.59 £9.42
SiO2 SLD / A2x107® 3.48 +0.05
Silane Thickness / A 11.92 +4.73
Silane Roughness / A 10.00+0.1
Silane Hydration / % 0.09 + 18.55
Silane SLD / A2x107® 0.57 +0.18

Gold Layer Thickness/ A

Gold Roughness / A

Gold Coverage / %
Gold SLD / A2x10°®
Protein Thickness / A
Protein Roughness / A
Protein SLD / A2x10®

Protein Hydration / %

153.70 + 14.25
65.51 +15.76
23.71+11.71
4.10 +0.00
30.33 £9.55
9.98 +0.05
1.49+0.15

90.10 £ 0.27
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Table 7.3 Model parameters fitted for the AUNP and GGzOmpA+rw coated surfaces using

the sphere model.

Parameter Fitted Value
Substrate Roughness / A 7.69 +4.29
SiO2 Thickness / A 15.07 +£0.15
SiO2 Roughness / A 14.44 +0.73
SiO2 Hydration/ % 45.90 £ 7.03
Silane Thickness / A 8.00 +1.00
Silane Roughness / A 14.99 + 0.01
Silane Hydration / % 99.80 + 74.36
Silane SLD / A2x107® 0.97 £ 0.15
Gold Layer Thickness/ A 183.68 + 4.82
AuUNP Coverage (without protein) / % 38.90+£0.78
AuNP Coverage (with protein) / % 21.44+1.78
Inner Coating Thickness / A 22.93+2.93
Inner Coating Hydration / % 0.05+1.19
Inner Coating SLD / A?x10° 0.68 +0.19
Outer Coating Thickness / A 75.09 +0.17
Outer Coating Hydration / % 84.40 £ 6.24
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Data Fitting

1001 s

Reflectivity

Q/ A
Figure 7.4 Fitting of the GGzOmpA+rm surface using the slab model of a bare AuNP
surface. The solid lines correspond to the fits of the data sets, which are offset for
clarity. The colours indicate the solvent contrast, D20, SMW, GMW and H20. The fit
lines deviate significantly from the reflectivity profiles, showing that this model does

not describe the data sets very well.
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