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Abstract

A deeper understanding of the nanoscale and mesoscale structure of
chromatographic adsorbents and the distribution of proteins within the media, is
critical to a mechanistic understanding of separation processes using these
material s. Characterisation of the medi a

adsorption within, is challenging using conventional techniques.

In this study, a novel resin characterisation technique that enables in-situ
measurement of the structure of the adsorbed protein layer within the resin, under
typical chromatographic conditions was examined. A quartz flow-through cell was
designed and fabricated for use with Small-Angle Neutron Scattering, in order to
measure the structures of a silica based protein A chromatography resin during the
monoclonal antibody sorption process. We were able to examine the pore-to-pore
(€133nm) -aainzde p(o& 63 tiansof theaesin ané thean-plane adsorbed
anti body molecules (é4.2nm) correlation at

buffers, in real time using a contrast matching approach.

The effect of different washing buffers was also investigated. When 0.03M sodium
phosphate with 1M urea and 10% isopropanol buffer, pH8, was introduced, it
di srupted the systembs order by causing pa
as evidenced by a loss of the in-plane protein correlation. Neutron Reflectivity
experiments were undertaken on a planar surface to enhance the understanding of
how adsorption processes might impact the stability of the antibody molecules. A
56A antibody size and 13.7% increase in layer thickness when urea was introduced
was observed. The effect of temperature and antibody incubation times on the

chromatography system were also explored.

The methodology developed here offers new ways to investigate the nanoscale

structure and ligand immobilisation within chromatography resins. Which allows for



a deeper understanding of the in-situ behaviour of adsorbed proteins within the
media under different mobile phase conditions within a sample environment

replicating that of a chromatography column.



Impact statement

In commercial separations for therapeutic proteins, binding capacity is a critical
factor. An example of such a process is protein A-based affinity chromatography,
which is the crucial purification stage for monoclonal antibodies. Maximised binding
capacity leads to improved productivity, which in turn leads to better process
intensification (PI). Although Pl is ultimately the goal for several scale-up procedures,
product stability and quality must always be maintained. It is widely accepted that
low pH in such processes leads to increased aggregation propensity. However, pH
is not the only parameter that can affect aggregation levels. Structural stability of the
eluted IgG can be jeopardized by protein A, making at least a subpopulation of eluted
Immunoglobulin G (IgG) more prone to aggregation. This can be attributed to the

protein A destabilising effect, in addition to the denaturing effects of low pH.

The architecture of the media impacts desorption, adsorption, stability, retention and
transport rates of the protein during the chromatographic process. It is thus vital to
not only characterise the architecture of the media, but also to understand its effect
on protein behaviour within the material itself. However, this has proven to be
challenging to characterise following traditional approaches. Imaging techniques,
such as optical microscopy that can be used to visualise the macro and
microstructure of these materials, lack the resolution required to reveal structural
information. Methods with the required nanoscale resolution, such as atomic force
microscopy and electron microscopy, often demand tailored sample preparation, for
instance drying, and thus the output may not reflect the in situ conditions. Techniques
like inverse size-exclusion chromatography (ISEC) that can measure surface area
and pore distribution at these length scales do not provide information on the
material s architecture. Hence, t her e
techniques that not only measure the intrinsic structure of the media, but also the

nanoscale distribution of the protein under the same conditions found during the
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chromatographic separation process. Therefore, novel techniques that can reveal
the mediabds nanoscale structure, and the s
media, are needed, which will eventually benefit the design of new media as well as
improve the modelling of existing ones. The work presented here aims to help

address these issues.

Neutron scattering techniques are powerful, non-destructive probes for studying the
structure and dynamics of materials on the nano- to micron-scale. In the present
work, we used Small Angle Neutron Scattering (SANS) to measure protein
adsorption and the resulting resin bound protein structuring on the chromatographic
media in a flow-through cell. Even though this technique is widely used by the
scientific community, to the best of our knowledge, there are no previous studies on
protein adsorption in chromatographic media using a flow through cell with SANS to
study the chromatographic process. Here, we aim to establish SANS as a feasible
characterisation technique to study protein adsorption in chromatographic media at
the nanoscale to mesoscale and for the first time to perform these experiments under

real-time conditions using SANS.
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Symbols, Nomenclature and Abbreviations

Inches
° Degrees
°C Degrees Celcius
H Protium
’H Deuterium
3D 3 Dimensional
A Angstrom
APTS 3-aminoprpyltriethoxysilane
ATR Attenuated Total Reflectance
bi Bound coherent scattering length of the atom
BSA Bovine Serum Albumin
CBS Consensus Binding Site
CH Constant region of an immunoglobulin heavy chain
CL Constant region of an immunoglobulin light chain
CM Contrast Match
Cys Cysteine
D20 Deuterium oxide
Da Daltons
DTT Dithiothreitol
E Energy
EDTA Ethylenediaminetetraacetic acid
eV Electron volts T unit for electric potential
Fab Fragment antigen-binding
Fc Fragment crystallisable
FDA Food and Drug Administration (Federal agency)
FT Fourier Transform
FTIR Fourier transform infrared spectroscopy
GF Gel Filtration
h Hour
H20 Water
HCP Host Cell Protein
HPLC High Performance Liquid Chromatography
I Intensity
lgG Immunoglobulin G
IR Infrared
ISEC Inverse Size Exclusion Chromatography
Kin Incidence angle
Kr Angle of reflection
M Molar (mol/L)
m Lorentz exponent
Mab Monoclonal Antibody
MW Molecular Weight
MWCO Molecular Weight Cut Off
n Porod law exponent
NCNR NIST Center for Neutron Research
NHS N-hydroxysuccinimide
NIST National Institute of Standards and Technology
nm Nanometer
NR Neutron reflectivity
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PAGE Polyacrylamide Gel Electrophoresis

PBS Phosphate Buffered Saline

pl Isoelectric point

Pl Process Intensification

Q Momentum transfer vector

q Scattering vector

QCMD Quartz grystal microbalance with dissipation
monitoring

Qo Peak position

Qz Momentum transfer vector

R Reflectivity

RAL Rutherford Appleton Laboratory

Ry Radius of gyration

rSPA Recombinant Staphylococcal Protein A

rSPA-CYs Recqmbi nant Staphylococcal Protein A with
cysteine groups

SANS Small Angle Neutron Scattering

SAXS Small Angle X-ray Scattering

SDS Sodium Dodecyl Sulfate

SEC Size Exclusion Chromatography

SEM Scanning Electron Microscope

Si Silica

SiO2 Silicon Dioxide

SLD Scattering length density

SLFC Solid-Liquid Flow Cell

SMW Silicon Matched Water

SpAC C domain of Staphylococcal protein A
Succinimidyl 6-( 3(2-pyridyldithio) propionamido)

SPDP
hexanoate

SPR Surface Plasmon Resonance

STFC Science and Technology Facilities Council

\Y; Volume

VH Variable region of an immunoglobulin heavy chain

VL Variable region of an immunoglobulin light chain

z Direction

a Excess surface

tb Extra-particle porosity

d Incidence angle

& Neutron wavelength

eEm Micrometre

3 Screening length

’ 3.14

| Scattering Length Density

} p Scattering length density of the particle

] W Scattering length density of water

] 9 Mass density of the protein

Ja Calculated SLD of the (pure) adsorbed material

Ji Final fitted SLD value

s Solventdos SLD

E b Sum of the scattering lengths

U Thickness of the layer

ai Volume fraction of adsorbed material
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1 Introduction
1.1 Aims and Objectives

1.1.1 Aims

The aim of this project was to enhance the understanding on adsorption-mediated
processes that could influence the level of aggregation of protein therapeutics. The
examined antibody model in this project was an 1gG. Affinity chromatography with
protein A being the capturing ligand was the method used during these studies, since
itis the most common technique implemented for antibody purification in the industry,
and therefore the findings of the study would be directly related to the pharmaceutical

sector.

The system specific objectives are outlined in the next section. However, the findings
of this project could be applied to a variety of other therapeutic proteins, leading to a
better understanding of solid-liquid interface interactions during adsorption
processes. This increased knowledge can aid in the development of new
chromatographic media and improvement of the existing ones, which will have a
direct effect on process costs and product quality. It will also help to consider different

purification matrices for more sensitive products.
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1.1.2 Objectives

In order to gain a deeper understanding of the nanoscale and mesoscale structure

of chromatographic adsorbents and the distribution and adsorption process of

proteins within the media needed to:

T

Investigate whether the methods for building all the required system layers
(activated silica surface, protein A, BSA, 1gG) previously used by others can
be consistently repeated and provide similar results.

Take the study one step further and examine the effect of different washing
buffers on the structure and behaviour of the IgG molecules using Neutron
Reflectivity on a planar surface.

Build a functional, robust and compatible flow-through cell that can be used
during the SANS experiments, that would also resemble the typical protein A
affinity chromatography columns used in the industrial and laboratory setting.
For the first time, perform these experiments under real-time affinity
chromatography conditions in a flow-through cell using SANS.

Find the contrast matching point of the silica matrix and render the matrix
neutron é6invisibled using the contrast
Structurally characterise the antibody molecules adsorbed to immobilised
protein Ain the silicon based Prosep Ultra Plus chromatography resin but also
characterise the resin matrix itself.

Identify column-related parameters that can contribute to the aggregates
formation other that low pH, such as washing buffers, temperature and

incubation times.
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2 Literature review

This chapter provides an introduction to the biopharmaceutical industry, to the basic
principles of protein molecules and more specifically of the antibody molecules and
also to the current state of the art affinity chromatography process. The affinity
chromatography resins (matrix, space arms and ligands) currently used in industry
are explained and commented upon. It also discusses the current analytical
techniques along with their limitations. Finally, this chapter provides a general
background and theory of the characterization techniques used during this PhD

project.
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2.1 Biopharmaceutical industry

Biopharmaceuticals are undergoing extremely rapid growth and offer numerous
opportunities that are hard to ignore. Today, about 40% of the whole pharma market
is made up of biopharmaceuticals with international revenue of $275 billion in 2018,
and it is believed that by the end of 2019 it will surpass $300 billion (Humphreys,
2018; Rader and Langer, 2018). The current annual gr
more than 12%, which is double of the traditional pharmaceuticals (Rader and
Langer, 2018). This rate is expected to continue in the upcoming future, especially
with the recent advancements in oncology. Therefore, it can be easily claimed that it
is by far the fastest-growing sector of the industry (Otto, Santagostino and Schrader,

2014).

Biotechnology is the technique where medical drugs (biopharmaceuticals) are
produced using genetically manipulated living cells and organisms. These drugs are
built using complex structures such as peptides, nucleic acids, proteins and many

more (Jozala et al., 2016).

The worldwide development of biopharmaceutical drugs has considerably increased
for numerous reasons. In comparison to conventional pharmaceuticals, the bio ones
are much more effective, because they are target specific and are safer with fewer
side effects. In addition, the number of new diseases that can now be treated with
biologics has increased dramatically, thus driving the production of
biopharmaceuticals around the world upwards. Biopharmaceutical companies
exploit the fact that there is high demand for these novel drugs by setting high prices,
due to high R&D costs and risks associated, which leads to increased company

profits (Scherer, 2004; Sekhon, 2010; Otto, Santagostino and Schrader, 2014).
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2.2 Proteins and antibodies

2.2.1 Protein structure
Proteins are an integral part of biopharmaceuticals, therefore, understanding their
structure is vital. Antibodies, being protein molecules, share a general structure along

with the rest of the proteins.

Protein structure can be classified into four groups; primary, secondary, tertiary and
sometimes quaternary. The primary structure is a linear sequence of amino acids,
determined by the sequence of DNA which is transcribed into mRNA, which in turn
Is translated into its respective protein, forming a polypeptide chain. This chain is
made up of regularly repeated parts and it is referred to as the backbone. Each amino
acid unit is called an amino acid residue. These residues are covalently bonded to
one another by a bond called peptide bond. This is a fairly rigid planar structure, with
the peptide bond rotation | evel bei ng
structure determines its biological and chemical characteristics as well as its higher
protein structure levels. The location of specific amino acids in the polypeptide chain
will then drive the formation of the secondary followed by the tertiary structure, thus
enabling the protein to interact with other molecules to carry out its function

(Cozzone, 2006).

The secondary structure is the general, three-dimensional form of local sections of

r esi

proteins. The two main sédedndka ragheet.tiThemwc tbur e

are many other structures that include turns and helices and other unique motifs but
they are beyond the scope of this review. Unique protein motifs are very significant
since they usually have functions that are highly specialised (Cozzone, 2006;
Hubbard and Kamran Haider, 2010). Hydrogen bonds formed between the
polypeptide backbone carbonyl (C=0) and amide (N-H) groups positioned four

residues apart fr om o elices which &ore made ug of 8.6
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residues per turn (Cozzone, 2006). Mo s t of -helibes are righttanded)
because these arrangement increases structure stability since the large side chains
are not very close to the main c ha-hetixis
left-handed, but due to the close proximity of the side chains to the main chain the
structure loses its stability very easily (Cozzone, 2006; Hubbard and Kamran Haider,

2010).

Mo vi ng -sheetsttley de part of the continuous polypeptide chain and they
are made of parallel or antiparallel beta-strands. The strands are adjacent to one
another and are bonded by the backbone hydrogen bonds (carbonyl-amide). The

successive adjacently bonded strands result in a sheet-like structure. The sheet and
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Figure 2.1 | Protein secondary structures

At the top, the right-handed alpha helix and at the bottom, the anti-parallel beta-
sheets. Figure 2.1 was taken from http://www.mun.ca/biology/scarrMGA2_03-
18b.html.
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the amino acids are approximately orientated perpendicularly. Since the residues are
not flat, the chiral Ca atoms exhibit tetrahedral bonding within each residue. These
|l ead to the beta sheetds pleated surf
motif that is native to immunoglobulins where a hydrophobic core is surrounded by

7-9 ant i par astrhnesl (Bofk,dHbleh end Samder, 1994).

The tertiary structure of proteins is one of the most significant processes since it
allows the protein to carry out its function successfully. The tertiary structure of a
protein is determined by the spatial organisation or packing of its secondary
struct ur e s-helicestandhb-stests. |0 essence, the secondary structures
combine and interact to form various protein domains (Cozzone, 2006). If anything
interrupts or prevents the correct protein folding, its function cannot be carried out.
This is often the case when DNA mutations alter the amino acid sequence and

subsequently the folding of the protein.

In many cases, proteins can be made up of two or more polypeptide chains, which
can have the same or different amino acid sequences. These polypeptide chains
interact to form quaternary structures. This is the case with many cell surface
receptors which consist of more than one subunit (each subunit being one

polypeptide chain) (Cozzone, 2006).
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2.2.2 Antibody structure

Monoclonal antibodies, also called immunoglobulins, are antigen-binding

glycoproteins with high affinity and specificity. The basic unit of the antibodies are

four polypeptide chains arranged ina Y shape; two pairs of light (L) chains and heavy
Antigen-binding Antigen-binding (H) chains that are exactly the

site site

same and are covalently

bonded together by disulfide

vy
chain (H)

VL £ Variable . . .
regions (V) bridges (when two cysteine side

chain thiols interact) and by
other non-covalent interactions

Constant

regions (C) (Lydyard, Whelan and Fanger,

Interchain
disulfide

2011). Each chain contains
bonds

~110 amino acids. Light chains

Figure 2.2 | Schematic of an antibody structure contain two domains, VL and

(Austin Peay State University, no date) . _
CL. Heavy chains contain 3-4

unchanged domains indicated as CH1, CH2, CH3, CH4 and a variable domain VH.
lgG, IgA and IgD only contain 3 heavy chains whereas IgM and IgE contain four
(CH4) (Schroeder, Cavacini and Cavacini, 2010). Heavy chains are parallel up to
the hinge region (between CH1 and CH2), and they then move away to give rise to
the Y shape (Vermeer and Norde, 2000). Antibody molecules will yield two Fab
fragments, which are the antigen-binding parts, as well as one Fc fragment, which is
responsible for effector functions. Both light and heavy chains are divided into
constant (C) and variable (V) sections. The antigen-binding site is located in the
variable section and the Fc region in the constant section (Lydyard, Whelan and
Fanger, 2011). The Fc region of an antibody interacts with various components of
the immune system, such as via interaction with Fc receptors on immune cells.

Looking more closely to the individual antibody domains, they all have approximately
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the same folding characteristics, two beta sheets and almost no a-helices. In the
centre of the globular domains, the non-polar residues are positioned in such a way
in order to avoid any contact with water (Vermeer and Norde, 2000). Each CH2
domain has a carbohydrate component attached to it. This introduces some
limitations on the antibody conformation that are essential (Deisenhofer, 1981) and
thus improving the stability by bridging the gap between the two CH2 domains. It is
also proposed that the two carbohydrates help to keep the Fc region open since the
two CH2 domains are pushed away from each other, thus permitting the antibody to

carry out its binding functions (Krapp et al., 2003).
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2.2.3 Ligand-Antibody binding

In this project, the ligand used was protein A and the antibodies were IgG4 and IgG1.
Protein A originates from the cell wall of Staphylococcus aureus bacterium and it is
a 42kDa surface protein. Protein A has five domains that are homologous Ig, E, D,
A, B and C. Each of these domains can bind either on the Fc in the constant region
or on the Fab region of the antibody. This property is useful for the purification and

labelling of antibodies (Graille et al., 2000).

N terminal C terminal

Native Staphylococcal protein A

B -

Recombinant protein A
with C terminal cysteine

1 3 3 & s

Alkali-stabilised “Z” domain
tetramer with C terminal cysteine

C.—.—{ZHZ—CVS

Figure 2.3 | Schematic diagram of protein A ligands

The figure shows three types of protein A ligands. A. Shows the Native
Staphylococcal protein A with E, D, A, B and C domains that are able to bind on the
Fc domain of IgG molecules. The X domain (C terminal) is involved in the cell wall

attachment in the bacterial protein. B. Shows the common MabSelect ligand that

consists of a full-length recombinant protein A with a C terminal cysteine added for
specific coupling to the agarose bead. C. Shows the MabSelect Sure ligand which
is a tetramer of Z domains; the Z domain is a native B domain with a number of

asparagine substitutions. Figure adapted from (Mazzer, 2015).

Protein A molecules have the ability to bind at least two IgG molecules at the same
time (Sjodahl, 1977). Deisenhofen, used crystallography at a resolution of 2.9 A and
2.8 A to measure B domain, the Fc-binding domain, in complex with the human 1gG

Fc fragment (Deisenhofer, 1981). The B domain is made of three-helix bundles that
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contain two -helices.iThese helicds ere patl of the Fc binding. The
protein A binding region of the anti bodyos
found to display structures typical to immunoglobulins. They contain two layers of
ant i pa-shedtslwitH a hfapdrophobic core in the middle (Deisenhofer, 1981). It
was found that between the dimeric CH2 domains there was no surface contact,
however, a carbohydrate moiety was attached on each CH2 interior face and the two
moieties are thought to form a weak bridge between the two CH2 domains. On the
other hand, the surface contact between the CH3 domains is believed to be double

that of the CH2 carbohydrate entities (Deisenhofer, 1981).

A detailed crystal structure of the staphylococcal protein A C domain, SpAc, in
complex with an IgG Fc fragment at 2.3 A resolution, was published by Deis et al.
(Deis et al., 2015). It was concluded that when bound to the Fc, helix Il of SpAc was
folded properly. The study also showed a second binding site for SpAc to Fc, with

lower affinity interactions, at the helix 2/3 interface (Deis et al., 2015).

Figure 2.4 shows the SpAc structure bound to the Fc, at the main helix ¥2 SpAc
interface. The protein A domain residues involved in the Fc binding reside mostly on

helix I, with half as many on helix Il (DeLano et al., 2000; Deis et al., 2015).
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Figure 2.4 | Crystal structure of staphylococcal protein A C domain, SpAc,
when bound to the IgG Fc monomer fragment

SpAc is shown in blue and Fc in green. A. is in a spacefilling model and B. in a ribbon
model. C. The structure has been rotated and individual residues from SpAc (purple)
and Fc (green) involved in the binding interaction are shown as sticks and listed to
the left of the image. RCSB Protein Data Bank ID: 4WW!I (biological assembly 2).

Figure adapted from (Mazzer, 2015).

Many features of the binding interaction between the antibody Fc region and the
protein A, B domain, have been investigated by DeLano et al. (DeLano et al., 2000).
It is widely known that the binding takes place between domains CH2 and CH3 of
the Fc fragment. Many molecules can bind to this region with high affinity such as

protein G C2 domain and neonatal Fc receptor. This region was therefore called
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consensus binding site (CBS) (DeLano et al., 2000). The CBS region contains few
polar residues, has high level of solvent accessibility and it is mostly hydrophobic.
The above properties suggest burial of hydrophobic residues as a strong driver of
binding (Deisenhofer, 1981; DelLano et al., 2000). It is therefore possible that during
ligand binding by hydrophobic interactions, could have a destabilizing effect on the
anti bodyo6s s e cogndeatheyexasttonientationuof e hydrophobic
residues is changed, to accommodate the interaction. Deisenhofer recorded an
increased CH2 disorder when the Fc fragment was bound to the protein A B domain
compared to the unbound Fc fragment, which suggests a potential Fc destabilization
during protein A adsorption. If the Fab fragment was also present however, this might
not have been the case, since the Fab-CH2 contact could have provided some
stability (Deisenhofer, 1981). The CBS region undergoes significant conformational
changes during ligand binding, according to DelLano et al. (DeLano et al., 2000).
Electrostatic and Van der Waals forces also play a role in the Fc-protein A binding
(Salvalaglio et al., 2009). However, the binding mechanism is not depended solely
on the ligand chemistry. The matrix material, such as agarose and space arm can
influence the antibody binding, as well as any geometrical and steric constrains

imposed by the molecules present (Lowe, 2001; Salvalaglio et al., 2009).

When protein A binds with the antibody on its Fc region, as mentioned earlier,
the interaction generated is hydrophobic and very specific. Two salt bridges and
hydrogen bonds are involved. Due to this high specificity, in a single affinity
chromatography step, approximately 98% of impurities are removed. However,
the downside is that this reaction requires harsh conditions, such as low pH
during elution, which enhances aggregation. E. coli is usually used to produce
recombinant Staphylococcal protein A (Vagenende et al., 2013). Frequently,

protein A is connected to other molecules like agarose, silica beads and cellulose
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(Vagenende et al., 2013) to produce the resins used in affinity chromatography.
A typical such resin, along with many others, is the agarose based resin,

MabSelect. Please see section 2.3.4 for more information on affinity supports.

Protein A/G Antibody Affinity-bound
Beads {1gG} Immobilized Antibody

Figure 2.5 | Diagram of Protein A/G that binds to the Fc region of the antibody
(ThermoFisher Scientific, 2015)

2.3 Chromatography

2.3.1 Chromatography in the Bioindustry

Chromatography is a method used in biopharmaceutical purification downstream
processing. To achieve the required product purity and impurity removal, a
number of chromatographic separation steps are employed as part of this

process. Chromatography resins are costly, but more importantly, their

performance is vital to the productds

maximum resin lifetime during purification steps, the unit operation processes
prior are designed in such a way to remove as many particulates as possible. It
is also imperative that these steps are designed to be as efficient as possible,
reduced stream volumes, maximise product concentration and decrease the
viscosity (as protein concentration increases, viscosity increases). These are the

four engineering considerations before designing these operations:

1. Mass transfer rate, the net movement of mass from one location to another
(mol/cm2-s or gm/cm?2-s), is proportional to the concentration
2. Mass transfer is inversely proportional to viscosity
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3. Loading efficiency increases with decreased flow rate (more capacity
usage)
4. When flow rate increases, bed compression increases (so either increase

pressure drop or decrease flow rate)

Unlike small scale processes, in order to meet the production demands, large
scale processes invest in maximizing speed and simplicity, sometimes on the

expense of efficiency.

lon exchange, hydrophobic interaction and affinity are different modes of
chromatography. Even though affinity chromatography is the most expensive of
all, it is still one of the most widely used modes in industry. During affinity
chromatography, the molecules of interest are captured using high selectivity
ligands. These ligands are bound covalently onto a solid phase (e.g. agarose or
silica) which is packed into a column. Since the ligand exhibits specific binding
properties, only the product of interest is captured while all impurities pass
through the column and are disposed. This makes affinity chromatography ideal

for product capture in early purification stages.
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2.3.2 Affinity chromatography

This section outlines the affinity steps in more detail. The basic affinity

chromatography steps are summarized in Figure 2.6.

Affinity ligands are covalently

0
0 g 0
@ @ 1 attached to a chromatography
moa
ol _‘ 8 O % -‘8 support and packed in a column
) e O%¢
0. .0
¢ a 09 O
Sample tl —‘ ¢ o 5 Elut?on buffer fs appligd
’ @) to disrupt the interaction
WO between the affinity ligand

and the target molecule

2 The sample is flowed
through affinity column
in binding buffer 3 Target molecules
bind to affinity

ligands

6 Purified target molecule

4 Sample is washed through
is eluted from the column

the column to remove
unbound components

Figure 2.6 | Stages of protein A affinity chromatography

Protein A ligand is immobilised on the resin. The impure sample enters the
column and the IgG binds onto the ligand. The impurities are washed out of
the column. The elution buffer is then flushed through the column to brake
the 1IgG-protein A binding. The purified 1gG is finally collected at the bottom

of the column. Figure from (G. T. Hermanson, 2013a)
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Activation/ Immobilisation of the ligand (protein A) onto the support

material (Silica):

The first step, activation/immobilisation, of the affinity ligand onto the support
matrix is critical. Once activated, the ligand should be tested whether it can still
actively bind the molecule of interest. Steric hindrance, multi-site attachment and
orientation of the ligand can affect its binding activity, see Figure 2.7. When more
than one functional groups of a single affinity ligand are attached to the support
material, is called multi-site attachment. This could denature or distort the ligand,
thus resulting in a limited binding affinity. In specific cases though, this type of
attachment can lead to a more stable ligand attachment. There are many ways
to limit the multi-site attachment potential; one of them is to ensure that the
support material has a reduced number of binding sites, which limits the chances
of the same affinity ligand to bind onto the matrix more than once. In general, the
larger the affinity ligand immobilised, the fewer binding sites on the matrix
required. It is imperative, however, that the regions responsible for the target
mol ecul e binding are free. To acdoestedp | i s h
mut agenesi so. This procedure introduces &
at a site far away from its binding site. Then, the ligand can be immobilised using
an N-2-maleimidobutyryl-oxysuccimide ester cysteine specific coupling reagent,

for example (Magdeldin and Moser, 1996).

Product loading (impure antibody):

The conditions during the antibody loading into the column must favour the

ligand-antibody binding. From product to product these conditions may vary, but
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in this case, the most favourable pH conditions for protein A-IgG4 is between 6.0
and 8.0. The two main parameters that can easily be changed during the loading
step and affect the dynamic binding capacity, are concentration and flow rate of
the loading material. These two factors can, therefore, be strongly linked to

aggregates formation (Swinnen et al., 2007).

Binding sites

7\

a) Binding sites
7 ~10nm

Multisite attachment Single site attachment

4

b) L L
Improper orientation Properorientation
(binding sites blocked) (exposed bindingsites)
| m w
Steric hindrance Spacers used
(binding sites blocked) (more binding sites available)

Figure 2.7 | Ligand 1 antibody orientations

This is an example of how the activity of any molecule (ranging from Protein A ligands
to antibodies) can potentially be affected by a) multi-site attachment, b) improper
orientation and c) steric hindrance (Magdeldin and Moser, 1996). Note: this only
gives exemplar illustrations. In reality, it is difficult to ascertain a certain type of

conformational orientation and be able to distinguish them.
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Column wash:

Once the sample has been added to the column and the molecules of interest
have been adsorbed onto the affinity ligand, any impurities such as host cell
proteins (HCPs) are then removed from the column using washing buffers
(usually about 5 times the volume of the column). The type of washing buffer
used depends on the type of impurities present, chromatography medium and
nature of the target mol ecul e. When

should be between the pH of the loading and the elution buffer. The ideal scenario
would be to use the lowest pH possible to maximize impurity removal but without
eluting the product (Shukla and Hinckley, 2008). The host cell protein (HCP)
removal concept by washing in protein A chromatography was investigated in
2008 by Shukla and Hinckley. Their results showed that when buffers with
intermediate pH, e.g. 4.4, where used, the purity of the product increased but its
yield decreased. They also showed that when no IgG was present, the HCP and
column interactions decreased which indicates that there is a co-elution or co-
interaction mechanism between the HCP and the product. Alternatively, to the
traditional buffers, high pH wash buffers, where various additives were added,
were also investigated. The conclusions were promising. The removal of the HCP
level increased and for a number of different molecules, the yield product either
remained the same or even increased. In conclusion, even though intermediate
low pH buffers are a common choice, other alternatives could potentially be
proved advantageous (Shukla and Hinckley, 2008). It is also a potential area of
investigation for aggregation propensity and how aggregation is affected by

different washing conditions.
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Product elution:

During product elution, a low pH elution buffer is used. The low pH results in a
product-ligand bond dissociation and the product is collected from the bottom of
the column. Different elution buffers are used, depending on the nature of the
product-ligand interaction and on product stability. The buffers used in protein A
chromatography are usually low pH buffers, between 2.5-4.0. The description
given from Shukla and Hinckley (2008) about the elution mechanism is: As
mentioned before in another section, the antibody-protein A interaction
mechanism is described as hydrophobic. On the Fc region of the antibody and
on the protein A surface there are highly preserved amino acids residues such
as His, which are ionisable and face each other. This hydrophobic contact
between the two molecules can be reversed when low pH (many H+ are present)

Is applied. Those residues become protonated, thus repelling each other resulting

in a decrease of hydrophobicity, which

affinity | i gand.canTpbtentialty umprbve thé moducto/ield gndH
production rate but at the same time could cause destabilisation of the product.

Therefore, maintaining a balance is necessary (Shukla and Hinckley, 2008).

2.3.3 Solid-liquid adsorption interfaces

Several biomolecular interactions take place at the interface of two phases, the
most common one being the solid-liquid interface. During processes like
chromatographic purification, the biomolecules have to differentially move across
an adsorptive medium. Sometimes, they can also interact with ligands bound onto
the surface, such as hydrophobic groups, ion exchangers and affinity ligands (e.g.

protein A) (Coskun, 2016).
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It is also essential to appreciate that the majority of proteins are, in the most part,
amphiphatic molecules (a molecule which consists of both hydrophobic and
hydrophilic elements). This ability makes these molecules fundamentally surface-
active (compounds that lower surface tension). The problem, however, is how to
control their adsorption on the interface and not how to adsorb them in the first
place. Intermolecular forces between the protein particles are responsible for the
adsorption process and this can result in a protein conformational change. Even
though there is a broad knowledge about adsorption processes as a whole,
nevertheless there is a lot yet to be discovered and understood before a complete

theory can be formulated (Hlady and Buijs, 1996).

2.3.4 Affinity supports (matrix)

In this project, the liquid phase is water or water-based buffers and for the solid
phase, a number of candidates have been proposed, including Silica beads,
Agarose and Cellulose gels. Cross-linked beaded agarose is the most common
matrix for protein affinity purification. It is available in two different densities, 4%
and 6%, this means that a 1 mL resin-bed is more than 90% water by volume
(ThermoFisher Scientific, 2018). Each project, however, has its own unique

requirements that the affinity matrix should meet.

Before selecting a suitable affinity matrix, there are five different aspects that
should always be taken into consideration. These are chemical inertness,

chemical and mechanical stability, particle and pore size.

Chemical inertness: requires that the support molecules only bind to the

molecule of interest and avoid any nonspecific binding. Matrices that exhibit
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specific binding, have similar properties with the aqueous mobile phase and thus
are hydrophilic (Magdeldin and Moser, 1996). Silica has strong nonspecific
binding properties. In order to avoid that, diol-bonded silica was developed, which
is both neutral and hydrophilic silica coating. This allows the silica to perform
specific binding as well as providing an easily adjustable functional group for

ligand immobilization (Schiel et al., 2006).

Chemical stability: An affinity matrix must be chemically stable under normal
circumstances. This means that it does not undergo any degradation when for
example elution buffers and cleaning agents are used (Magdeldin and Moser,
1996). Silica experiences hydrolytic damage when a pH outside the range of 3-7
is used. The silica coating mentioned above also helps silica beats to increase
their stability (Schiel et al., 2006). The link between the ligand and the matrix
should also be stable. Even though agarose-based matrices meet all of the
aforementioned specifications (can be used between pH 3-12 and aqueous
eluants have no effect on them) their ligand attachment is usually not very stable

(Magdeldin and Moser, 1996).

Mechanical stability: Support materials must not be compressed due to the back
pressures acting on them (pressure opposed to the desired flow of a fluid in a
confined place) during separation processes. Most of the commercial matrices
meet this requirement, but the problem arises when contaminants build-up during
the process, resulting in restricted column flows, which inevitably leads to
increased back pressures. Soft porous gels such as agarose and cellulose beads
are only stable at low pressures (Schiel et al., 2006) and thus will not be able to
withstand these higher pressures and will ultimately compress, causing an

additional pressure increase that will result in the collapse of the matrix structure
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(Magdeldin and Moser, 1996). When silica beads are used, the column operates
at a higher flow resistance and back pressures, due to the small particle size.
This, however, does not pose any significant problems as long as the process is
run under typical conditions (up to 200-350 bars) since silica has good

mechanical stability properties (Schiel et al., 2006).

Particle size: A smaller matrix particle size is preferable for the affinity process,
as it helps to limit mass transfer effects as well as band broadening. It also
provides a larger surface area, which allows more affinity ligands to bind and get

immobilised onto the affinity matrix. On the other hand, as mentioned earlier,

small er particle size increases the syst
system is also increased due to the fact that smaller particle sizes increase the
potential f or mor-ep Fordhede eeasons, lngdr gadiclels (80- | d
100 em) size matrices are wusually wused.

Pore size: The last aspect that has to be taken into consideration before selecting
a suitable affinity matrix, is its pore size. The bio-molecules of interest should be
able to pass through the column, but also pass through the pores of the matrix
itself to ensure that they fully interact with the affinity ligand. The effective
diffusion coefficient can be estimated using the Renkin equation and based on
this, it is stated that the pore diameter must be at least 5 times the diameter of
the molecule that we wish to purify. The affinity support of at least 300A pore size
should, therefore, be able to purify proteins of 60A diameter (Magdeldin and
Moser, 1996). Lastly, the larger the pore size, the less the surface area available
for the affinity ligand to attach itself onto. Therefore, in this case, the number of
immobilised affinity ligands decreases leading to inefficient antibody purification

(Magdeldin and Moser, 1996).
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Table 2.1 | Comparison between Agarose, Silica and Cellulose matrix
properties
(Mourey and Schunk, 1992; Magdeldin and Moser, 1996; Schiel et al., 2006)

YES YES YES

High capacity

Low column

NO (not a problem

T NO under_t_yplcal NO
conditions)

Rapid mass transfer YES YES NO

Very hydrophilic YES YES (with coating) YES

Chemically stable Better und_e_r alkaline Better un_dv_er acidic YES
conditions conditions

Physically stable YES YES NO

Easy to modify YES YES YES

Cheap NO NO YES
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2.3.5 Properties and binding capacities of affinity resins
Currently in industry many different types of affinity ligands are manufactured and
used, each with a different binding capacity, see Table 2.2 for some examples (Mdller

and Vajda, 2016).

Table 2.2 | Examples of commercially available affinity ligands
(Mller and Vajda, 2016).

Immobilized reactive  Tosoh Bioscience Toyopearl AF Blue
dyes GmbH HC-650M il
Metal chelate GE healthcare Chelating sepharose 12 mg/ml for I_-Ins
chromatography fast flow tagged protein
Concanvalin resin GE healthcare Con A sepharose 4B 2 p.orcme
thyroglobuline
L L el Prometic life sciences MabSorbent 2ias mg.mAb/mI
adsorbents resin

S E Ty CaptureSelect™ IgG- >15 g of 1gG/| of

derived ca!pture Life technologies CH1 affinity matrix matrix
protein
Aptamer Non commercialized - 30 mg/ml 1gG
Protein A GE healthcare MabSelect SuRe LX Approximately

60 mg/ml IgG

In this study protein A was the ligand of choice since it is the most common ligand
used during affinity chromatography processes. Protein A naturally has five domains,
E, D, A, B and C. Companies tend to manipulate these domains to change the

binding capacity for each resin.
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Table 2.3 | Overview of static and dynamic (mg/m) IgG binding capacities of

recombinant protein A with repeated B domains
(Muller and Vajda, 2016)

Numbt.ar of Name and. Static binding Dynamic binding
Protein B molecular weight . Kp value [M] .
oligomer Units [Da] capacity [mg/m] capacity [mg/ml]
2 Prof-B2 229+1.7 8 x 1077 20.9
3 Prof-B3 32.2+3.2 3.53x 107 =
4 Prof-B4 441 +3.4 6.26 x 1077 -
Natural Protein A Prof-rSpA 35.3+0.4 1.93 x 1077 -
6 Prof-B6 61.1+4.7 1.26x 10/ 40.7
8 Prof-B8 80.1+8.4 3.7%x107 57.5
9 Prof-B9 77.8+7.6 4.8 x 107 52.3

Protein A ligands which have a molecular weight higher than a single binding domain,
have been used in multiple commercialized protein A resins. Protein A native
domains E, D, A, B, and C, recombinantly produced, are being used, excluding the
cellwall domains. Animproved, alkaline stable ligand is produced from the B domain
of native protein A (Z-ligand). By using multiple binding domains per ligand, the
binding ratio of protein A to IgG is increased (Muller and Vajda, 2016). Important
properties of selected commercialized protein A resins are outlined in tables 2.4 and

2.5.
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Table 2.4 | Summary of protein A stationary phase morphological properties

(Pabst, Thai and Hunter, 2018).

MabSelect SuRe

MabSelect SuRe
LX

MabSelect SuRe
pcc

MabSelect
PrismA

Amsphere A3

AF-rProtein A HC-
650F

KanCapA
KanCapA 3G
Eshmuno A
Praesto AP
Monofinity A
MabSpeed rP202

Particle

size (um)

89.6

88.4

44.4

54.1

49.6

54.2

75.0
79.2
50.2
92.5
95.7
44.9

Pore size

(nm)
41.8

38.2

29.7

32.7
46.0
30.8

51.0
42.5
40.8
37.4
36.8
60.5

Extraparticle

porosity, b
0.31

0.31

0.35

0.34
0.34
0.34

0.36
0.33
0.34
0.25
0.29
0.37

Note: Extra-particle porosity is the volume outside the resin particles when

packed in a column
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In this study, the resin of choice was the Prosep Ultra Plus from Millipore, with an
average particle size of 60em, average pore size of 70nm, static binding capacity of
67mg/ml and dynamic binding capacity of 50mg/ml (Instructions, 2012). A silica-
based resin was specifically chosen to ensure comparability with the Neutron
Reflectivity data gathered from a silicon wafer. Also, a silica-based matrix would allow
easier protein adsorption characterisation using SANS compared to other agarose
and cellulose-based resins since they have different contrast matching points (more

information is given on this topic later on).

2.3.6 Spacer arms

Sometimes some of the binding sites of the molecule of interest, are hard to

access, due to steric hindrance. For this reason, spacer arms are frequently

placed between the ligand and the matrix to maximize the efficiency of the target

mol ecul e binding. The spaclengortaeashodtandit engt |
can result in non-specific binding or even complete binding failure. Usually,

spacer arms are used when the molecules coupled have a size of less than 1

KDa (Magdeldin and Moser, 1996).

Matrix

Ligand Spacer arm
/ A.’Sl]
i Biomolecule

’

AZ.!".IJ

ie. peptide |

Inefficient binding Efficient binding

A_/\_._

0 5 10 15 20 25 0 5 10 15 20 25

Ligand attached directly to matrix Ligand attached to matrix via spacer arms

Figure 2.8 | Spacer arms chromatogram

It is shown that when spacer arms are introduced between the matrix and the ligand
better ligation and elusion is achieved (Magdeldin and Moser, 1996). Typical spacer
arm lengths are around 35A and protein A ligand and antibody molecular weights arey

approximately 42kDa and 150kDa respectively.



2.3.7 Aggregation

Aggregation is a term used to describe the process where at least two originally
native proteins attach to each other to form a non-native protein. This mechanism
is more likely to be reversible or irreversible depending on whether the aggregate
units formed, have a native or a non-native protein state, respectively. If the
process is reversible, upon altering the solution conditions the aggregation can
be reversed (Chi et al.,, 2003; Cromwell, Hilario and Jacobson, 2006). When,
however, the proteins are partly denatured and thus unstable, they tend to
aggregate in order to gain stability. This process is irreversible (Shukla, Gupta
and Han, 2007b). Aggregation is classified as physical degradation and in the
pharmaceutical industry; this is considered as contamination, thus lowering the
chances of successful manufacture and sale of the respective protein. In order
for effective therapeutic protein formulation to take place, aggregated molecules
should be lower than the acceptable levels set by the industry (Chi et al., 2003;

Cromwell, Hilario and Jacobson, 2006).

The traditional antibody purification process starts with the binding of the antibody
on a protein A column, followed by the elution of the bound antibody at low pH
(Ejima et al., 2007). It is widely accepted that low pH in such processes leads to
increased aggregation propensity (Ptitsyn, 1995; Fink, 1998; Cromwell, Hilario
and Jacobson, 2006; Ejima et al., 2007; Shukla, Gupta and Han, 2007b; Hari et
al., 2010; Latypov et al., 2012; Mazzer et al., 2015), which translates to product
loss. This is a high-value product and therefore, it is essential to achieve the
maximum product yield possible. However, pH is not the only parameter that can

affect aggregation levels. The eluted IgG from protein A chromatography, is more

53



prone to aggregation (lower structural stability), presumably due to the sorption
processes involved in the separation. Gagnon et al. (Gagnon et al., 2015; Gagnon
and Nian, 2016), have demonstrated that during the protein A chromatographic
elution step, the average hydrodynamic radius and secondary structure content
of the IgG1, 150kDa, undergo significant changes. There was a dramatic loss of
structure with a reduced-size conformation (about half the hydrodynamic size of
the native IgG, ~5.5nm compared to ~11.5nm). dysheets were reduced by 45%,
Ui helices were increased by 55% and random coils were reduced by 28%
compared to the native antibody molecule (Gagnon et al., 2015). It is suggested
that the size reduction of the IgG1l molecules is influenced by protein
concentration; whereas the changes in secondary structure are due to the dual-
site interaction between IgG and protein A, 42kDa, (one IgG is bound to two
protein A molecules) (Gagnon and Nian, 2016). Other studies from Shukla and
Mazzer also support this theory, through the quantification of the increase in
aggregation rate following low pH elution from protein A chromatography, which
was significantly higher when compared to the aggregation rates from low pH
alone (Shukla, Gupta and Han, 2007b; Mazzer et al., 2017). By controlling the
conditions in which the purification process takes place, the level of aggregation
can be affected (Cromwell, Hilario and Jacobson, 2006). As Shukla et al. 2007
states, a detailed study concerning the aggregate formation kinetics and their
relation to chromatography on protein A media, has not been undertaken yet
(Shukla, Gupta and Han, 2007b). The changes in the structure of the protein and
the ensuing aggregation tendency during chromatographic separation when
additional stresses are present, such as different ligand or antibody densities,

different holding times or even different buffers have not been investigated.
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2.3.8 Classification of aggregates

Aggregates are classified as small or large. The small ones are typically soluble
oligomers involving 10 or fewer units. The diameter of large oligomers is between
20nm to 1em and that depends on the
turbidity is used to measure the levels of insoluble aggregates. The aggregates
that contribute to turbidity have a
For this reason, they are called sub-visible particles (Philo S., 2006; Mahler et al.,

2009; Sharma et al., 2009; Den Engelsman et al., 2011).

Aggregates are held together by weak forces such as van der Waals and
hydrophobic or electrostatic interactions. They also include covalent bonds like
di-tyrosine cross-links and di-sulphide bridges (Philo S., 2006; Mahler et al.,
2009). Usually, the irreversible aggregates are bound by covalent bonds, and
typically the smaller aggregates are reversible (Philo S., 2006). The phenomenon
which involves the stabilization of the aggregate by altering its secondary

structure is called non-native aggregation (Roberts, 2007).

2.3.9 Kinetics of aggregation

During aggregation experiments, it is frequently assumed that the monomer loss
has a directly proportional relationship to aggregate formation (Shukla, Gupta and
Han, 2007b; Hari et al., 2010). This means that any monomer lost during the
experiment must have been now part of the aggregate in that solution. Size
exclusion chromatography is the most common method for determining the
monomeric loss rate which can be useful for clarifying extrinsic factors that affect

the rate of aggregation.

The most common model used for describing aggregation kinetics is the Lumry-

Eyring model (Chi et al., 2003; Roberts, 2007; Shukla, Gupta and Han, 2007b).
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Lumry-Eyring model is a protein denaturation model that includes a rate-limiting
step that leads to an irreversibly denatured state of the protein (Sanchez-Ruiz,
1992). Firstly, the native protein becomes destabilised, which constitutes a level
of unfolding. The unfolded molecules then form irreversible aggregates. This
implies second-order kinetics but in this model, only the first stage is in
equilibrium, native protein to unfolded protein. Any following aggregation is
considered fairly instantaneous and irreversible. Therefore, it should be first-order
kinetics (Roberts, 2007; Shukla, Gupta and Han, 2007b). This means, that when
using this model, the level of unfolding is of great interest. In addition, the
unfolding level that facilitates aggregation should be investigated as it plays a role

in the rate of aggregation as well as its potential of reversibility.

As described in all models, aggregate formation comprises of two main stages,

nucleation and growth. The stages involved in the non-native aggregation are:

1. Monomers unfold and fold in an equilibrium relationship.

2. Reversible oligomers are formed when patrtially unfolded or non-native
conformations associate reversibly. The monomers involved in these
stages are called reactive monomers.

3. Monomeric units coming from reversible oligomers adopt conformations
that stabilise the aggregated molecule. This can involve changes in the
secondary and tertiary structure of the protein.

4. Atthe same time as step 3, the aggregate becomes irreversible due to the

fact that the oligomer is stabilised (Chi et al., 2003; Roberts, 2007).
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Figure 2.9] Non-native aggregation pathway shown schematically

Aggregate formation happens in two stages, nucleation and growth. The
nucleation phase starts with (I) - a reactive monomer (R) which is reversibly
formed from a native monomer. In phase (ll) R reversibly dimerises (R2) and
then the dimers form reversible oligomers (Rx). In phase (lll) oligomers become
irreversible (Ax), completing the nucleation phase. The second stage, growth,
follows either (IV) by adding R to form soluble filamentous polymers which may
then form gels or fibrils, or (V) by association of irreversible oligomers (Ax) to
form amorphous precipitates. Adapted by (Roberts, 2007). Copyright © 2007

Wiley Periodicals, Inc.
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2.3.10 Protein intrinsic factors affecting aggregation

Both intrinsic and extrinsic factors can affect the protein aggregation probability.
Primary, secondary and tertiary structures all have an effect on the aggregation
phenomenon. The secondary structure, however, it is believed to have the

greatest effect. As mentioned before, aggregated molecules often contain many

secondary structure regi on s-sheethfarts alea v e

commonly adopted (Chi et al., 2003; Fernandez et al., 2003; Andrews and
Roberts, 2007). In aggregation-prone regions, many aromatic and hydrophobic
residues were found. The results from Biddlecombe et al., a study in 2009
supports this statement. They found that when using three different highly
homologous IgG4 molecules, apart from their antigen-binging regions, the three
molecules had different aggregation rates. This phenomenon might occur simply
because the antigen-binding regions are more exposed to the solution
environment, and thus they are more susceptible to destabilisation (Biddlecombe

et al., 2009).

Different fragments of an antibody have different aggregation propensities. A
study from Hari et al. in 2010, suggests that the Fc fragments in solution had
more than 90% monomer loss after 50 hours in pH 3.5, indicates a very high
aggregation rate. The full-length antibody had a rate of aggregation not far behind
that of the Fc fragments. Fab fragments, however, were highly resistant to
aggregation. This suggests that if one region of the IgG is unstable it can
influence the stability of the whole molecule, even if another antibody domain is

stable (Hari et al., 2010).

Finally, It iI's argued that anot her

aggregation is the tertiary structure. Tertiary structure is responsible for the
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proteino6s sries likeatheethepnal csiabdity, charge distribution and

hydrophobic patches (Ishikawa et al., 2010).

2.3.11 Protein extrinsic factors affecting aggregation

There are many external factors that alone or in combination can have an
aggregation accelerating effect on proteins. These factors can range from
temperature, pH, and protein concentration all the way to protein-surface
interactions (Cromwell, Hilario and Jacobson, 2006; Biddlecombe et al., 2009).
Since external factors have such a great impact on aggregation pathways, it
might be easier to optimise the processing conditions for each protein candidate
rather than trying to manufacture antibodies that can endure narrowly defined

streamlined conditions.

I n S h wkdl., astidy, 2007, they examined on-column protein aggregation
during affinity chromatography. Their aim was to investigate whether the
adsorption process itself (especially regarding protein A) contributed to added
protein aggregation rather than just the low pH used during the elution step. The
results showed a dramatic difference in aggregation between the solution and the
on-column experiments. Without any additives present, the rate of aggregation
after protein A chromatography was 5 times faster than when the antibody was
in solution only. One additive that showed reducing on-column aggregation
effects was Urea. At 0.5M (the lowest concentration) was most effective for the
on-column experiments. However, in solution, it was most effective at a higher
concentration, 1M. Urea acts as a stabiliser because it stiffens the backbone
amide bonds and thus reduces the rotational freedom. On the other hand, Shukla
states that some additives that act as stabilisers in solution might cause

destabilising effects during adsorption/desorption events. One of these additives
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was 10% sucrose. These results show that the extrinsic aggregation inducers are
additive, but also suggests that the aggregation pathway depends on the inducers

(Shukla, Gupta and Han, 2007b).

2.4 Analytical methods

2.4.1 Size exclusion chromatography

One very common technigue to observe aggregates formation is size exclusion
chromatography (SEC) or also called Gel filtration (GF) (Sciences and Size,
2000; Den Engelsman et al., 2011). Molecules in the SEC are separated
according to their size difference when passing through the column. The
technique resolution (the separation degree between the peaks) is not affected
by the buffer composition since the molecules do not bind onto the
chromatographic medium. Therefore, this is advantageous since the conditions
can vary to match the purification requirements without changing the separation.
For molecules that need harsh environmental conditions, have a high
concentration of metal ions or are pH-sensitive, SEC is a great choice. Finally,
any chosen buffer can be used to collect the purified protein (Sciences and Size,

2000).

Purification process: The medium matrix is made up of chemically and
physically stable as well as inert (do not have any reactive or adsorption
properties) porous spherical uni t s,

pores and the space between the particles are filled with a running buffer which
equilibrates the packed bed. The liquid outside the particles is the mobile phase
and it is in equilibrium with the liquid inside the pores, the stationary phase

(Sciences and Size, 2000). When the sample is passed through the column, the
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larger particles move downwards through the spaces between the medium
particles because they are too big to fit through the pores. However, smaller
particles can penetrate through the pores and thus they need more time to reach
the detector at the bottom of the column. For this reason, larger particles are
always recorded first before the smaller ones. During the separation process,

there is no need for a buffer change, since the samples are eluted isocratically

(the mobile phaseds composition is kept

process, it is important, however, to have a washing step to remove any
remaining molecules from the column. The column is then ready for the next run

(Sciences and Size, 2000).

Size exclusion chromatography works in two modes. The first one is the group
separation. This mode is used when the removal of small particles is needed from
a group of bigger particles. This method is fast and simple for protein purification
processes that need desalting and buffer exchanges. The second mode is the
high-resolution fractionation. Different sample components are separated
depending on their sizes. This mode is used when one or more of the components
need to be isolated or to analyse molecular weights. To optimize the results,
before conducting high-resolution fractionation, it is better to use other
chromatographic technigues to remove the majority of the unwanted proteins that
have a similar size. Also, for optimal performance, it is beneficial to use pre-

packed SEC columns (Sciences and Size, 2000).
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Figure 2.10 | Schematic chromatogram of the SEC process using the high-
resolution fractionation
(Sciences and Size, 2000)

2.4.2 FTIR-ATR

FTIR is a vibrational spectroscopic method that calculates the intensity and
wavelength of infrared radiation absorbed by a sample. The spectra are shown as
relative absorbance against wavenumber, the reciprocal of wavelength, with cm™ as
units. The strength and polarity of the chemical bonds in the sample determine the
vibrational frequency, which is proportional to the wavenumber. Different structural
groups such as CH2 or COOH result in unique absorption bands. The intramolecular
structure of the sample can influence the bands observed. This is due to the
intramolecular bonds present, like hydrogen bonds, which affect the electron density
of a given bond. Absorption bands can also be affected by the solution or chemical
environment of the sample (Arrondo et al., 1993; Seshadri, Khurana and Fink, 1999;
Barth, 2007). In proteins, the absorption band observed on the infrared spectra is

due to their characteristic amide group.

Figure 2.11 | The basic amide group of proteins
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A planar amide group gives rise to 6 modes, 5 in-plane and 1 out-of-plane. The in-
plane modes are caused by the C=0, C-N, N-H stretching and O-C-N bending. The
out-of-plane mode isduetoC-N t or si on. The character
amide groups are very similar to the absorption bands of the secondary amines in
general and are known as the amide bands. There are nine such bands, but the most
frequently used ones are amide | and amide Il. The frequency of amide | is between
1700-1600cm* and is mainly affected by the C=0 stretching vibrations in the protein
backbone and for the amide Il is between 1600-1550cm™* mainly because of the N-

H bending and C-N stretching (Seshadri, Khurana and Fink, 1999; Barth, 2007).

Amide | band is the most critical for the analysis of the protein secondary structure.

The exact frequency of the C=0O vibration depends on the nature of hydrogen

i Sti c

bonding which is affected by the proteint

different polypeptide conformations in different domains. T herefore, the amide | band

i's a combination of overlapping coshgets,nent

turns and other structures.

The same goes for amide Il bands. The position however, of the amide Il band is
sensitive to deuteration. It shifts its frequency from 1550cm™? to 1450cm™. The
conformational information is difficult to analyse using this band since the amide |l
deuterated band overlaps with the H-O-D bending vibration. The rest of the amide II
band at 1550cm™ can still give information regarding the accessibility of the solvent

to the peptide backbone (Stuart, no date).
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frequencies of the multiple protein secondary structures. (Byler and Susi, 1986).
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FTIR-ATR is the most common technique for using infrared spectroscopy (IR).
During IR, the radiation passes through the sample. The sample absorbs some
of this radiation and the rest of it just passes through (transmitted). The molecular
fingerprint of the sample is then created by combining the absorption and
transmission of the radiation by the molecules (spectrum). Each molecular
structure has its own unique fingerprint because each absorption peak
corresponds to the atomic bondsévibration frequencies that make up the material
and each material has its own unigque mixture of atoms. This technique can,
therefore, identify any kind of structure and material. Also, the amount of each
material present in the sample can be determined from the different peak sizes

in the spectrum (Thermo Nicolet, 2001).

FTIR can provide details on (Thermo Nicolet, 2001):

1 Identification of unknown materials
91 Determination of consistency and quality of the sample

9 Identification of the number of components in a sample

Older IR technology involved dispersive and filter methods. FTIR however, is

better because (Thermo Nicolet, 2001):

91 Has larger optical throughput
T No external calibration due to accurate measurement method

1 Has increased speed (one scan every second)

=a

Has only one moving part, thus mechanically simple
1 Has increased sensitivity (one second scans)

M Is a non-destructive method
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Infrared Spectroscopy can be used for analysing solids, liquids as well as gases.
In order to get a good quality spectrum however, some sort of sample preparation
might be necessary. Generally, experiments for liquid transmission are easier to
prepare than the solid ones. However, for both phases, the sample preparation
method is complicated and thus difficult to reproduce. The preparation is also
time-consuming and sometimes messy. Further complications are added
because getting the matrix ratio correct and homogenous along the sample is
very difficult. Other problems during preparation include; the materials involved
being hygroscopic and fragile and this ¢
they are stored or treated wrongly. All these issues are addressed by Attenuated
Total Reflectance (ATR) (ThermoFisher Scientific, no date). When the beam
comes into contact with the sample, ATR measures the changes occurred on the
internal reflected infrared beam. At a specific angle, the infrared beam is focused
onto a crystal which is optically dense and with a high refractive index. A
temporary wave is created from this internal reflectance, that expands beyond
the crystal surface into the sample, which is held in contact with the crystal. Good
contact between the sample and the crystal is vital since this evanescent wave
onlyprojectsout of the crystal and into tHhe. sam
This wave will be altered in the sections of the infrared spectrum where the
sample absorbs energy. The modified wave will then be passed back to the IR
beam, from where it exits the crystal from the opposite end and enters the
detector in the IR spectrometer. An infrared spectrum is finally produced by the
system. To ensure the success of this process there are two requirements

(SpectraTech, no date):

1 The ATR crystal must be in good contact with the sample
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1 The refractive index of the crystal must be considerably larger than that of

the sample

Buffer medium

777
S

K % d, — Protein layer

ATR-FTIR crystal
Infrared light

Figure 2.13 | Typical ATR-FTIR configuration

The sample configuration of the ATR-FTIR and the reflectivity experiments are very
similar, a flat silicon crystal assembled in a flow-through, low volume cell with a small
chamber height. This makes the FTIR technique a good method to examine the
sample environment prior to the expensive NR experiments. These two techniques
are also complimentary. The FTIR provides information regarding the secondary
structure of the immobilised proteins as well as their chemical environment, whereas
the neutron reflectivity experiments give more details on the density of the solid-liquid

interface on a three dimensional form.
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2.4.3 X-ray, electron and neutron diffraction

Diffraction is the process when a light beam or another wave system spread out
as a result of passing through an edge or a narrow aperture. There are three
common diffraction techniques; X-ray, electron and neutron. These techniques
have many similarities between them, however, they also have many differences.
Each experiment has different requirements and therefore careful consideration
of each technique is needed in order to decide which one of the three is more

suitable and would provide the most useful information of the examined system.

The table below explains the differences between these techniques.

Table 2.6 | X-ray, electron and neutron diffraction differences

(Swami, 2015)

_ X-ray diffraction Electron diffraction Neutron diffraction

Wavelength needed
for crystal diffraction

Energy

Cost

How are they
scattered?

Penetration

Determine magnetic
structure
Determine the
thickness of thin

films and multi-layers

E=10"M eV

Cheapest and most
widely used method

Interact with spatial
distribution of the
valence electrons

Normal

NO

NO

Ex=40eV

The electron beam
can be easily
produced by cathode
tube

Electrons are charged
and they interact with
matter through
Coulomb forces.
Incident electrons feel
the influence of both
the positively charged
atom nuclei

Less

NO

YES

E~0.08 eV

Neutron sources
limited, very special
tool and very
expensive
Neutrons are
scattered by the
atomic nuclei through
the strong nuclear
forces. The magnetic
moment is non-zero
and they are also
scattered by magnetic
fields

High

YES

NO
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Based on the aforementioned differences these are the advantages of each

technique:

X-ray diffraction advantages (Swami, 2015):

1 Cantake measurements under atmospheric pressure
1 Easy sample preparation
1 Evacuated chamber not needed for the specimen

1 Can be applied in single crystals

Electron diffraction advantages (Swami, 2015):

1 Crystal cell symmetry and cell parameters can be extracted
1 High intensity diffracted beam
1 Nano-size crystals can be examined

1 A small amount of material is needed

Neutron diffraction advantages (Swami, 2015):

1 Neutrons are weakly absorbed by crystals, so they can be used to study
components with heavy atoms (x-rays are strongly absorbed)

1 Can penetrate aluminium and steel several millimetres

1 Can be more useful than X-rays for crystal structure determination of solids
with light elements.

1 Contrast matching technique can be used to examine individual system

components

Once the advantages and disadvantages of each technique were assessed, it
was decided that during this study the most suitable technique would be neutron

diffraction.
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2.4.4 Neutron Scattering

2.4.4.1 Neutron Measurements for characterising biological materials
Neutron Scattering can be applied in a variety of areas, from bioscience and soft
matter all the way to material science. This technique is useful for gathering
mechanistic information for chemical aggregation, protein and surfactant adsorption,
to name a few. This is possible due to the non-charged nature and negligible electric
dipole moment of neutrons. Consequently, neutrons interact with other neutrons
present i n t hea vary shontsrange r{~fing) focés and with unpaired
electrons via magnetic dipole interactions, unlike X-r ays t hat i nteract
electron cloud (de Bergevin, 2009; Pynn, 2009b). Since the nucleus size of an atom
isnormally 10°t i mes smal |l er than the atomdés tot al
have low density, to the neutrons travelling through them (Pynn, 2009b). This allows
neutrons to deeply penetrate the samples, which means that neutrons can travel
large distances through sample materials without been absorbed or scattered (Pynn,
2009b). The photon flux provided by X-ray instruments at synchrotron facilities is
typically 10%** times higher than a neutron beam flux, making neutron beams of
relatively low intensity (Pynn, 2009b). This makes neutron techniques useful for
studying the structure of biological molecules since the samples are not structurally
damaged by the neutrons. In addition to the low intensity, neutrons have high
transmission through samples compared to scattering, which leads to a weak signal
intensity. Despite these weaknesses, if correct instrumentation and experimental
designs are used, the benefits of this technique by far outweigh the weaknesses

(Pynn, 2009b; Clifton, Neylon and Lakey, 2013).

In neutrons, hydrogen isotopes play an important role when studying biological
materials. Neutrons interact very differently in the presence of the two hydrogen

isotopes, 'H (protium) and 2H (deuterium). This property is known as scattering
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length, with A units at a scale around10°. A mat er i al 6s abi l
described by its scattering length. Protium has a negative scattering length, which
means that as the neutrons approach the nucleus, they are subjected to an attractive
potential. Deuterium on the other hand, has a very large scattering length (Clifton,
Neylon and Lakey, 2013). When characterising large structures or bulk materials like
proteins, their scattering length density (SLD) is calculated (scattering lengths of all
atoms in each molecule are added together and then divided by the total volume of
the molecule). Which results in a scattering length density of H>O being negative and
that of D»O being positive and a lot higher than a lot of other substances. The contrast
can then be found, the difference in SLD between two molecules or bulk phases

(Pynn, 2009b).

The fact that hydrogen is in high abundance in nature, makes it easy to exploit this
contrast creating property, by either suspending the sample in a D>0O-based mobile
phase or by isotopically labelling the material of interest. These methods can create
high contrast between the suspension medium and the molecules of interest, or even
between different subunits of a molecule. In addition, the SLD of a certain measured
system component can be matched with the SLD of the solvent by adjusting the D>O
content of the solvent. Thus, rendering the certain component neutron invisible since
its scattering is the s ani@lftoa Neylbrhaad Lbkay
2013). When applying this contrast variation technique, neutrons can characterise

an array of naturally occurring structures.
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2.4.4.2 Types of neutron sources

There are multiple neutron sources, however, only a few can be used for
scattering purposes; continuous and pulsed, along with some others. Continuous
reactors generate neutrons continuously whereas, spallation sources operate in
a pulsed mode or otherwise called time-of-flight mode (Hammouda, 2016).

Currently, 1015 n/cm? sec is the highest flux available.

2.4.4.3 Continuous reactors

Upon absorption of a neutron, some heavy nuclides undergo a fission reaction and
produce fission products (lighter nuclides). U-233, U-235, Pu-239 and Pu-241 are
known fissile nuclides, though the ones utilised the most are U-235 and Pu-239.
During fission reactions fission fragments, some fast neutrons and gamma rays with
huge energies in the form of kinetic energy (200MeV) are released. The heavy fission
fragments remain in the fuel elements and they are the main source of heat. The
more energetic gamma rays and fast neutrons can penetrate almost anything and
therefore precautions are taken against them (Hammouda, 2016). These fast
neutrons and gammas are not allowed to reach the detector and are a nuisance to
neutron scatterers. Once the neutrons are slowed down with a moderator by using
light or heavy water, the neutrons are then used to either sustain the fission reaction
or are allowed in the beam tubes for cold or thermal (low energy) neutron scattering.

For the current study, the continuous reactor used was at NIST, National Institute of
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Standards and Technology, that contains a third generation cold neutron source at

20MV (Hammouda, 2016).

Fission Chain Reaction

fission I
fragment @
\ // 2 to 3 fission

HH/' \ neutrons

incident '8 o

neutron ‘
fissile nucleus @ radiative
(U-235, Pu-239) capture
A .. _gamma

neutrons used for ~
neutron scattering

Figure 2.14 | Fission chain reaction

Figure adapted from (Hammouda, 2016)

2.4.4.4 Spallation sources

For this study, the ISIS spallation source was also used. Using spallation process,

neutrons are produced by bombarding a heavy metal target with high energy protons

in pulses from a powerful accelerator, resulting in neutrons been knocked out from

the target atombébs nucleus. This pro@dlISces a

Science and Technology Facilities Council, 2017).

The proton acceleration chain starts an H- ion source. The H- beam is accelerated
and injected into the linac with an energy of 665keV. The linac accelerates the beam
even further to a 70MeV. The H" ion beam is then entered in the synchrotron and is
passed through a thick aluminium oxide stripping foil to remove both electrons
present in the H ions, which converts them into protons. The now proton beam is
injected at a 130 turns of the synchrotron allowing accumulation of around 2.8x10%
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protons. Once completed the injection, the beam is accelerated to 800MeV in two
bunches. Before extraction, the pulses are 100ns long and separated by 230ns. The
proton beam will revolve around the synchrotron around 10000 times while being
accelerated prior to being deflected and extracted into the proton beam line. This
whole acceleration process is repeared 50 times per second (ISIS Science and
Technology Facilities Council, 2017).

During the spallation process, the pr ot ons ar e hitting t
which puts the individual nuclei into a highly exited state. To release this energy,
nuclei evaporate neutrons which some of them remain to trigger more reactions and
some of them leave the target. One proton normally results in the production of 15
neutrons. Since these neutrons are highly energised with high velocities, once again
they have to be slowed down. To achieve this, small hydrogenous moderators are
used around the target (ISIS Science and Technology Facilities Council, 2017).

The neutrons produced by the ISIS pulsed reactor have very different characteristics
to those produced at a continuous nuclear reactor source. The energy and
wavelength of individual neutrons can be determined, which allows for fixed
scattering geometries to be used. This is due to the polychromatic neutron beams
used during the time-of-flight technique. A wide energy and momentum transfer
spectral range can be measured with good signal-to-noise levels and high instrument
resolution. Muons and neutrinos are also produced during this process but their

production is beyond the scope of this thesis and therefore not commented upon.
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Figure 2.16 | The two main types of neutron sources: continuous reactors and

pulsed sources
Schematic representations of SANS instruments are shown at the top. Figure

adapted from (Hammouda, 2016).
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Figure 2.15 | Schematic of the NIST confinement building showing the cold
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Figure adapted from (Hammouda, 2016)
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2.4.5 Neutron reflectometry (NR)

Neutron techniques can characterise structures over a wide range of length scales
and physical conditions, since temperature and pressure for instance, do not
influence neutrons. Atomic scale crystalline materials all the way to large viruses and
biological complexes that are hundreds of nanometres can be measured using
neutrons. However, different length scales and sample configurations may need
different instrumentation; thus, the appropriate neutron instrument must be selected
prior to any experiments (Fermon, Ott and Menelle, 2009; Pynn, 2009b; Clifton,
Neylon and Lakey, 2013). Neutron reflectometers are only one class of neutron
instrumentation. Even though there are many subclasses of neutron reflectometers,
they all allow the study of parallel layered systems and layers of material adsorbed

on a planar surface.

When highly collimated (accurately parallel) neutron beams are shined onto an
almost perfectly flat surface (single silicon crystals are used due to their high neutron
transparency) (Campbell et al., 2011; ISIS Science and Technology Facilities
Council, 2017) the intensity of the radiation reflected is measured as a function of
neutron wavelength or angle. Details of the surface structure such as roughness of
the thin films layered on the substrate, density and thickness can be gathered from

the reflectivity profile shape (ISIS Science and Technology Facilities Council, 2017).

77



xo¢
e
06

Interface

Protein A and BSA layer
Antibody layer

\Soluﬂon

Figure 2.18 | Schematic illustration of a neutron reflectivity instrument
A neutron beam (pulsed and collimated) undergoing specular reflection from the

sample surface.

Figure 2.14 shows a simplified diagram of a horizontal neutron reflectivity instrument.
Neutron reflectometry measures the reflection resulting from the collimated beam of
neutrons when reflected by the interface studied (Clifton, Neylon and Lakey, 2013).
The incoming neutron beam firstly goes through a series of choppers that select the
appropriate wavelength band. Then, the beam passes through slits of specific
dimensions and gets collimated. The beam enters the sample from the top at an
angle and then gets reflected towards the detector. The angle of incidence equals
the angle of reflection (Pynn, 2009b; Clifton, Neylon and Lakey, 2013). However,
below the critical angle of incidence, not all neutrons scatter, some are instead
transmitted by the sample. The neutron reflection density is affected by the material

adsorbed parallel to the surface (Pynn, 2009b). A modelis then created based on
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the data obtained, that describes the layered structure in the surface normal

direction. The bulk composition of the adsorbed material can then be determined.

As can be seen from Figure 2.14, the incident beam passes through the slits and
reaches the sample stage, where the sample holder is positioned. During our
experiments, the sample holder was a solid-liquid flow cell (SLFC), see Figure 2.15.
The same set up was used by Mazzer et al. in previous experiments. Other sample
configurations such as air-liquid or liquid-liquid interfaces are also common. The
SLFC was manually assembled and contained a flat silicon wafer where the
additional layers are adsorbed onto. The wafer was highly polished, and ozone
cleaned prior to each experiment. A sealed chamber was created using a Viton
spacer, with a 0.1mm gap between the bottom slab and the wafer (Perevozchikova
etal., 2015). The inlet and outlet are positioned at the bottom slab and using simple
valves the tubing is connected. The buffer flow is controlled using a high precision
syringe pump, which allows a continuous buffer flow through the SLFC at a specified
flow rate. Once the protein solution is introduced inside the chamber, Neutron
reflectivity is used to characterise any protein adsorbed to the silicon wafer. As
mentioned before, in this work the structure of the adsorbed material at the solid-
liquid interface was characterised under normal chromatographic buffer conditions

as well as when different washing buffers are introduced.
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Figure 2.19 | Diagram representing the flow through cell used during the
reflectivity experiments.

The volume of the flow-through cavity is approximately 1.5mL and with height of
0.1mm. During experiments, all cell space is filled with an aqueous solution at all
times, with a high precision syringe pump controlling the flow. Before adding any
layers (bare silicon surface), the incident angle of the collimated neutron beam is
equal to the reflected angle. The neutrons are reflected by the existing interfaces
inside the cell, for example SiO; -protein interface and protein-water interface. Five
main factors are responsible for the scattering pattern generated by the adsorbed
material: chemical composition, the number of layers across the z direction, the

respective volume fractions and depths and finally the roughness or resolution of

transition between layers (Mazzer et al., 2017).
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The size of the incident beam angle is the same as the reflected beam angle. For
this reason, neutron Reflectometry is said to be a specular (mirror-like) reflection
technique. The term momentum transfer vector (g;) is used to explain reflection,
which describes the momentum change of a neutron subsequent to material
reflection. Typically, t he -dractiooménd thartedorema I d
the scattering vector for specular reflection has only a z-component. Relative to the
incident beam, the reflected intensity is plotted in a neutron reflectometry graph as a
function of the scattering vector. The equation is as follows (ISIS Science and

Technology Facilities Council, 2017):

Equation 2-1

Where: &= Neutron wavelength, d= incidence

Reflectivity (R) can be calculated using (Webster and Facility, 2010):

] D Balemiwale-- v
n- il -

Equation 2-2
o« v

The roughness of the surface can cause diffuse scattering (non-specular) and
therefore the magnitude of the specular reflectivity decreases (Webster and Facility,
2010). The neutronsd® wavelength wused for thi
to 10 A, which corresponds to 0.2 to 1nm. All neutron scattering techniques are
contrast-sensitive. NR is sensitive to contrasts caused by the various nuclei
compared to x-ray scattering that is sensitive to electron density contrasts. Different
isotopes of the same element have a different nuclear structure, such as hydrogen
(protium and deuterium isotopes). The scattering length, b, depends on details of the
nuclear structure and can differ strongly from one isotope to the other. The scattering
length also depends on the overall spin of the nucleus and the neutron, I, that can
take values of I+1/; or I-*/,. Since the nuclear spins are oriented randomly in a solid,

for a given isotope, the scattering lengths b. for 1+/, and b. for I-*/, have to be
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averaged out (Max-Planck Institut, 2020). Therefore, the two isotopes can be

identified using this NR feature since they have different nuclear structure and spin.

Also, when the atomic composition of an element is known, the material density can
then be calculated using the scattering length density (SLD) that is measured by the
NR (ISIS Science and Technology Facilites Council, 2017). The analysis and
modelling of the data gathered is time-consuming and sometimes complicated. It is,
however, one of the most important steps. Different facilities around the world use
different modelling programs but since this study was contacted at ISIS the program
of choice is called RasCal. For further details on the program and how it was used

please read Chapter 4.

2.4.5.1 Neutron reflectivity theory

_ pwhich has a magnitude and a direction describes the neutron wave.

The wavevector

thas a directonalong t he neutronds trajectc

is

Equation 2-3

where & is the wavelengt h.

A momentum transfer occurs when the incident wave is reflected from the surface.
The wavevector transfer perpendicular to the sample surface, in the z direction, is
denoted as Q.. For specular reflectivity, where the angle of reflection is equal to the

incidence angle,

Therefore:

L
[

Equation 2-4
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Where, @zand Qsare the z components of the incident and reflected neutron wave-
vectors, respectively. di, and d; are the incidence and reflection angles, respectively
(Pynn, 2005). Please see Figure 2.16 for a schematic representation. Q; also

abbreviated as just Q, has units of AL,
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Figure 2.20 | This figure describes the momentum transfer in neutron
reflectivity

A. Shows a smooth surface, during specular reflection. The incident angle or wave-
v e ¢ t paquals the reflected angle or wave-v e ¢ t © At the Reflectivity against
Momentum transfer graph, the flat section at the top denotes the total reflection
region or critical angle region, where all the neutron wave is reflected.

B. Shows when there are multiple parallel interfaces present, once neutron waves
are reflected, interference patterns can appear. Here, a dual interface system is
showed where constructive interference is depicted. At the Reflectivity against
Momentum transfer diagram, below the critical angle region, the presence of the

material layer changes the reflectivity profile. The fringes appear due to the

interference between neutrons reflected from the different layers (Webster, 2010).
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During specular reflection, at a smooth surface, the incidentangle orwave-ve ct or , d
or kin, equals the reflected angle or wave-v e ¢ t gor kr. Aglthe angle of incidence
i ncreases above t,sene ofrthe neutma Waveaisnrgflected andl
some is transmitted. When a thin layer is present at the interface, the reflection and
transmission at the distal interface depen
(SLD). At the Reflectivity against Momentum transfer graph, the flat section at the
top denotes the total reflection region or critical angle region, where all the neutron
wave is reflected as it can be seen in Figure 2.20A. When there are multiple parallel
interfaces present, once neutron waves are reflected, interference patterns can
appear, Figure 2.20B. A dual interface system is showed where constructive
interference is depicted. When waves reflected at different interfaces remain in
phase, they are called constructive. This occurs when the travelled distance between
interfaces is an integral multiple of the wavelength. On the other hand, if the reflected
waves become out of phase, the interference is called destructive and causes a
reduction in reflected intensity. At the Reflectivity against Momentum transfer
diagram, below the critical angle region, the presence of the material layer changes
the reflectivity profile. The fringes appear due to the interference between neutrons

reflected from the different layers (Webster, 2010).
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Figure 2.21 | Reflectivity data and distance from interface graph explained

A. Shows the simulated reflectivity data for a silicon-D,0 interface with no other

material at the solid-liquid interface and B. shows the reflectivity data with a 80A

homogenous film of material. C. shows the profile of scattering length density against

z direction distance. Before the interface, the SLD corresponds to the substrate,

silicon; in the absence of the layer, the SLD value, moves directly to that of the bulk

mobile phase, D,0 (black line). When the thin layer is present there is an additional

step in the transition (red line), representing the SLD of the thin film (Clifton, Neylon

and Lakey, 2013).
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Figure 2.21A shows the simulated reflectivity data for a silicon-D20 interface with no
other material at the solid-liquid interface and 2.21B shows the reflectivity data with
a 80A homogenous film of material. Below the critical Q for DO total reflection takes
place, giving a relative reflective intensity of 1. As mentioned previously, the
presence of the layer of material changes the reflectivity profile; fringes at Qz1 and
Qz2 are present due to interference between neutrons reflected from the silicon-film
and D.O-film interfaces. The distance in Qz between the fringes is linked to the
thickness of the layer. The strength and direction of the fringes depends on the
differences in SLD between the two bulk phases and the layer. The data are
converted into the profile of scattering length density against z direction distance as
seen in Figure 2.21C using a reflectivity software. The model from the reflectivity
software generates simulations and the fit of the raw data is tested. The model is
then iterated to improve the data fit until an acceptable fit, with a chi-squared below
2, is reached. For each layer in the system, including the silicon oxide layer, the
parameters used for the model calculations are roughness, thickness, SLD and
hydration if it is a protein layer. Before the interface, the SLD corresponds to the
substrate, silicon; in the absence of the layer, the SLD value, moves directly to that
of the bulk mobile phase, D20 (black line). When the thin layer is present there is an
additional step in the transition (red line), representing the SLD of the thin film

(Clifton, Neylon and Lakey, 2013).
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2.4.6 Small-Angle Neutron Scattering (SANS)

This technique uses elastic neutron scattering to determine the structure of
protein systems at a mesoscopic scale, around 1-100nm. The size and shape of
particular components in complex mixtures can be identified. Small-Angle
Neutron Scattering is alike to Small Angle X-ray Scattering (SAXS) but SANS is
more sensitive to light elements, it has strong scattering by magnetic moments

and has the possibility of isotope labelling.

During SANS, a beam of neutrons is fired at the sample, which can be in a solid,
powder, crystal or aqueous form. The neutrons are then scattered elastically by
nuclear interactions with the nuclei of the sample. The difference between SAXS
and SANS is that in SAXS, photons interact with the electric cloud and therefore,
the bigger the element the bigger the effect. In SANS, on the other hand, the
neutrons interact with the atomic nuclei and therefore, the interaction depends on
the isotope. For example, elements such as deuterium will give analogous

scattering cross-section as lead, which is a heavy element.

: D : D 1

// | Il 1 y
o Pl 4 / {/X
7T [ I 'é % 1 20 }%',
T
420 Ié
&

Figure 2.22 | Diagram of Small Angle Neutron Scattering

Figure from (Small Angle Neutron Scattering | NFFA.eu, no date)
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2.4.6.1 Contrast matching approach

The most important feature of SANS is the unique behaviour of hydrogen,
particularly compared to deuterium. This feature is mostly useful for the biological
sciences. In these biological systems, the hydrogen (protium) is exchanged with
deuterium. This will have a negligible consequence on the sample but it will have
an enormous effect on the scattering. This technique is called contrast matching.
It is based on the differential scatter of deuterium against hydrogen. Biological
samples are typically dissolved in water and therefore, their hydrogen molecules
can exchange with the deuterium molecules in the solvent. The overall scattering
of a molecule depends on the scattering of all its components, and therefore this

will depend on the hydrogen-deuterium ratio in the molecule. At specific ratios of

H,O-D,O, <call ed the matching points, the

mo

be identical. Thus, tohtributiomonill alsobé edimdimteds c at t

when the bufferoés data are subtracted.

of proteins is usually around 40-45% D,O and at that ratio

data will be identical t o tsamdeinmblecules e

become invisible (Jacrot, 1976). This is very useful when the system contains
more than one component. By contrast matching one sample component, only
the remaining components are visible, and therefore they can be studied
separately. In this study, where the protein A ligand is attached to the silica beads
surface, by contrast matching the silica beads, the protein molecules can be

studied.

The ideal scenario would be either to purchase deuterated detergents so that the

F

t h

buf

protei n and stabilizing surfactantso contr a

detergents are not available in their deuterated form (Clifton, Neylon and Lakey,

2013).
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Taking the correct contrast variation approach is essential for the success of the
SANS experiment. For component systems (e.g. protein-silica beads or protein-
lipid) it is suggested to use the contrast variation strategy particularly if one of the
two components can be found in its deuterated form. In more complex
experiments it 'S necessary to ensure tfF
components (Clifton, Neylon and Lakey, 2013). It is important to note that no
other form of Small-Angle Scattering technique can be used for this type of
samples because the contrast matching technique does not work with the other

forms of radiation. (Kline, 2000)

Figure 2.23 | Contrast matching approach

At the top left all the components of the system are present. At the top right, the blue
component is contract matched with the buffer and therefore becomes invisible and
only the red and yellow components of the system are studied. The same process

is shown in the bottom two sketches (Kline, 2000).
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2.4.6.2 SANS instruments

The coll i mated neutron beam in this
is about 1cm? and reaches the sample, from where it is then scattered. The
scattered beam passes through a window and the scattered neutrons are
collected in a vacuum tank where the image detector is located. A beam stop is
also into place to protect the detector from the neutrons that did not interact with
the sample. Different SANS instruments use different neutron beams as already

explained (Clifton, Neylon and Lakey, 2013).

2.4.6.3 SANS NG7-30m

At NIST, the instrument used was the SANS NG7-30m.This is a single-wavelength
pinhole SANS instrument that is very similar to the SAXS synchrotron instrument.
Coming from the nuclear reactor cold source, a continuous white neutron beam
travels from the source to the instrument via neutron guides. The neutrons go through
a monochromator to adjust their wavelength and then they go though the collimation,
the pinhole and finally reach the sample area. Then, the position of each individual
neutron that has hit the sample is noted by the detector and builds an image. This
image is finally converted into a graph of intensity against wave vector transfer

(Q)(Glinka et al., 1998).
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Figure 2.24 | The 30-meter SANS instrument at NIST
Figure adapted from (NGB 30m SANS - Small Angle Neutron Scattering | NIST,
no date)
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2.4.6.4 SANS 2D

The SANS2d instrument was used at the ISIS time-of flight source. This is a Small-
Angle Neutron Scattering instrument, which uses 2.0 i 14.0 A at 10 Hz pulsed
neutron source. The SANS2d can investigate particles with length scales 0.25 i
300nm in the Q range of 0.002 - 3 A, It can reveal information regarding the size,
shape and internal structure of biological molecules such as proteins (ISIS Sans2d,

no date).

Neutrons with longer wavelengths are deflected with the use of a bender. Neutrons
with other wavelengths are sourced out by using a 10Hz beam chopper located at
the end of the bender. The beam then enters the collimation tubes and passes the
neutron beam through a small aperture to remove background radiation. The beam,
with a size of 6 x 6mm, then reaches the sample area, where the samples are
mounted for neutron scattering. The moderator to the sample position distance is 19
m. Once the neutrons are scattered from the sample, two 1m? movable detectors
located in a 13m long and 3.2m in diameter vacuum tank detect the scattering. Re-
scattering of the neutrons is prevented by lining the interior of the tank with neutron
absorbers, cadmium or boron carbide. The two detectors can move horizontally from
the beam to measure a larger Q range as necessary, they are however fixed
vertically. Both detectors can move sideways 300mm and 1.4m respectively. The
sample-detector distance can also range from 2-12m by moving the detectors along

the beam (ISIS Sans2d, no date).
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10 Hz chopper after bender exit
/ Five 2m long, ~ 4ton, guide/collimation tubes
with steel shielding. (outer steel & waxnot

shown here) ~ 13 m long, 3.2m

/ internal diameter,

vacuum tank

Sample area with mezzanine floor

4 leaf adjustable aperture, static baffle

Detector 2

Two moving baffles

4— (fixed apertures)

Detector 1

Figure 2.26 | Detailed Schematic of the SANS2d Neutron Scattering
Instrument
Figure adapted from (SANS2D at the ISIS Second Target Station, no date)
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Figure 2.25 | Schematic of the SANS2d Neutron Scattering Instrument at ISIS
Target Station 2
Figure adapted from (Perkins, 2009)
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Sample changers in SANS can take from 10 to 40 samples at a time. Each
sample is then analysed for a few minutes to a number of hours (Clifton, Neylon

and Lakey, 2013).

The resul ts gat her, tainstaument andhsample dackgrdunds e d 6
are removed and the data are presented into one- or two dimensional formats for
interpretation. In this study, one-dimensional graphs were plotted, intensity (on

an absolute scale) against Q. The scattering intensity is high at low Q values and

falls away before the background level (signal f r om t he i nstr ument
reached. The shape of the decreasing scattering profile and the overall intensity

are the two pieces of I nf ormation that
organization in the solution, contrast, shape, size and concentration

determination (Clifton, Neylon and Lakey, 2013).

In summary, SANS is a demanding technique when examining biological
systems. The advantage, however, is that using SANS different components of

the system can be investigated separately (Clifton, Neylon and Lakey, 2013).
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Other analytical techniques that can be used are:

2.4.7 Quartz Crystal Microbalance (QCM) and Surface Plasmon Resonance
SPR)

QCM and SPR are both label-free detection techniques that can be applied in

applications such as surface studies, electrochemical and biomedical. In order to

decide which one of the two is more suitable for each application, the key

experimental parameters should be compared. These could be response time,

accuracy, sensitivity and detection limit (Instrument, 2010).

QCM is a mass loading sensor. It contains a quartz crystal cut with a chip shape
that resembles a keyhole. On the surface of the chip, there are electrodes that
are used to drive the crystals to oscillation or resonance electrically. Also, where
the molecular binding takes place on the surface of the electrode which contains
a sensor. The displacement along the surface of the chip is called the shear
mode, which is the most common oscillation or resonance mode. As molecular
adsorption takes place onto the surface of the sensor, the resonance frequency

decreases (Instrument, 2010).

SPR can also calculate the molecular mass adsorbed onto a sensor chip (a glass
slide that is covered with a thin layer of a metal such as gold). If the resonance
angle is suitable, when a light beam is focused onto the metal using an optical
prism, the plasmons on the surface of the metal film are excited. The density of
adsorbed molecules and their polarizability can easily affect the resonance angle.

The resonance angle shifts proportionally to the molecular mass adsorbed since
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the polarizabilities of proteins and most of the other biological molecules are very

similar (Instrument, 2010)

Table 2.7 | Differences between SPR and QCM

(Instrument, 2010)

LOD: LOD,: Kinetics Multiple Sample Chips
{mass/area) (total mass) Analysis Channels Volume
Capability
SPR 0.1 ngfcm? ~1fg Excellent Easy 10 to 100ul Auon
Glass
acm 1 ngfem? ~1ng Difficult Difficult ~50 10 200 ulL Auon
Quartz

96



3 Materials and Methods

In this chapter the materials, equipment and methods used during the FTIR-ATR,
QCM-D, Neutron Reflectivity, Small-Angle Neutron Scattering, Scanning Electron

Microscopy, SDS-PAGE and Confocal Microscopy experiments are described.
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3.1 Materials

The recombinant protein A from Staphylococcus aureus expressedin E.Coli (P-7837
5MG) used during the planar NR experiments, the (3-Aminopropyl)triethoxysilane for
the surface activation as well as the space blocker, BSA (A 7903-10G), were all

purchased from Sigma Aldrich UK.

The rProtein A-Cys (4xZc) used for FTIR experiments was donated from BioMedal.

The I1gG4 antibody used was from UCB Celltech (UCB Celltech, Slough, UK). It was
a purified 1gG4 kappa molecule with an unmutated hinge region and an isoelectric
point at 6.85-8.15. Its formulation was at 17.8 mg/mL in 270mM glycine, 1% maltose,

pH 5.0.

The model protein for SANS was 1gG1, protein A purified humanised IgG1 produced
in CHO cell culture and purified using protein A chromatography, as described in EI-

Sabbahy et al.,(El-Sabbahy et al., 2018).

It was dialysed into a running buffer (0.003M sodium phosphate, pH 7.2) with a final

concentration of 1 mg/mL.

The cross-linker, sulfosuccinimidyl 6-( 3(2-pyridyldithio)propionamido) hexanoate

(Sulfo-LC-SPDP) (21650) used was from Thermo Scientific UK.

The reducing agent DTT (dithiothreitol) (BPE 172-25) was from Fisher Bioreagents.

At ISIS neutron and Muon Source, the silicon wafers and solid-liquid flow cells

(SLFCs) used for reflectivity experiments were purpose built.

For protein A chromatography, a silica-based resin (Prosep Ultra Plus, Millipore,

Hertfordshire, UK) was used.

98



For contrast matching experiments, the bare silica beads (Prosep Ultra Plus without
the ligand) with average size of 60em and average pore size 700A were kindly

donated by Millipore, in a powder form.

All buffer materials, sodium phosphate monobasic, sodium chloride, deuterium oxide
at 99.8 % atom D, sodium caprylate, urea, isopropanol, hydrochloric acid and sodium

hydroxide were purchased from Sigma-Aldrich.

Slide-A-Lyzer® 10K Dialysis Cassettes with molecular weight cut-off (MWCO) of
10000 and Spectrum Spectra/Por® molecular porous membrane tubing of 12 to

14000 MWCO were from ThermoFisher Scientific.

3.2 Equipment

At ISIS Neutron and Muon Source at Rutherford Appleton Laboratoty, Harwell
Science and Innovation Campus, Oxfordshire UK, the reflectivity measurements
were performed on the INTER time-of-flight reflectometer. During NR experiments,
for the buffer flow-through, an L7100 HPLC pump from Merck-Hitachi (Kent, UK) was
used. At the NIST Center for Neutron Research (NCNR), National Institute of
Standards and Technology (NIST), Gaithersburg, MD, USA, the NR experiments

were performed on the Magik reflectometer.

Experiments on the Attenuated Total Reflectance Fourier Transform Infrared
spectroscopy (ATR-FTIR) were performed on a Thermo Nicolet Nexus instrument
(Madison, WI, USA) that was fitted with a monolayer/grazing angle accessory,
(Specac 19650 series, Kent, UK), a mercury cadmium telluride detector and an air
dryer to purge carbon dioxide and water vapour from the instrument (Clifton et al.,

2012)
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The instrument used for the quartz crystal microbalance with dissipation
monitoring (QCM-D) purposes was the Q-Sence E4 System, which consists of the

QE 401 Electronics Unit, QCP 401 Chamber Platform and QFM 401 Flow Module.

SANS measurements at the NIST Center for Neutron Research (NCNR), National
Institute of Standards and Technology (NIST), Gaithersburg, MD, USA, were
performed on a 30-meter-long Small-Angle Neutron Scattering (SANS) instrument,
NGB30. SANS experiments at ISIS Neutron and Muon Source, Science and
Technology Facilities Council (STFC), Rutherford Appleton Laboratory (RAL),

Didcot, UK were performed using the SANS2d instrument.

Scanning electron microscopy was conducted using a JSM-6480LV, scanning
electron microscope with a high resolution of 3.0 nm at University College London,

UK.

For the confocal microscopy, the SPEinv microscope was used, an inverted SPE that
can measure excitation at 405; 488; 532; 635. In this case the green laser at 532
was used at a sequential scan mode using the LAS-X software. For the flow through

column used see Appendix 2 for specifications.

3.3 Methods

3.3.1 Sample preparation: Recombinant protein A (rSPA)

After preparing the PBS-EDTA in D2O (of 0.137M NaCl, 0.0027M KCI, 0.01M
phosphate buffer solution and 0.001M EDTA, pH 7.4) coupling buffer, protein A was
dialysed into the buffer. The dialysis tubing used was Spectrum Labs spectra/por 4

membrane MWCO: 12-14000.

By following the Thermo Fisher Scientific protocol in the protocol manual, the Sulfo-
LC-SPDP was attached to the protein A. The protocol was based on the Carlsson et

al. methods from 1978 (Carlsson, Drevin and Axen, 1978). Once the cross-linker
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was attached to the protein A, the by-products were removed by dialysis using the

same type of tubing as above.

Again based on the Carlsson et al. and the product manual, the molar ratio of linker
to protein A can be determined (Carlsson, Drevin and Axen, 1978). The quantity of
pyridine-2-thione produced when reduced can be estimated by measuring the

absorbance change at 343nm.

The equation is:

7 "EN T ITHE T OHHT THH HE
TT I H T

i T 1 HHEAEHIT ITAHT T "1 "Hi— Equation 3-1

Where: 8080 is the pyridine-2-thione extinction coefficient at 343nm (M-'cm™) and

the protein concentration is in mg/ml.

3.3.2 Sample preparation: Protein A with Cysteine groups

Protein A with Cysteine groups was firstly reduced in-situ as follows:

1. Prepare 1M DTT solution in D2O/H20 (depending on the contrast)

2. Dissolve protein A with Cysteine groups into the coupling buffer

3. Add DTT to protein solution to a make 3mM DTT solution

4. Incubate for 10-30min

5. Dialyse with dialysis tubing Spectrum Labs spectra/por 4 membrane MWCO:
12-14000 for four hours. The beaker was covered with cling film to avoid

D.0O/H.0 exchange.

3.3.3 Sample preparation: BSA

By dissolving BSA into the PBS-EDTA in D20 (of 0.137M NacCl, 0.0027M KCI, 0.01M
phosphate buffer solution and 0.001M EDTA, pH 7.4) coupling buffer a 1% wiv

bovine serum albumin solution was prepared.
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3.3.4 Sample preparation: IgG4

Since this is a continuation project from a previous PhD student, the 1gG4 used for

these experiments was already dialysed in D>O-based 0.03M sodium phosphate

buffer, pH 6.7, using Slide-A-Ly zer E Di alysis Cassettes wi
weight cut off about 6 months prior. The dialysed material was prepared at 18mg/mL

lgG4 and stored. Using the stock sample, the 1gG4 was firstly filtered to remove any
impurities or aggregates that could have been formed over time. The 1gG4 was then

diluted down to 1mg/ml using the same buffer just before the experiments. Prior using

the 1gG4, a Nano-drop was used at 280nm to ensure that the antibody was present

and was in the correct concentration.

3.3.5 ATR-FTIR experiments

The silicon crystals used for the experiment were ozone cleaned to create a
hydrophilic surface. The surface of the crystal was then immersed in a 2% solution
of APTS in extra dry acetone for 30 seconds in order to amino-silylate it. Then, the
crystal was rinsed thoroughly with extra dry acetone and allowed to dry. The extent

of amination on the surface was not characterised at this point.

The solidi liquid flow cell, where the surface active crystal was assembled in, was
custom made for the specific FTIR instrument. The rest of the surface modifications
were done under flow-through mode and they were monitored by the FTIR. All
solutions were pumped into the cell using a peristaltic pump at a flow rate of about
Iml/min. The cell volume including the tubing was approximately 1.5ml. For rinsing
steps 8-10 flow-cell volumes were used and for reagent additions 5-6 cell volumes.

All solutions and buffers used in FTIR experiments were prepared in D20.

Omnic software from Thermo Scientific was used for data collection. When recording

the spectra, a wavenumber range between 4000-1480cm™ and a resolution of 4cm
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! were used. 128 interferograms were collected, averaged and converted to

absorbance units for each measurement.

Firstly, a background scan at the start of each experiment was collected, when there
was a buffer change and at any other suitable times. During data collection the
background was automatically subtracted from the spectrum. Usually, the most
recently collected background was used for subtraction but sometimes previously
collected backgrounds could be used to show peaks that were previously blanked.
During rinses and surface modification stages, the data collection was continuous for
the first 15 minutes and then once every 15 minutes. In the case of protein A surface
modification however, the incubation time was 18hours, and therefore, after the first

15 minutes the spectra collection occurred once per hour.

Water and carbon dioxide were continuously purged from the instrument. Whenever
the instrument was switched on and as soon as the flow-cell was filled with buffer a
new background was taken and spectra were continuously collected to show that the
peaks at 3950-3500cm* for H,O and 2000-1480cm™ for CO, were becoming more
and more negative (i.e. quantity in the system decreasing). These spectra were
called the subtraction spectra. The reason of providing a dry, CO..free purge to an
FTIR spectrometer is twofold. The purge prevents the beam splitter from
deteriorating by moisture and eliminates unwanted absorbance by water and carbon
di oxide in the background. Thus, the purge
increases the accuracy of analysis by eliminating inconsistencies in the background

levels of water and carbon dioxide (Daly and Connaughton, 2012).
The surface modification and rinses then followed in order, as described below:
Firstly, the flow-cell was filled with PBS-EDTA buffer. The Sulfo-LC-SPDP was then

added and incubated for 30min. Any unbound Sulfo-LC-SPDP was removed by
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rinsing the crystal with PBS-EDTA buffer. The modified cross-linked protein A or
reduced protein A with Cysteine groups already prepared was added and incubated
for 18hours. As before, any unbound molecules were washed out by flowing through
PBS-EDTA buffer. To fill any surface gaps still present on the surface, a 1% BSA
solution was added in the system and incubated for 20min. The system was then
rinsed with 0.03M sodium phosphate to remove any unbound molecules and a new
background was collected, since a different buffer was used. The last layer of the
system was finally added. The 1gG4 solution 1mg/ml was incubated for 10min. The
surface was rinsed with 0.03M sodium phosphate. Finally, to elute the 1gG4
molecules sodium acetate buffer, pH 3.4 was used. Usually the elution buffer is 0.1M
glycine-HCI, pH 3.4 but in the FTIR experiments, this buffer was not suitable,
because it will show a peak on top of the 1gG4 peak and therefore the two will be

indistinguishable.

For spectra analysis, Omnic software was employed. H>O and CO, peaks were
manually subtracted from each spectrum using the subtraction spectra and the peaks
for individual molecular bonds were manually identified. The peak area tool was used
to integrate the peaks as it automatically sets a baseline correction. This experiment

was repeated twice.

3.3.6 Quartz crystal microbalance with dissipation monitoring (QCM-D)

The QCM-D discs were cleaned and surface activated with APTS using the same
method described in 3.3.5 for FTIR silicon crystals. They were then assembled onto
the electrodes. The rest of the surface modifications were completed using the flow-
through mode and were monitored by the QCM-D instrument. All solutions were
pumped into the cell using a peristaltic pump at a flow rate of about 0.2ml/min. The

cell volume including the tubing was approximately 0.5ml, thus rinsing steps were 5-
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6 flow-cell volumes and for reagent additions 2-3 cell volumes. All solutions and

buffers used in QCM-D experiments were prepared in D20.

Four different experiments were conducted, therefore four different QCM-D disks

were needed.

Q-Tool software from Q-sense was used to plot the data for Frequency and
Dissipation against Time. The order of the surface modification was the same as the
FTIR experiments explained in 3.3.5 section with a few modifications described

below:

Experiment 1: The recombinant protein A concentration was 8.3eg/ml

Experiment 2: The recombinant protein A concentration was 41.6eg/ml

Experiment 3: Once IgG4 elution with sodium acetate buffer, pH 3.4 was completed,
the system was washed with 0.03M sodium phosphate + 0.5M sodium caprylate
buffer. The antibody was then re-added and washed with the same buffer. It was
then eluted again with sodium acetate buffer, pH 3.4. The same procedure was

repeated for the following four buffers:

0.03M sodium phosphate + 0.5M trehalose

0.03M sodium phosphate + 0.5M L-Arginine

0.03M sodium phosphate + 0.5M L-Lysine

0.03M sodium phosphate + 0.5M sucrose

Experiment 4: Instead of activating the surface with APTS, an epoxysilane and

Poly(ethyleneimine) solution (PEI) were used to activate it.

Experiment 5: IgG4 was directly attached to the cross-linker on the APTS modifies

surface without any protein A
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3.3.7 Reflectivity experiments

3.3.7.1 ISISINTER

Silicon wafers with dimensions of 50mm x 80mm and 20mm thickness were cleaned
and surface activated with APTS using the same method described in 3.3.5 for FTIR
silicon crystals. The wafers were assembled into solid-liquid flow cells (SLFCs)
under running water and fixed to the reflectometer sample stage. Three different

SLFCs were used.

For this experiment, the white beam INTER time-of-flight reflectometer was used at
ISIS Neutron and Muon Source at Rutherford Appleton Laboratory, Harwell Science

and Innovation campus in Oxford, UK.

The Qz measurement values were ranging between 0.01A to 0.20A. The glancing
angles used were 0.7° and 2.3° and data were acquired in the Q ranges of 0.01-0.1
A1 and 0.033-0.20 A respectively. For total internal reflection of the neutron beam
based on an intensity of one, neutron counts were normalised. For each individual
scan, the error bars equal the square root of the number of counts prior

normalisation.

Each solid-liquid flow cell was connected through aninlet to an HPLC pump for buffer
flowing into the cell. The pump was operated through a computer system from the
cabin area. All reagents however, were injected directly into the cell manually with a
syringe. Before each surface modification, the sample cell was analysed (except for
the amino-silylation step) using usually three different contrasts, D»O, Silicon
matching water (SMW) and H>O with the most important being the D,O. Reflectivity
data were collected during and after the surface modifications, like the cross-linker
attachment, recombinant protein A, surface blocking with BSA, 1gG4 adsorption and

during the washing of IgG4 with different buffers.
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All IlgG4 washing buffers were based on the 0.03M sodium phosphate, pH 6.7 buffer
and then different salts and amino acids were added. The buffers used were the

following:

0.03M sodium phosphate

0.03M sodium phosphate + 0.5M sodium caprylate

0.03M sodium phosphate + 0.5M trehalose

0.03M sodium phosphate + 0.5M L-Arginine

0.03M sodium phosphate + 0.5M L-Lysine

0.03M sodium phosphate + 0.5M sucrose

0.03M sodium phosphate + 1M urea + 10% total volume isopropanol

All buffers were adjusted back to pH 6.7 using a base or an acid were appropriate,
except for the urea buffer that was adjusted to pH 8. The SMW measurements
contained 38% D>0 and 62% H»O. All buffers were initially made solely either in DO
or H20. For the SMW contrast, a mixing program on the HPLC pump was used to

achieve the right ratio DO / H20O.

Experiment 1:

During the first experiment, once all system layers were built, all the above buffers
were used to wash the system to enable investigation of the effect that different
washing buffers have on the antibody molecules, as well as to the antibody

aggregation mechanism.
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Experiment 2:

For experiment two, the order of the reagents was reversed. The aim was to attach
the 1gG4 onto the cross-linker and then add the recombinant Protein A. There was
no need of a second cross-linker molecule in this case since the 1gG4 has Cysteines
on it. Even though, cysteine residues should be in the disulfide bonded states, free
sulfhydryls have been detected in all IgG antibodies subclasses, thus eliminating the
need for a reduction step (Liu and May, 2012). This reverse attachment would have
given us information regarding antibody: Protein A attachment as well as an insight

on the aggregation mechanism but from a different side of view.

MantidPlot software was used for initial data processing. For the raw data, the
background subtraction was not implemented, but instead it was integrated into the

model fitting process using the RasCal software.

3.3.7.2 NIST MAGIK

The same experimental methods were used as section 3.3.7.1 but on a different
reflectometer. The reflectivity data were recorded for momentum transfer values
between 0 and 0.25A*wi t h an instrument al wavelength
flow cel |l was used that hol ds 3n diameter

manipulation on the instrument.

108



3.3.8 SANS

3.3.8.1 Sample preparation for SANS experiments

lgG1 was prepared by overnight dialysis into 60.5% D>O based 0.03mol/L (M)

sodium phosphate buffer, pH 7.2 using Slide-A-Lyzer® 10K Dialysis Cassettes of

10000 MWCO and Spectrum Spectra/Por® (molecular porous membrane tubing of

12 to 14000 MWCO) (ThermoFisher Scientific). The resulting solutions were diluted

to a concentration of 1 mg/mL IgG1. The final concentration was determined by
measuring the absorbance at 280 nm with a NanoDrop Spectrophotometer using
Beerods law and an ex%Pi np8& (expetimentalle determicede nt o
by ThermoScientific, USA). Before injection into the flow-through cell, IgG1 was

filtered through a 0.45 pm membrane.

For the static bead characterisation studies, 0.9 g of bare silica beads, already in dry
powder form, was dissolved in a 100% D»O- based 0.03M sodium phosphate buffer,
pH 7.2. The beads were packed in a demountable quartz window sample cell with a

path length (thickness) of 1 mm.

For the static experiments, with the Prosep Ultra Plus resin, the resin was initially
di luted in the companyés (Millipore) solut
buffer exchange to a 60.5% D-O- based 0.03M sodium phosphate buffer, pH 7.2 in
batches of 10mL. This was achieved by firstly centrifuging the resin for 2 min. The
excess liquid at the top was removed, and the tube was topped up to 10mL with
0.03M sodium phosphate buffer. It was then incubated on a roller for 10 min. The
process was repeated three times. After the final centrifuge round the tube was

topped up to 5mL, ready to be used for the cell packing.

The antibody solution (already diluted to the desired concentration) was then added
to the resin (in a tube) and placed on a rotator for 10mins, to ensure uniform binding
of 1gG on the resin. The static SANS cells were then packed with the IgG-resin
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sample. During the temperature experiments, the cells where mounted on a water
heating chamber that by flowing hot/cold water around the cells, the temperature was

adjusted as necessary.

3.3.8.2 Flow-through column packing

Firstly, the bottom filter, the outlet fittings and tubing of the column were fitted. The
column was filled with 20% ethanol solution from the top, to remove all air. The
diluted resin was gradually added into the column using a syringe until it was full and
left overnight for the resin to settle using gravitational force. If needed, more resin
was added to fill any empty gaps. Once full, the top filter and tubing of the column
were fitted. Finally, the column was washed with either 20% ethanol or distilled water
at a low flow rate (0.01mL/min) overnight to remove any air bubbles. The
experimental buffer solution (0.03M sodium phosphate buffer, pH 7.2) was pumped

into the column prior to Small Angle Scattering measurements.

3.3.8.3 Small-Angle Neutron Scattering experiments

Hydrogen isotopes play an essential role in neutron scattering when studying
biological materials. Neutrons interact very differently in the presence of *H (protium)
than when in the presence of ?H (deuterium). This property is known as scattering
length, with A units. Protium has a negative scattering length (-3.74 x10° A) whereas
deuterium, on the other hand, has a very large scattering length (6.67 x10-° A) (Tsueu
Ju Su et al.,, 1998). When characterising large structures or bulk materials like
proteins, their scattering length density (SLD) is calculated by adding up the
molecules' scattering lengths and then dividing by the total volume. Meaning that the
scattering length density of H.O is negative (-0.56 x10® A2 and that of DO is
positive (6.35x10° A2) (Pynn, 2009a). By mixing D.O and H.0, the SLD can be

manipulated.
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The fact that hydrogen is in high abundance in nature makes it easy to exploit this
contrast creating property, by either suspending the sample in a D>O-based mobile
phase or by isotopically labelling the material of interest. These methods can create
a high contrast between the suspension medium and the sample, or even between
different subunits of a molecule (Clifton, Neylon and Lakey, 2013).The components
of the system are matched out based on the mixing of H.O and D>O. Neutron
scattering only occurs if the SLD of the particles differs from its bulk solution.
Therefore, matching one system component out, enables researchers to work out

the distribution of another.

In the present study, we wished to render the resin invisible (remove all resin
scattering) by matching its SLD to that of the solution. By removing the resin
scattering, the scattering from the resin bound protein was revealed. The contrast
matching point of the bare silica beads (the base matrix) was reported being 60.5%
D>O by Dr Mazzer (Mazzer, 2015) . The experiment however, was repeated to
confirm the data. The beads were suspended in different H>O/D-0 ratios and it was
confirmed that the contrast matching point of this silica matrix was indeed at 60.5%
D.O. Any further experiments were therefore carried out under contrast matching

conditions.

In summary, Small-Angle Neutron Scattering arises from variations in the scattering
length density, which generally reflects structural heterogeneities in the sample. The
intensity of scattered neutrons is recorded as a function of the angle, d, from the
i ncident beam at any given wavelengt h,
of Q, the scattering vector, also known as the momentum transfer vector, which is

defined as:

e P H
'f TZ \& e Equation 3-2
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Where »is the neutron wavelength. Q thus has units of inverse length (usually A 1)
and the scattered intensity collected as a function of Q, I(Q), is said to be in reciprocal
space (Koshari, Wagner and Lenhoff, 2018). This measured intensity provides
insights about the structure of the sample. Q and the length scale being probed, L,

are directly r el(kosharigWagner aidrLengoff, 2&18)] a w

d —LZ Equation 3-3

Therefore, the real-space structures in the sample are inversely related to the

features observed in the SANS profile.

At the NCNR each sample was measured with a fixed wavelength of 6A, using either
a 10 x 20mm or 10 x 5mm (for the different column positions experiment) beam size,
at three diffractometer settings, a high Q i 1m sample to detector distance (SDD),
an intermediate Q i 4m SDD, and a low Q i 13m SDD. In some cases, an extra
setting, using an 8.4A wavelength and a 13m SDD with lenses, was used to reach
very low Q. The resulting maximum scattering range was 0.001A* < Q < 0.4A* with
a wavelength s pr AtdsiS, a 1@ez/pased neutron 8aurte; a time-
of-flight Small-Angle Neutron Scattering instrument was used with a beam size of
6mm in diameter, utilising a 2A to 14A wavelength band. The sample-detector
distance was also varied from 2m to 12m to achieve a total scattering range of
0.004A1 < Q < 1.77A1. All flow through experiments were performed at room

temperature.

The column was placed on the sample stage and connected to an Aladdin syringe

pump (NCNR) or a Knauer HPLC pump (ISIS), with valved tubing to avoid any air
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contamination during the buffer changes and IgG loading. The antibody solution was
gradually added into the system at a flow rate of 1mL/min until the desired
concentration was reached (10mg, 30mg, 50mg, etc.). The concentration was only
determined based on the time against antibody loading. The antibody was incubated
for 10min and then washed by flowing buffer through it to remove any unbound
molecules. Initially at NIST, for each concentration, the measurements were taken
near the top position of the column were the antibody concentration would be the
most accurate, with a 10 x 20mm beam. When the experiment was repeated, for
each concentration, measurements were taken under three different washing buffer
conditions and three different column positions using a 10 x 5mm beam (see Figure
3.1 for exact column positions). The buffers used were, 0.03M sodium phosphate,
pH 7.2, 0.03M sodium phosphate with 0.1M sodium caprylate, pH 7.2 and 0.03M
sodium phosphate with 1M urea and 10% of the total volume isopropanol, pH 8. The
beam was directed towards the top, middle and bottom positions of the column, to
get a representative understanding of protein adsorption behaviour within particulate
resin. This resulted in 9 data sets for each concentration, yielding a total of 36 data
sets. The same experiment was finally repeated at the RAL facility (see Figure 3.2

for column positions).

3.3.8.4 Data reduction

To obtain the corrected and radially averaged SANS scattering spectra for the NIST
data, Igor Pro was used with the NCNR provided macros (Kline, 2006), and standard
data reduction procedures were followed, whereas, for the ISIS data reduction, the
reduction program, Mantid was employed (Arnold et al., 2014). In this case, the
contrast matched resin SANS profile in buffer, was used to subtract the background
from the experimental data sets. Igor Pro was then used to obtain the averaged

SANS spectra plots.
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3.3.8.5 Modelling

A broad peak model was selected to fit the collected data using the SasView
modelling software (Doucet et al., 2018). In this model the broad scattering peak from
SANS data is represented by an empirical functional form calculated by (Hammouda,

2010):

|=|L - — I || Equation 3-4

TF e

Where A and C are scaling factor s, n
Lorentz exponent and screening length respectively and the peak position, Qo is
related to the d-spacing in the system as given in equation 3.3. This basic model was
used to translate the observed scattering peaks into real correlation lengths.

Inlet

Top at-3.5—-|:| .- 10mm

30m SANS(NIST) J pii g1 at-1.1——|:[-//—‘/‘ &\\\\§ >mm

beam vertical ™
positions used

Bottomat+1.2——[___] Beam area

~—
} 5mm

Outlet

—

30mm

Figure 3.1 | SANS custom-made quartz flow through cell schematic

The 2mL chamber was packed with resin with 1mm path-length. Measurements were
performed at the top position, middle and bottom of the cell. The three positions were
evenly spaced between them, not in the middle of the column, with a beam size area
of 10mm x 5mm. This was the first quartz flow-through column used for the initial

SANS experiments prior to designing a more functional flow-through column.
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FLOW IN

FLOW OUT

Figure 3.2 | SANS custom-made quartz flow through cell schematic

Inlet and outlet are situated at the top and bottom of the cell respectively. The 1mL
chamber (50 mm x 8 mm x 1 mm) in the middle of the cell with Imm path-length,
was packed with resin. Measurements were performed at the top position, middle

and bottom of the cell. The three positions were 13mm apart from each other.
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3.3.9 Confocal microscopy

The 1gG was labelled using the Alexa labelling kit 24h prior the experiment. The
labelled 1gG was then mixed with the non-labelled at a ratio 1:99. The IgG was in
sodium phosphate buffer, pH6.7 (60.5% D>0) at a concentration of Img/mL. The
flow through column was then packed with Prosep Ultra Plus resin. During the
experiment, the column was connected to a pump and was set at a flow rate
comparable to the SANS experiment flow rate that was 1ml/min. The IgG was
gradually added to the column with a final concentration of 180mg/ml. A sequential
scan mode was used to take the pictures, meaning that a photo was taken every

2sec. The images were then analysed using ImageJ.

Figure 3.3 | Custom-made flow through cell for confocal microscopy

Inlet and outlet are situated at either side of the column, as seen above. The
chamber was 100¢l and was fully pranctke
bottom/base of the column since an inverse confocal microscope was used.
Schematics including column dimensions and angles of the column can be found

in Appendix 2.
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3.3.10 SEM

Bare silica beads (no ligand) were investigated using an SEM to visualise the inner
structure of the resin. Beads were in a powder form already, thus eliminating the
need for prior drying. The beads were placed on aluminium slabs and were sputter-
coated with a gold layer. For the visualisation, multiple magnifications were used,
from x250 to x100,000, whichcorr e s ponded to | ength scales
SEM images were analysed by the ImageJ software (Schneider, Rasband and
Eliceiri, 2012) to obtain the average pore-size, as well as the average pore-to-pore

correlation distance.

3.3.11 SDS-PAGE

SDS-PAGE gels were custom-made in the lab, not purchased. Gels were run in a

mini-gel apparatus (BioRad, UK) in phosphate buffered silane buffer (PBS) at 300V

T 40mAbs for 50 minutes with power set at 10. The lysozyme standards were diluted

in PBS buffer at concentrations of O0.0008,
resin and antibody configurations prepared were: protein A beads + 1gG, protein A

beads, Bare silica beads + 1gG, Bare silica beads.
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4 Examination of the antibody structure on a
simple planar system model using Neutron
Reflectivity

In this chapter, the examination of the antibody structure and orientation was
examined on a simple planar model system under normal affinity chromatographic
conditions, but also under different washing buffer conditions. The techniques used

during this investigation were FTIR-ATR, QCM-D and Neutron Reflectivity.
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4.1 Rationale behind Neutron Reflectivity (NR) experiments

This PhD project is a continuation project of the work Dr. Mazzer has started, to
advance understanding of the antibodi
onto a chromatographic surface. The collaboration between UCL and University of
Delaware along with the Neutron facilities, 1SIS Neutron and Muon Source, Harwell
Science and Innovation Campus, Oxfordshire, UK and NIST Center for Neutron

Research (NCNR), Gaithersburg, Maryland, USA made this study possible.

Neutron measurement technigues have the capability of examining large structures
at a molecular level, however, the use of these techniques is not as widespread due
to the fact that these techniques require high-intensity beams. Neutron beam
facilities are only a handful around the world and experiments in such facilities can
be costly. However, the qualities that these methods possess are unique and useful

for the examination of biological structures and complexes.

Previous findings from Dr. Mazzer, show that when the IgG molecules are adsorbed
onto the modified silica surface under affinity chromatography conditions at pH 6.2,
the antibody molecules assumed a different orientation than when at pH 4.1; they
were tilted rather than completely flat-on. It was also proposed, that the IgG
adsorption at pH 6.2 may have been weaker, with a slightly denser antibody packing.
IgG molecules were positively charged throughout these experiments since they
were performed below the isoelectric point (pl) of the 1gG. These findings suggest
that even though electrostatic attraction has a strong effect on adsorption, as
adsorbed molecules become more charged, intermolecular repulsion can limit the
packing density. An interfacial structure was also seen when the buffer pH was
reduced from 6.2 to 3.7. The antibody molecules re-oriented themselves to a more
strongly adsorbed position with increased surface contact, flat-on orientation, with a

lower volume fraction. These findings suggest that protein-protein charge repulsion
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has an important role in determining the packing density of interfacially adsorbed
proteins (Mazzer et al., 2017). This theory is also supported by other studies (T. J.
Su et al., 1998; Xu et al., 2006; Xu, Lu and Williams, 2006; Zhao et al., 2012). The
methods used in this work are very similar to the ones developed by the collaborating
researchers, along with Dr. Mazzer. The system examined here, is a simplified model
system that doesnodt represent 100% t he

however, it forms the basis for the experiments carried out later on, see Chapter 6.

At first, experiments were carried out at ISIS with the aim to repeat and assess Dr.
Mazzer 6s met hods before attempting more
was completed and the results closely resembled previous findings, further
experiments were conducted, where the effect of different washing buffers on the
anti bodiesdéd behaviour and structure was

at both neutron facilities, ISIS and NCNR.
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4.2 Chapter objectives

Firstly, we wished to investigate whether the methods for building all the required
system layers (activated silica surface, protein A, BSA, IgG) previously used by
Mazzer et al. can be consistently repeated and provide similar results. The

techniques used were ATR-FTIR and QCM-D.

Once we were satisfied with the reproducibility of the data and methods, the second
objective was to perform and investigate the antibody adsorption under typical affinity

chromatographic conditions using Neutron Reflectometry.

Finally, we wished to take the study one step further and examine the effect of
different washing buffers on the structure and behaviour of the IgG molecules using

Neutron Reflectivity.

Neutron Reflectivity experiments described in this chapter formed the basis for the
more complex experiments, moving from a planar surface model to a model which

resembled the real-life chromatographic conditions, outlined in Chapter 6.
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4.2.1 Experimental design

Contrast is very important when studying proteins using neutrons. Buffers of 100%
D.O are the most effective as they give the maximum possible contrast. This
however , wor ks for proteins that have
additional contrast should also be used, usually 100% H>O based buffers, to ensure
that the data model fit is accurate. 100% H->O provides a good contrast against
proteins; however, H2O gives weak scattering, thus providing a less detailed / defined

interfacial structure compared to D20O.

When planning the experiment, it is also important to estimate the scattering length
densities of the material that will be used during the neutron measurements. For
simple molecules and pure elements, reference tables can be used or manually

calculate their SLDs using the equation:

z Wi Equation 4-1
Where ” is the scattering length density (A-2), Eb is the sum of the scattering lengths

(A) and V is the molecular volume (A3).

Table 4.1 shows the scattering lengths of the most common biological molecules as
well as silicon since itis the adsorption substrate used in the reflectivity cell. The bulk
phases6 SLDs in the reflectivity cell

SLD calculator can be used. It is important to note the difference between the SLD
of D2O (positive) and H>O (negative) and remember that hydrogen 17 deuterium

exchange is expected and should be considered.
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Table 4.1 | The scattering lengths of the most common elements found in
biological molecules

Silicon is also included as it is used in many reflectivity methods. Scattering lengths
of H,0, D0, silicon oxide and dioxide are also outlined below. The SLD values were
calculated using the online NCNR Neutron Activation and Scattering Calculator at

WWWw.Nncnr.nist.gov/resources/activation/.

Element | 0o Molecule o)
Hydrogen -3.74 D,O 6.35
Deuterium 6.67 H,0 -0.56

Carbon 6.65 Sio 3.6

Nitrogen 9.36 SiO, 4.19

Oxygen 5.80

Phosphorous 5.13
Sulfur 2.85
Silicon 4.12

4.2.2 Data analysis

Analysis of the neutron reflectivity data involves multiple steps; data reduction,

constrained model building and model evaluation.

4.2.2.1 Datareduction

Data reduction is the first step and is only done once per data set. The data points
from the low and high ends of the Q ranges are stitched together since two different
incident angles are used for the whole Q-range to be covered. At higher Q, it takes
longer to achieve enough neutron counts. The average from repeat measurements
Is then taken to remove any abnormalities in the data set. An example of this can be
that the HPLC pump failed and the SLFC was not completely exposed to a 100%
D,0 based buffer, meaning that there is still some H,O based buffer in the system,
thus changing the contrast. As a result, the critical edge position, as well as its shape
will be affected. Background subtraction is also part of this step, depending on the

software used.
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4.2.2.2 Constrained model building

The second step is fitting a model, which is the longest step. The software used to
analyse the data in this work was RasCal (Hughes, 2013). The software uses an
optical matrix formalism, which is described in more detail by Born and Wolf (Born
and Wolf, 1970), and fits Abeles layer models to the interfacial structure. Once a
model is set up, using an algorithm, the model is then fitted to the data iteratively.
Raw data are plotted as Reflectivity against Q. These plots are then converted to an
SLD profile against z-direction distance (the distance away from the surface). A
series of slabs describe the different interfaces in the model. The total number of
layers present in the system is added as an input parameter in the model. The
individual interfaces or layers are then characterised by adding additional input
parameters, which include the scattering length density (SLD), thickness and
roughness. The roughness is expressed as a Gaussian smearing across the
interface. To ensure that the model is an accurate representation of the sample, limits
are set for each parameter to facilitate the fitting process. These limits are set based
on previous knowledge of similar systems. Firstly, the known parameters related to
the sample are assessed. It can also be assumed that the maximum depth for an

adsorbed protein monolayer is the protein hydrodynamic radius.

The type of material present in the sample is not the only factor that determines the
| ayer6s SLD, the |l evel of coverage also pl
average of the pure adsorbed material, i n
SLD. Thus, when building the model, the SLD limits will allow the SLD value to vary
inside this range. Using the equation below and the final fitted SLD value, the

coverage level for the individual layers can then be estimated.

m zvVZElzZvVzZ+ Equation 4-2
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Where %oas the volume fraction of adsorbed material, ” iis the solvent& SLD, ” s
the final fited SLD value of the layer and " s the calculated SLD of the (pure)
adsorbed material (Clifton et al., 2011). However, it should be taken into
consideration that the volume fraction value found in this way does not account for
the adsorbed materialds tertiary stru
since their tertiary structure may contain cavities that are filled with the solvent or

contain highly protected hydrogen bonds (Fernandez et al., 2003).

An 1gG molecule initself is highly asymmetrical, which can lead to multiple adsorbed
orientations. This results into multiple possible IgG layers that can be incorporated
into the model and can differ from experiment to experiment. For instance, if both
Fab arms of the 1gG are adsorbed onto the surface, while the Fc region is facing
away and towards the mobile phase, two possible IgG layers are then likely to be
observed. The Fab arms will be represented with a more protein-dense layer closer
to the substrate, whereas the Fc region will be represented with a less protein-dense

layer near the bulk solvent.

When constructing a model for fitting the reflectivity data, it is better to start with the
simplest model possible. The IgG is firstly represented as a single layer with a
maxi mum t hickness of twice the molecu
not be a good fit for the experimental data. This can be decided based on the chi-
squared value as well as by visual examination. Therefore, the structure can then be
separated into two layers to achieve a better fit. The SLD and thickness ranges for
the individual layers will be kept the same as the original model. This process, of
splitting the model structure into subsequent layers may continue until the chi-square
reaches a satisfactory value, normally around 2.0. The roughness parameter limits
depend on the character and size of the molecules in the modelled layer. For
example, SiO2, which is a small molecule, can have an acceptable roughness if the

range is between 1-5A. For larger, flexible, globular molecules like IgGs, the
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roughness can be as great as 20A (Mazzer, 2015). The roughness is the smoothness
or resolution of transition between layers as calculated by the fitted model (Mazzer

etal., 2017).

If the data was collected under more than one contrast for the same buffer
constituents and sample configuration, then, the two or more contrasts can be
modelled simultaneously. When fitting the two contrasts, a single layer-depth profile
is used, and the SLD for each contrast can vary between that of the solvent and the
pure molecule. The simultaneous fitting of H20O and DO contrasts results in an SLD-

distance profile that mirrors one another across the x-axis.

4.2.2.3 Model evaluation

Once an acceptable chi-square value is reached, usually around 2, the fitting error
can be assessed for each model parameter such as the SLD in H2O or DO of a layer
or its thickness. This can indicate how robust the model is, along with its parameters
and therefore, reach more accurate conclusions regarding the data and the system

under examination.

For each fit, the Bootstrap error estimate function is run, which is incorporated in the
RasCal software, to estimate a model-to-fit error (Clifton et al., 2011, 2012). Multiple
bootstrap fits are run, for example 200 runs, where sub-sets of data points are used
that have been randomly selected. These runs then produce new values for each
parameter. Once all the runs are completed, the frequency distribution of the
bootstrap fitted values is displayed for each parameter, which also comes along with

a table of estimated fit error values, please see Figure 4.1 for an example.

126



x10° B Protein hydration
20
0.60 — N\ ——
0.50 — 2 15
- :
o 040 — g
I 2 10
8 0.30 — o
=]
0 ] J 8-
0.20 —=== £ 5 II I
0.10 -
. | |
0 ZLJ: SE} 'J'EL: 100 155 150 60 65 70 75 20
Distance from interface/ A (z) Protein hydration value
C
Best Fit Value Bootstrap Error Estimate
SPDP D,0 SLD 6.11e® A2 3.18e7 A2
SPDP H,0 SLD 2.46e7 A2 4.81e7 A2
Protein roughness 18.8A 7.20A
Protein thickness 18.9A 16.9A
Protein hydration 66.6 % 15.7%
IgG thickness 97.8 A 23.8A
IgG roughness 19.6 A 5.01A
IgG hydration 93.2% 231%

Figure 4.1 | An example from the bootstrap error analysis output when using
the RasCal software

A. The fitted profiles of SLD against distance from the surface on a log-log scale,
for all bootstrap runs are shown in a single plot. B. When selecting a parameter from
the drop-down menu, e.g. protein hydration, it displays the distribution frequency for
the selected parameter. C. The error estimates for each parameter are also
displayed in a table. The bootstrap error analysis is used to estimate the model-to-
fit error. The best fit value displays the value that best fits the model when all the
parameters are added. The bootstrap error estimate displays the range that the
selected parameter could fall into e.g. for the SPDP D,0 SLD the best-fit value is
6.11e A2 but could range within +/- 3.18e A2,

Once the error analysis is done, the model is revisited and readjusted if the bootstrap
value distributions for the model parameters are irregular or broad. However, some
parameters are more important than others, thus holding more value. For instance,

the layer thickness as well as the SLD values should be robust to have a reliable fit.

On the other hand, large changes in the layer roughness values are normally
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observed using the Bootstrap error analysis, meaning that this parameter is not
particularly reliable or robust. This parameter is still used though, since it facilitates
the construction of a more realistic model because it provides a substitute to direct
transitions between layers. For proteins, this would not be realistic since they are
naturally flexible and have an irregular shape. However, even with these large
changes in the |l ayersd6 roughness, the

also it is not helpful in drawing any conclusions about the data, which indicates that

this parameter is less important and can only be taken as a guide.

4.3 Building the model system layers

The whole system was built entirely from the beginning, starting with polished silicon
wafers each specifically designed for the ATR-FTIR and the reflectivity rigs

respectively.

4.3.1 Cross-linker chemistry

The protein A molecules were attached onto the surface via a thiol linkage using the
cleavable cross-linker sulfosuccinimidyl 6-( 3(Zpyridyldithio) propionamido)
hexanoate (sulfo-LC-SPDP). LC-SPDP and SPDP are also commercially available
alternatives of the same cross-linker, however, the LC-SPDP is longer than the
SPDP and the sulfo-LC-SPDP contains a sulfonate group that makes it soluble in
aqueous solutions (G. T. Hermanson, 2013b). Hence, the sulfo-LC-SPDP was the

cross-linker of choice during these experiments.

SPDP, using a cleavable thiol linkage is used to couple proteins that contain cysteine
groups and cysteine-free proteins to surfaces. If the protein is cysteine-free an extra

protein modification step is needed.

There are two reactive groups in SPDP. On one side there is the N-
hydroxysuccinimide ester (NHS ester) group that forms amide bonds when reacting

with primary amines. Under conditions where the side-chain is not protonated such
128

good



as highly basic conditions, it has been shown that the SPDP interacts with arginine
side-chains as well (McGee, Mentinova and McLuckey, 2012). Finally, histidine, the
third basic amino acid, reacts with the NHS ester, however the cross-linker is lost

since the acylimidazole group formed is quickly hydrolysed (G.T. Hermanson, 2013).

On the other side of the SPDP there is 2-pyridyldithiol, which forms disulphide bonds
and a by-product, non-reactive pyridine 2-thione, when reacting with sulphydryl
groups. This is a one dimensional reaction called thiol-disulphide exchange (G.T.
Hermanson, 2013). Only a reduction step is needed for the disulphide exchange
reaction to take place when the protein to be conjugated contains cysteine. If the
linker is coupled to the surface first via the NHS ester group, the protein conjugation

can be completed as a second step that only targets the cysteine residues.
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Figure 4.2 | Chemical structure of the three different cross-linkers
Sulfo-LC-SPDP, LC-SPDP and SPDP respectively. Figure adapted from (Thermo
Fisher Scientific, 2012).

4.3.2 Cross-linker and protein A chemistry
Two different modifications of protein A were examined during the NR experiments,
recombinant protein A (rSPA) that contains no cysteine residues and a modified

protein A that does contain cysteines (rProtein A-Cys).

For the rSPA, since there are no cysteine residues, a three-step process is needed
to attach rSPA to silica. Before coupling, an extra step is also needed that modifies

the silica surface. The process is outlined below:
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1. The silica surface is coated with primary amine groups by modifying it using
3-aminopropyltriethoxysilane (APTS) silylation reagent.
2. The next two steps are performed simultaneously:

a. SPDP is added into the system and reacts with the amines on the
surface.

b. The rSPA molecules, via their primary amines, react with SPDP (not
on the same SPDP that is on the silica surface) and results in a protein-
linker conjugate. The modified protein A is then purified by any
resulting by-products.

3. Once the cross-linkers are conjugated with the surface (from 2a), are then
reduced using DTT.

4. Finally, the modified protein A (from 2b) is added to the system. The sulfhydryl
groups of the reduced surface cross-linkers react with the 2-pyridyldithiol

groups on the modified rSPA, concluding the cross-linking process.

For the cysteine containing protein A, the same process is followed but without the
need of a second cross-linker. Therefore, step 2b is skipped. The cysteines on the

protein A can react directly with the reduced cross-linker on the surface.
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Figure 4.3 | The three reaction steps that take place during the cross-linker
and protein A coupling

The protein firstly reacts with the cross-linker and produces a Pyridyldithiol-
activated protein molecule. The molecule is then reduced using DTT or any other
disulphide reducing agent resulting in two molecules; the Sulfhydryl-activated
protein which is now ready to bind onto another protein and a sub-product,
Pyridine 2-thione. At the final step, the Pyridyldithiol-activated protein molecule
(from step A) reacts with a Sulfhydryl-containing or a Sulfhydryl-activated protein
to produce a conjugated molecule via a disulphide bond and a sub-product,

Pyridine 2-thione. Figure adapted from (Thermo Fisher Scientific, 2012).

For the reaction between protein A and SPDP described in step 1, the molar ratio of
protein to SPDP can be controlled by adjusting the reagent quantities (Carlsson,
Drevinand Axen, 1978; G. T. Hermanson, 2013a). The best case scenario is to have
one SPDP molecule per protein molecule. If there is an excess of cross-linkers on
the surface, this may interfere with the protein A i IgG adsorption, which is the
structure of interest. Additionally, in the presence of excess SPDP molecules, protein
mol ecules can precipitate since they

chains. This phenomenon is more prone for the longer chain version, LC-SPDP.
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Even though the molar ratio can be controlled, the location where this attachment of

SPDP takes place cannot be controlled.

To determine the molar ratio of SPDP to protein, the modified protein solution is
diluted, and a reducing agent is added to release the pyridine 2-thione groups from
the cross-linkers. By measuring absorption at 343nm, the quantity of released
pyridine 2-thione can be determined (Carlsson, Drevin and Axen, 1978). The molar
ratio of SPDP to protein was found to be around 2:1 (data not shown), which agreed

with previous studies by Mazzer et al. (Mazzer et al., 2017).

The protein A used contains four 1gG-binding repetitive domains, therefore two
linkers attached per pr ot ei n mol ecul e woul dnot be
effects on the IgG-binding. Protein A variations used in this study are a recombinant
protein A (rSPA) encoded by a nucleotide sequence derived from Staphylococcus
aureus strain 8325 expressed in E. coli from Sigma Aldrich and modified rProtein A-
Cys that contains cysteine groups from BioMedal. They both contain a single
polypeptide chain with molecular weight of 42 kDa, consisting of four identical

domains high in aspartic and glutamic acids but rSPA is lacking cysteine.

4.3.3 BSA acting as a blocking agent

Once protein A was cross-linked to the silica surface, the level of coverage was
unknown. So, it was essential to apply a blocking agent to avoid any non-specific
binding of 1gG to the silica surface. The blocking agent of choice was bovine serum
albumin (BSA). Many studies support the use of this blocker on both hydrophilic and
hydrophobic surfaces ( Bi agopi otr owi cz and JFwaalERQg;
Jeyachandran et al., 2010). Jeyachandran et al. (2010) stated that when incubating
a hydrophilic surface with 20mg/mL BSA solution for 30 minutes, resulted to a 63%
BSA layer surface coverage. In return, this layer blocked effectively 100% and 68%

of non-specific binding of staphylococcal protein A and IgG, respectively. When a
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hydrophobic surface was blocked with BSA, it resulted in a 100% and 95% protein A
and 1gG blockage, respectively (Jeyachandran et al., 2010). This BSA property is
important for this study, since the regions without any immobilised protein A were
expected to contain a combination of polar amine groups due to unreacted amino-
silanes, hydrophilic groups due to unreacted silanols and hydrophobic alkyl groups
on APTS molecules. It is unknown how many of the three available methyl groups
on APTS reacted with silanols during the silica silylation, which means that the

modified surface might still contain free alkyl/methyl groups.

4.4 Conformation of adsorbed IgG under chromatographic
conditions

44.1 ATRT FTIR
The covalent attachment of the recombinant protein A to the amino-silylated silicon
crystal, the blocking of un-reacted sites with BSA and the binding and elution of the

IgG4 was monitored using ATR-FTIR.

All FTIR buffers were prepared in 100% D,0 since H,O absorbs very strongly at
1645cm-, where the amide | peak occurs, which makes it impossible to
distinguish between the two. Similarly, the buffers used in the neutron reflectivity
experiments were also in 100% D,O (D,O contrast provides the most crucial
information in NR experiments). As it can be seen from the results, the amide |
and amide Il were visible for both protein As used (rSPA and PAcys), see Figure
4.4 and 4.5. However, a deuterated fraction of amide Il peak also appeared at
around 1480cm! during the rSPA experiment, Figure 4.4. The amide | peak that
appeared between 1600-1700cm- is mainly due to the C=0 stretching vibrations.
More specifically, for the experiment involving rSPA, their amide | peaks were
between 1620 -1640cm?, which corresponded t o -sheefs secondary protein

structure. For the experiment with the protein A with cysteine groups, the amide
133



| peak appeared in the range of 1630-1650cmt. These peaks corresponded to a
combination of b-sheets, random coils and U-helices. Regarding the amide |I
peaks, for the rSPA and rPA-cys, peaks were visible at 1560-1600cm1 and
1550cm-! respectively. This peak is mainly because of the N-H bending and C-N
stretching vibrations (Seshadri, Khurana and Fink, 1999; Barth, 2007). As
mentioned before, a fraction of the amide Il peak during the rSPA experiment,

was deuterated and thus appeared at a lower wavenumber, 1480cm-1.

The majority of IgG4 was eluted using a sodium acetate buffer at pH 3.4. It is
however suggested that in D,O buffers, the interaction between the protein A and
lgG is weakened when compared with H,O. This is because D,O affects the
length and strength of hydrogen bonds, it is believed that it influences the protein
structure (Kong and Yu, 2007). Even though it is not a very well understood
phenomenon, there are studies that suggest that in D,O systems there are
changes in intra-molecular hydrogen bonds leading to a shifted amide | sub peaks
positions (lloro et al., 2004; Kong and Yu, 2007). Likewise, protein-protein
interactions might be affected. There are four hydrogen bonding sites in the
consensus binding sit evo¢fBnsSare invdlvedlimtizeé s Fc
protein A interaction, according to (DeLano et al., 2000). At low pH, the
hydrophobically stacked histidine residues in the CBS- protein A complex
become positively charged and repel one another, as Shukla et al. states, and

therefore elution is brought (DeLano et al., 2000; Shukla, Gupta and Han, 2007b).

The overall elution conditions are subjected to shifts due to binding affinity and
buffer properties. This is brought about because D,O and H,O based buffers at
a given pH (measured using a pH probe calibrated with pH buffers + a constant

of 0.4 pH units) do not have the same protonating behaviour ( Kr 1 z e | and
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2004). A conclusion however can be drawn that the overall binding mechanism
(protein orientation and conformation) is not greatly affected since the interaction

still takes place.

The amount of protein A was not as reproducible as it should have been.
However, the amount of IgG attached to the protein A was directly proportional,
see Figure 4.4. Therefore, the challenge was to attach as much as protein A onto
the surface. Using rProtein A-Cys did not show an increase in the adsorption of
protein A onto the surface but it massively increased the reproducibility of the

system, Figure 4.5.
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Figure 4.5 | ATR-FTIR spectra for the sequential addition of the rSPA-Cys, BSA

and IgG layers in the system under D20 conditions

A shows the spectra before rSPA-Cys (black), rSPA-Cys addition (red) and rSPA-Cys
after washing (blue). B shows the same stages for the BSA layer when also added in
the system, C shows the addition of the third and final layer (IgG layer). D shows the
overall accumulation of the three protein layers in one graph. The experiment was

conducted under 0.03M sodium phosphate in D,O buffer conditions, pH 6.7.



4.4.2 QCM-D

The QCM-D technique is a simple and fast technigue to examine whether the
reagents attach to one another. It calculates the mass on the surface and gives
a frequency and dissipation measurement. The frequency gives an indication of
how much quantity of molecules there is on the surface. The lower the frequency,
the more mass present. Dissipation is an indication of the roughness of the

sample surface. The lower the dissipation, the smoother the surface is.

As it can be seen from the graphs below, Figure 4.6, every time a reagent was
added to the surface, the frequency was decreasing, indicating that there was
some sort of attachment. During washing steps, the frequency was increasing
indicating that the unbound molecules were removed from the surface thus

lowering the mass.

Looking at the results except for experiment shown in Figure 4.6D, this technique
gives us the confidence that protein A can be attached on the amino- salylated
surface, that the BSA is in place and that the antibody can be bound and eluted

successfully.
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Figure 4.6 | QCM-D data for validation of the immobilisation procedure under
normal chromatographic conditions

Both graphs show the same immobilization procedure. The cross-linker was added
and then reduced using DTT. The protein A was then added in the system, followed
by a BSA layer and finally the IgG layer was added. After every layer addition the
system was washed with a buffer to remove any unbound molecules. The
experiment was conducted under 0.03M sodium phosphate in D,O buffer
conditions, pH 6.7. A and B show the frequency and dissipation against time for all
reagent addition and washing steps. The final frequency signal in both graphs rises
since the IgG molecules were eluted and removed from the system, thus lowering
the mass on the QCM-D chip.

Note: the y-axis only shows the shift in resonance frequency. The dissipation axis

is not shown
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Figure 4.7 | QCM-D data for the immobilisation procedure under different
conditions
Note: Graphs lettering continues from the previous figure to facilitate understanding.
C. The system layers were added as previously described. The IgG layer was then
eluted from the system and the washing buffer changed. The IgG layer was re-added
and washed under the different washing buffer conditions. The IgG layer was then
again eluted and re-added under a different washing buffer. This process was
repeated for the following buffers: 0.03M sodium phosphate, 0.03M sodium
phosphate + 0.1M sodium caprylate, 0.03M sodium phosphate + 0.5M Trehalose,
0.03M sodium phosphate + 0.5M L-Arginine, 0.03M sodium phosphate + 0.5M L-
lysine and 0.03M sodium phosphate + 0.5M Sucrose, D. shows the immobilization
process when a new surface activation technique was used, epoxysilane and
Poly(ethyleneimine) solution (PEI), E. shows the IgG4 layer addition directly to the
surface without any protein A and BSA present. Note: the y-axis only shows the shift
in resonance frequency. The dissipation axis is not shown.
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In experiment D however, where a new activation surface was employed, no
significant change in the frequency was recorded when the protein A was added,
indicating that the attachment was not successful. This theory can be supported
further by monitoring the frequency of the BSA. In this case, a lot of BSA seemed
to have attached itself on the surface suggesting that there were a lot of empty
spaces and thus not enough protein A was present. The small decrease in
frequency when the IgG4 was added in the system indicates that a tiny amount
of protein A might be present or that the IgG4 underwent non-specific binding

with the surface or the BSA.

4.5 Neutron Reflectivity

Note: NR experiments were performed using the rSPA unless specified otherwise.

4.5.1 1gG4 adsorption onto the silica surface without protein A under
normal affinity chromatography conditions
Once we were confident that the methods for building all the required system
layers (activated silica surface, protein A, BSA, IgG) previously used by Mazzer
et al. can be consistently repeated and provide similar results using ATR-FTIR
and QCM-D, we then moved to the Neutron reflectivity studies. Firstly, the aim
was to attach the antibody onto the silica surface without the presence of protein-
A molecules. The cross-linker was added onto the activated silicon oxide surface,
then reduced with DTT and finally the IgG was added without any extra cross-
linkers attached on it. IgG molecules contain free cysteine groups that can directly
react with the reduced cross-linker, therefore rendering a second cross-linker
unnecessary. rSPA molecules on the other hand, need a second cross-linker due

to the lack of cysteine groups.
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Figure 4.8 | IgG4 adsorption onto the silica surface using NR

A: reflectivity (relative intensity) against momentum transfer vector in a log-log graph,
Q (A1), for the IgG layer in 0.03M sodium phosphate in D,O buffer conditions, pH
6.7; B: Scattering Length Density (A?) against distance from the silicon surface in
the z direction for the SiO; layer, cross-linker and IgG in 0.03M sodium phosphate in
D,0 buffer conditions, pH 6.7; C: RxQ* plot against momentum transfer vector for
the IgG layer in 0.03M sodium phosphate in D,O buffer conditions, pH 6.7. The red
regions represent the 95% confidence intervals obtained from the Bayesian error

analysis.
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The model was fitted to the reflectivity profile. Thickness, roughness and SLD of

the layers were determined.

Ve Zv ZalZy Z4 Equation 4-3
Where, * is the volume fraction of adsorbed material, ” is the SLD of the

solvent,” is the fitted SLD of the layer and ” is the calculated SLD of the (pure)

adsorbed material (Clifton et al., 2011).

Based onthepurel g G4 6 s S lisRppmximately 3.4 U2 and the fitted SLD
whichwas f ou nd 2 the cobemge®f tHe layer was calculated, giving a
value of 45% layer coverage of dry IgG4. This translates to about 95% coverage
when the water is added, ~50% water. To calculate the surface coverage, or
otherwise called volume fraction, for each fitted layer can be calculated using the

following equation:

Table 4.2 | Chi-squared values for fitted layer models

Chi square in D,0 contrast

Sio, 0.565
SPDP 0.706
lgG4 2.66
The thickness of the 1 gG4 | ayer was

orientation of the IgG4 molecules can be predicted. Based on a study carried out
from Yuki Abe (Abe et al., 2010), where they have studied the orientation and
size of the IgG4 molecules using X-rays, the following conclusions were drawn.

During the 1gG4 adsorption the molecules are oriented mostly flat-on to the
143
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surface and thus leading to a high surface coverage. Some of the molecules
however, might be weakly adsorbed and therefore they are abler to rotate and
extend the Fab regions away from the

compared to the theoretical antibody size o f 5 @s shbwn in Figure 4.9.
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Figure 4.9 | Dimensions of atypical IgG4 molecule in the side-on orientation

(Abe et al., 2010)
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Figure 4.10 | IgG4 adsorption onto the silica surface graph and schematic

A. shows the Scattering length density (A?) against distance from the silicon surface
in z direction for the SiO,, cross-linker and 1gG4 layers NR graph in 0.03M sodium
phosphate in D,O buffer conditions, pH 6.7. The IgG4 was added into the system
at a concentration of Img/ml, B. shows a schematic of the different system layers

with their approximate layer thickness. The diagram is just for reference, it does not

reflect the true molecular orientation or scales.
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4.5.2 1gG4 adsorption onto the silica surface with protein A under normal
affinity chromatography conditions

To characterise the 1gG structure when adsorbed on the immobilised protein A,
Neutron Reflectivity was used. The silicon wafers were ozone cleaned and treated
with ATPS to produce an amino-silylated surface prior to the experiment. The SLFC
was then fixed to the reflectometer sample cell stage. Any following surface
modifications were carried under flow-through mode. The surface modifications that
took place were as follows: rSPA was firstly immobilised onto the modified silica
surface, the surface was incubated with 1% BSA, which was the blocking agent, and
finally the 1gG was adsorbed to the protein A in 0.03M sodium phosphate pH 6.7

buffer.

Neutron measurements of each surface modification stage were carried out under
two different solution phase contrasts, D>O-based and H>O-based buffers. Neutron
measurements were taken after each surface modification stage and a constrained
model was built using the methods described in section 4.2.2. The simplest model
was always used, i.e. the least number of layers that produced a suitable fit. The
constraining limits for the SLD parameters for the different layers were determined
based on the estimated SLDs of the pure materials when in D>O and H2O, by using
online SLD calculators or by calculating them manually. For the cross-linker layer,
appropriate Iimits were deter mined manuall
to the APTS layer. It was emphasised that when SPDP is bound to the ATPS, it has
two exchangeable hydrogens, and that the cross-linker length doubles when cross-
linked to the rSPA. The NCNR Neutron activation and scattering calculator

(https://www.ncnr.nist.gov/resources/activation/) was also used for approximations

comparison. D,O estimates were ranged between 8.4x10°7 and 2.2x10® A2 and for
H,0 between 5.1x107 and 1.5x10%. This means that the minimum SLD for the D,O

data, for the pure SPDP layer, was set to be 5x10~ and for H,O the maximum SLD
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was set to be 2.5x10°. The Biomolecular scattering length density calculator

(http://psidc.isis.rl.ac.uk/Psldc/) was used to estimate the SLDs in D>O and H->O for

the rSPA layer and were very similar to those of the IgG4. It was assumed that the
BSA SLDs were also similar. It was also expected that the layers after the rSPA

addition were going to overlap in composition.

Figure 4.11 | NR sample stage set-up

The solid-liquid flow-through cells were mounted on the NR sample stage and were

connected to the HPLC pump
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It should also be mentioned that all protein samples were prepared, stored and
applied to the silicon wafer surface in D,O-based buffers. During solution phase
contrast changes from D20 to H2O, some hydrogen-deuterium back-exchange was
expected, which affects the solution-phase SLDs. This was accounted for during data
modelling. If the deuterium particles contained within the protein amide groups did
not exchange back to hydrogen when the solution phase contrast was changed, then
the protein layer SLD would be affected. This was also considered during data

analysis.
10 -
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@ D,0 protein A

@ D,0 protein A + BSA

D,0 protein A + BSA + IgG
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Figure 4.13 | Raw data obtained during the neutron scattering experiment

The graph shows the reflectivity (relative intensity) against momentum transfer
vector, Q (A1), of the different layers consecutively added into the system. Starting
with D,0, protein A, BSA and finally IgG in 0.03M sodium phosphate in D,O buffer
conditions, pH 6.7. The IgG4 was added into the system at a concentration of

1mg/ml
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The raw reflectivity data obtained from the surface modification stages are shown in
Figure 4.13. The sequential sample configuration changes can be identified. As
material was added to the surface, reflectivity in the Q region was shifted to lower
values. When protein A was cross-linked on the surface there was a notable change
in the neutron signal detected. However, when the BSA molecules were added into
the system, not much change was observed, meaning that not many BSA molecules
got attached onto the surface. It can therefore be assumed, that protein A molecules
covered most of the surface area (available cross-linkers) leaving little available
space for the BSA molecules. The biggest shift though, occurred once the IgG was

added into the system.

Once all the raw data were collected, they were analysed and modelled as explained
in section 4.2.2. A profile of scattering length density, SLD (A2) against distance from
the silicon surface was produced. The profile was generated by simultaneously fitting
both DO and H20O reflectivity data sets and produced a single layer depth profile.
The best fit for data was achieved using a 4 layer modelincluding the SiO: layer, see
Figure 4.14. The SPDP layer thickness was calculated to be 15A. The next layer
includes both rSPA and BSA molecules since both species are attached to the cross-
linker. The thickness of the rSPA and BSA layer was found to be 30A. Finally, the
lgG layer attached to the surface was measured as 99A. The most robust fitted
parameters were found to be the SLDs in D»O followed by the SLDs in H>O using
the bootstrap error analysis. The error estimates for these parameters ranged
between 1.6e7% and 5.4e'%. The error estimates for the SPDP thickness and IgG
thickness were the highest, approximately 7%. However, the bootstrap values
distribution were normal and ranged around the fitted values, data not shown but see
section 4.2.2 for an example of a bootstrap distribution. It can therefore be assumed,
that for a possibly dynamic system, the fitted data values are fairly accurate. In order

to estimate the arrangement of the protein structures at the solid-liquid interface, this
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assumption must be made. Rayner et al. (2014) gathered data on the wild-type 1gG4
structure using neutron and X-ray techniques, and concluded that IgG molecules
have limited flexibility around the hinge region, since Rq values were similar across
a variety of sample conditions. Relative to the Fc region, 1-2nm movements of the
Fab regions were observed at low concentrations below 2mg/mL (Rayner et al.,

2014).
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Figure 4.14 | IgG4 adsorption onto the silica surface with protein A

A. The final profile of SLD against distance, z, with the system layers labelled to
show their respective thickness in 0.03M sodium phosphate in D,O and H,0 buffer
conditions, pH 6.7. The IgG4 was added into the system at a concentration of
1mg/ml. The blue and red shading around the D,O and H,O data respectively
shows the model uncertainty. The model could have been anywhere in the shaded
region. B. Shows a schematic of the different system layers, substrate, cross-linker,
protein A, BSA (blocker) and finally IgG with their approximate layer thickness. The
diagram is just for reference, it does not reflect the true molecular orientation or

scales.
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Figure 4.15 | Distribution frequencies of the fitted individual parameters when
a Bootstrap error analysis was run

The parameters used to fit the model shown in figure 4.14 in 0.03M sodium
phosphate in D,O and H,O buffer conditions, pH 6.7. The fitting method and error

analysis are explained in section 4.2.2.

4.5.3 Conformation of adsorbed IgG using different washing buffers

Finally, the experiment was taken one step further. Once all system layers were
adsorbed onto the surface under typical chromatographic conditions, different
additives were added in the sodium phosphate buffer to test their effect on the
adsorbed protein, if any. The additives examined here were selected based on
previous findings reported in the literature that demonstrated an IgG stabilising
capability either in solution or during the protein A chromatography step (Bolmer,
Mattis and Phillips, 1990; Shukla, Gupta and Han, 2007a; Aghaie et al., 2008; Shukla
and Hinckley, 2008; Varghese, Sinha and Irudayaraj, 2008; Wang and Roberts,
2018). The additives added in the 0.03M sodium phosphate buffer, pH 6.7, where
0.1M sodium caprylate, 0.5M trehalose, 0.5M L-Argine, 0.5M L-Lysin, 0.5M sucrose,

all adjusted to the same pH as the original buffer. The last additive was 1M urea +
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10% of the total volume isopropanol, but the pH was changed to pH 8 as proposed
by Shukla et al. At this slightly increased pH the greatest host cell proteins (HCPS)
clearance was observed (Shukla and Hinckley, 2008). All buffer variations were
examined using NR, however, only sodium caprylate and urea showed a deviation
from the normal. The rest of the buffers showed no effect on the antibody molecules
and therefore data is not shown. Figure 4.16 shows the fitted models for the control
system (sodium phosphate), sodium caprylate and urea. The data are shown as SLD
against distance from the surface and also the reflected signal is shown as the
product of the intensity multiplied by Q4 to account for the intrinsic decay of the
reflectivity, which falls as a function of Q-4 in order to enhance the features in the
curves and aid the interpretation of the data. The distinct dip in the D20 contrast
reflectivity data, known as a Kiessig fringe, is characteristic of the presence at the
interface of a low SLD layer. The inverse relationship between Q and real space
distances, implies that a shift of the reflectivity towards lower Q is related to an

increase in thickness of the layers present.

Both buffers appear to cause the thickness of the antibody layer to expand, as also
seen in Table 4.3, compared to the control. An increase in thickness of ~20A when
comparing the control buffer with the caprylate containing buffer. Similarly, the
increase in thickness was ~40A compared to the urea buffer. In both cases, the 1gG
molecules adapted a more perpendicular orientation to the surface, extending the
Fab domains away from the surface. Similar reasoning is given by Perevozchikova
et al. (Perevozchikova et al., 2015). This could be a result of the different charges in
the system, 1IgG molecules are repelled away from the surface, or it could be due to
aggregation, IgG molecules losing their shape or unfolding and therefore occupying
a larger space towards the z-direction. In the case of sodium caprylate, the effects
can be explained by (Tejaswi Naidu and Prakash Prabhu, 2011), where they studied

the effect of surfactants on protein molecules. They concluded that the transitions on

153



the protein are categorised in two parts. At lower surfactant concentrations, in this
case up to 0.5mM of SDS, where ionic interactions are involved between the protein
and the surfactant, the secondary and tertiary structure of the protein was altered to
a less extend. At a higher concentration, hydrophobic interactions dominate, causing
two distinct transitions. The first transition is due to the aggregation of the surfactant
around t he pr ot ei nodls theh secbndotmmsitidm, the psoteimn
molecules are more likely to expand further, exposing more hydrophobic sites for the
surfactant to be adsorbed onto. In this transition, the tertiary structure of the protein
is lost as well as 50% of the secondary structure. The necklace and beads model
can describe these conformational changes (Tejaswi Naidu and Prakash Prabhu,
2011). In the case of urea, it is suggested by ( O 6 b rti ak, 2007) that the
hydrophobic association of the protein molecules is not significantly changed in the
presence of urea. Even though the changes in electrostatic interactions in urea are
small, when examining the structures of urea and water around the protein solutes it
was shown that there was a strong hydrogen bondi ng bet ween

oxygen and the positively charged solute. Their results strongly suggest that protein
denaturation occurs by the direct interaction with urea, which unfolds proteins by
altering the electrostatic interactions either by solvating the charged residues or by
engaging in hydrogen bonds with the protein backbone ( O 6 b etiak, 2007),
something that does not occur in the presence of ions in the normal PBS buffer. At
the same time however, the surface coverage also increases when the additives are
added into the system. In both situations, the dry 1gG coverage went up to 20% (for
total coverage add 50% since IgG molecules contain a lot of water). This contradicts
the fact that the molecules are moving away from the surface, since this should have
lowered the surface coverage. This phenomenon can be explained in two ways. By
either, because the modified washing buffers contained traces of IgG to alleviate the

fact that the silicon wafer is a finite surface and therefore, every time a buffer was
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flowing through the reflectivity cell, the IgG molecules were pushed towards the edge
of the wafer and ultimately a small amount of IgG was eventually lost. By adding a
small amount of IgG molecules in the washing buffers, those antibody molecules
could occupy any empty spaces left by the previous antibody molecules. However,
once the additives were added and the IgG molecules moved away from the surface,
adapting a different orientation, more empty spaces were left on the silicon surface
allowing for more IgG molecules to adsorb, resulting in a more closely backed
surface and thus increasing the total coverage. The second explanation would be
that the urea and sodium caprylate molecules are attached onto the surface or the
protein molecules as already explained, thus increasing the surface coverage. As
this experiment formed the basis for the more complicated SANS experiments
described in Chapter 6 the causes of these changes will be investigated and

discussed in more detail later on in the upcoming chapter.

Table 4.3 | The comparison between multiple parameters when under different
washing buffers

The buffers used were 0.03M sodium phosphate, pH 6.7, 0.03M sodium phosphate
plus 0.1M caprylate, pH 6.7, 0.03M sodium phosphate plus 1M urea, pH 8. The

system layers in order of addition were: silica substrate, cross-linker, protein A+BSA

and IgG.
. 0.03M Sodium 0.03M Sodium
Parameters r?égaxatSeOdluHms o phosphate+0.1M phosphate +1M
Phosp » PHLO caprylate pH 6.7 urea, pH 8
IgGthickness (A) 99.4 121 132
Dry IgG coverage 12.3% 20.0% 20.0%
Protein A + BSA
thickness (A) e e A3
Chi square 1.89 3.53 2.75
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Figure 4.16 | SLD against distance (Qz) modelled graphs and RxQ* graphs
under different washing buffer conditions

A. shows the system under typical chromatographic conditions, 0.03M sodium
phosphate, pH 6.7. B. shows the system when the washing buffer changed to
sodium phosphate + 100mM sodium caprylate, pH 6.7. C. shows the system when
the washing buffer changed to sodium phosphate + 1M urea + 10% of the total

volume isopropanol, pH 8. The coloured shading around the lines represents the 95%

confidence intervals obtained from the Bayesian error analysis.
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The average area occupied by individual protein molecules adsorbed onto the
surface, can be estimated if the proteins demonstrate a flat-on orientation. The
volume fraction values calculated can be used to estimate the excess surface
guantity. This provides a strong insight into the surface packing density (Zhao et al.,

2011). The equation below is used to estimate the excess surface, :

vYaZ W2z Equation 4-4

Where (i, is the volume fraction (see equation 4-3), Uis the thickness of the layer (cm)
and } ¢ is the mass density of the protein (g.cm3) (Xu et al., 2006). Based on an
estimate provided by Xu et al., the antibody is assumed to have a mass density of
1.42g.cm3, If the IgG layer adsorbed at pH 6.7 in 0.03M sodium phosphate buffer is
assumed to be a monolayer of IgG with a flat-on orientation, then the excess surface
area can be calculated. It results in an approximate value of 1.7mg.m™2. If the
molecular weight of the 1gG4 is 165kDa, then the area per antibody molecule equates
to 16120A2. An IgG4 molecule needs a minimum area of around 13600 A2 to adsorb
at a flat-on orientation (Xu et al., 2006; Rayner et al., 2014). Therefore, based on the
data that each IgG molecule occupies approximately 1.2 times its minimum area

needed, it suggests that this is a closely packed protein layer.
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4.6 Conclusion

In Chapter 4, we firstly used Neutron reflectivity to characterise the structure of 1gG
molecules when adsorbed directly on the silica surface. The findings suggest that
the 1gGs adapt a flat on orientation on the surface with their Fab domains extending

outwards and with an antibody size of 56A.

The system was then examined under normal chromatographic conditions using
0.03M sodium phosphate, pH 6.7 as the washing buffer. ATR-FTIR was used to
assess whether building all the system layers was feasible, but also reproducible.
The model surface contained a recombinant protein A layer that was attached to the
surface using a cross-linker, a blocking agent layer (BSA in this case) and finally an
antibody layer. The FTIR analysis showed that the model was not easily
reproducible, therefore it was essential that all immobilisation process steps were
followed precisely. Protein A appeared to retain its structure, thus allowing for IgG
adsorption. The system was also characterised using QCMD and finally, once we

were confident, using Neutron Reflectivity.

The reflectivity data enabled us to identify the individual contributions of the protein
A, as well as the antibody molecules using layer-based models. The antibody was
clearly adsorbed only onto the protein A molecules and exhibited no non-specific
adsorption to the silica surface. The key structural features included the three protein
layers. However, protein A and BSA layers were fused together since both proteins
were attached onto the surface, creating a single layer. The layers extended to a
maxi mum of &220; away from the silica

for the protein layers and especially the SLD parameters were robust suggesting a

specific and consistent protein orientation.

The final Neutron Reflectivity experiment was to investigate whether or not different
washing buffers have an effect on the protein structure. The additives added in the
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0.03M sodium phosphate buffer, pH 6.7, where 0.1M sodium caprylate, 0.5M
trehalose, 0.5M L-Argine, 0.5M L-Lysin, 0.5M sucrose, all adjusted to the same pH
as the original buffer. The last additive was 1M urea + 10% of the total volume
isopropanol at pH 8. All buffer variations were examined using both QCMD and NR,
however, only sodium caprylate and urea showed a deviation from the normal. The
rest of the buffers showed no effect on the antibody molecules. The layers extended
to a maxi mum of &a240j and a250ij away of
when 0.1M sodium caprylate and 1M urea were present, respectively. This increase
in thickness of the IgG layer indicates a change of the electrostatic charges in the
system, forcing the antibody molecules away from the surface and into the bulk

solution.

These data give a new insight into the arrangement of antibody molecules adsorbed
onto protein A and how they are affected under different washing buffer conditions
in terms of protein layersodistribution in the direction of the surface normal. These
experiments form the basis of the more complicated experiments explained in
Chapter 6, where the real chromatographic resin is used rather than an idealised

surface environment.
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5 Sample environment of SANS

In this chapter the design and manufacturing process of a compatible SANS flow-
through column is described. Three column designs are summarised, two quartz and
one aluminium, along with their advantages and limitations. Finally, a comparison
between all three of them was conducted and the column that met most of our pre-

defined criteria was chosen to perform the SANS experiments with.
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5.1 Rationale behind the sample environment design

As mentioned before, the aim of this project was to advance understanding of the
anti bodi es 6 behaviou wherniadserbea ontb a chromatographic surface
under real life chromatographic conditions. Once the planar studies using Neutron
Reflectivity were completed, see chapter 4, the natural next step was to examine a
more complicated system that resembled more closely the real life chromatographic
conditions. To accomplish this, the technique of choice was Small Angle Neutron
Scattering (SANS). When examining the system under static conditions, the standard
SANS cells, provided by the neutron facility, can be used. However, this technique
can be further exploited, since it allows real time investigation of the system under
flow, similarly to the Neutron Reflectivity experiment, but in a three dimensional
space rather than planar. When examining the system under flow though, the static
cells are no longer of use, since both an inlet and an outlet is needed for the buffer
to enter and exit the cell. For this reason, a column had to be used, instead. There is
a huge variety of protein A affinity chromatography columns, pre-packed with resin,
available on the market. This technique however, imposes an important challenge; it
requires the columns and cells to be made out of certain materials that allow neutron
penetration, thus, rendering the regular plastic chromatography columns
incompatible. For this reason, a new column had to be designed and built that
resembles the industrial and laboratory affinity chromatography columns, but at the
same time be compatible with the Small Angle Neutron Scattering specifications.
This chapter describes the different columns built during the course of this PhD,
including any challenges faced while designing them. The RAL Sample Environment
team should be acknowledged for their continuous help and support during the whole

process.
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5.2 Chapter objectives

The primary objective of this chapter is to build a functional, robust and compatible
flow-through cell that can be used during the SANS experiments, that would also
resemble the typical protein A affinity chromatography columns used in the industrial

and laboratory setting.
To achieve the main objective, some of the sub-objectives are:

i Find the right material for the column that allows neutron penetration

9 Find the right column shape and size to facilitate a uniform resin packing, as
well as buffer flow

9 Find the correctinlet and outlet size and position to avoid any back pressure
build-up that can damage the column

9 Find suitable filters that prevent the resin from escaping the column, but also
allow a free buffer flow in and out of the column without the build-up of back

pressure
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5.3 Flow-through columns

Flow through cells usage spans across multiple industries and it is a well-established
concept and method. Each industry is using a different type of flow through-column
but they are all based on the same principle. In the pharmaceutical industry, column
are used during antibody purification, dissolution testing to monitor the quality of
batch-to-batch consistency of drug release (Fotaki, 2011) etc. This technique is also
used during environmental and toxicology studies (Lee et al., 1988), water research

and many more (De Smedt and Wierenga, 1984; Gandhi et al., 2002).

In this work we are focussing on the pharmaceutical industry and more specifically
in chromatography. Chromatography however, is a broad separation process and it
is sub-divided into multiple types, such as ion-exchange, affinity, gas, high-pressure
liquid chromatography just to name a few (Coskun, 2016). Each of these methods
requires its own version of a flow-through column specifically tailored to its needs.
This results into a large number of different types of flow through columns in the

market.

Currently, when chromatography methods are combined with Small-Angle Scattering
techniques to facilitate the advancements in the understanding of separation
techniques and structural characterisation, such as antibody aggregation, non-
protein contaminants etc., it is proven to be challenging. Normally, the experiment
will be performed sequentially; the chromatography step will be completed first and
then the eluent will be collected and analysed using a diffractometer (Watanabe and
Inoko, 2009). Therefore, analysis of the structural changes occurring during the
experiment is not actually taking place in real time and thus, we cannot fully
comprehend what is really happening inside the chromatography column and how
adsorption processes affect the structural integrity of the proteins. Chromatography

columns have been characterised as black boxes by Plewka et al (Plewka et al.,
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2018). Plewka et al. aimed to gain a deeper understanding of the influence that the
surface topology has on the molecular/nanoscale level during adsorption, while
performing protein A chromatography. In order to characterise the changes in the
protein A-antibody resin complex, they used Small-Angle X-ray scattering. For this
experiment, they built a small chromatography column, which can be penetrated by
X-rays, packed with affinity chromatography resin, to allow for simultaneous
chromatography runs and in situ characterisation by X-rays. Their column was
similar to an HPLC column, a cylinder filled with resin (stationary phase) closed with
a frit at the bottom. To reduce the X-ray absorbance, a capillary from quartz glass
(Hilgenbergimar k tube), 1.5mm di ameter aredand O &m
was glued into a metal housing to protect it. The photons were not disturbed since
there was a gap in the metal housing. The SAXS column was attached to an
AKTAprime plus chromatography system, using HPLC connectors, for the flow-
through studies, and placed in the X-ray beam allowing in situ measurements. They
monitored the protein adsorption process on the Mab-Select Sure resin and
witnessed the formation of a protein layer on the chromatography resin in situ, at a
time-resolved mode in nanoscale, by also collecting a 280nm UV signal downstream
of the column. They were therefore, able for the first time to correlate directly the
nanostructure changes inside the column (Plewka et al., 2018). In this study, we
wish to perform a similar experiment with the use of neutrons rather than X-rays, on
a different chromatography resin, Prosep Ultra Plus, by building a neutron compatible

flow through column.
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5.4 Column designs

5.4.1 Column design one

The first column was kindly donated by an RAL staff member that designed this
column a number of years ago, for a different purpose. The features of this column
however, were aligned with our requirements and therefore, we decided to use it
before attempting to design a new one. This would allow us to be better prepared
and assess any current advantages and disadvantages which would help us design
a more functional column later on. This column was made solely out of quartz glass
with a chamber drilled in the middle that would hold the resin. The walls around the
chamber were 3cm thick with a 7cm height and a chamber volume of 2mL. In the
middle, both at the top and bottom of the column an inlet and an outlet were
positioned respectively. Both inlet and outlet were filled with cotton wool that acted
as a filter, to prevent the chromatography resin from escaping the column and

clocking the tubing. The tubing was attached to the inlet and outlet by gently pushing

Inlet

70mm

11 30mm ‘/Q:(\((\

:

Figure 5.1 | Quartz column used for the initial SANS experiments and

Outlet

rough dimensions
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the LC fittings in. A standard holder was used to hold the column in place during the

experiment.

Table 5.1 | Summary of Column one features and whether it meets the minimum
design requirements
N is for not meeting the requirements, with red background and Y is for meeting the

requirements, with green background.

T T
1 Neutron penetration -

2 Low back pressure Y
3  Uniformresin packing Y
4  Flow rate at 1ImL/min Y
5 No leaking -

Once tested, the performance of the column was assessed. Overall, the experiment
was successful and good results were obtained. The resin was evenly packed and
any air bubbles present were easily removed by flowing through buffer overnight at
a very slow flow rate. The detailed resin packing process of the flow-through columns
is explained in section 3.3.8.2 of the materials chapter. The buffer was flowing
through the column evenly as well, without causing any back pressure. On the other
hand, even though the column material was well suited for the neutron experiments
(quartz glass), the wall thickness was too large, which limited the amount of neutron
beam penetrated the column, leading to high neutron transmission levels and longer
measurements. Furthermore, since the tubing was not screwed in the inlet and was
just pushed in the cavity, empty gaps were left, leading to leakages once a higher
flow rate was used. Multiple parafilm layers were used to seal all connectors and

tubing to avoid leaking. This however, made the situation complicated since every
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time a tube or connector had to get changed or modified, the parafiim had to be

removed and be replaced again.

The team decided that a new column should be designed based on our findings from
this column. A column with thinner walls and quartz glass windows in the middle to
allow for better neutron beam penetration. Finally, the inlet and outlet connectors

should be screwed on the column to avoid any leakage.

Figure 5.2 | Arrows showing which column area is affected by each feature
outlined in table 5.1.

Red is for not meeting the requirements and green is for meeting them.
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5.4.2 Column design two
The second column had a very different design from the first one. Once we had a
good first idea of the design, the column was sketched in AUTOCAD and a plastic

column was 3D printed (see Appendix 1 for specifications).

Screws position for

the retaining ring
Multiple

inlets : g . Window
. : ' position

O-ring
groove

Outlet

Figure 5.3 | The 3D printed plastic Column two before assembling it from
different angles
Arrows indicate the multiple column parts and their positions
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As seenin Figure 5.3, there is one inlet at the top (2.5mm) going into 8 smaller holes
for sample flow and there is also a main outlet at the bottom that is again separated
into 8 smaller holes. Essentially, the outlet mirrors the inlet of the column, which
enables the column to be used in either direction during experiments, since the
sample flow would be the same. To assemble the column, the O-ring is placed in the
groove, to seal the cavity in the middle where the resin will be, and avoid any
leakages. The 3mm thick quartz window (minimum thickness required to allow the
windows to be clamped in place) is then positioned over the O-ring and finally, a
retaining ring is placed on top and screwed into place with 4 screws (one in each
corner). The exact same process is repeated on the other side of the column. For
this column, the 0.2 um filters used in the inlet and outlet holes were taken from the
traditional 1mL protein A affinity chromatography columns. Finally, the inlet and outlet

LC fittings and tubing are fitted by screwing them in.

The resin slurry can be added directly under flow through the top hole (inlet filter is

fitted after the resin is packed). Even though the top hole is quite large, due to the

Rounded
edges

Figure 5.4 | Schematic of the Column two with the modified inner, more

rounded, edges
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smaller holes, the resin slurry would have to be less viscous than usual to avoid
blocking the small holes and the build-up of any back pressures. When attempting to
pack this column however, the main issue was that the resin packing was not
uniform. The 90-degree corners made it hard to evenly pack the resin at the top two
corners. Without a uniform packing, any gaps would disrupt the laminar flow in the
column, as well as the whole packing. It was therefore decided to re-design and re-
print the column with more rounded edges to improve the packing quality. The

improved design can be seenin Figure 5.4.

The next challenge we faced was the material the column was made out of.
Unfortunately, while testing the plastic versions, the whole column was found to be
porous. The manufacturing method used by the 3D printing department on site (RAL)
is called FDM and is always susceptible to producing porous parts. The dimensions
needed to produce the small sample area were very close to the limits of the
machine, which didndét help either. Another
3D printing, where they 3D print both plastic, using a different manufacturing method
called SLS, as well as metal parts. When we showed them the drawings of the
column casing, they could not guarantee some of the smaller dimensions or that the
small internal flow paths could be formed if it was printed in plastic. For these
reasons, it was decided to use aluminium rather than plastic to make the column
casing. The column design diagram can be seen in Appendix 1 and Figure 5.5 shows

the final printed metallic column.
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valve
Inlet s~ - Aluminium
casing
Packed
- : , Screws
resin :
Outlet

_ Flow control
valve

Figure 5.5 | The aluminium column two after assembly
Arrows indicate the different column parts and positions as well as the flow control

valves.

The new column was tested in the lab prior to any neutron experiments. With this
new design we managed to overcome the challenges faced with the previous
column. The thinner quartz windows ensured that there would be better neutron
penetration and the inlet and outlet connectors were screwed in, thus avoiding any
leakages. However, this new column had its own challenges. During the resin
packing process, the column appeared to have very high back pressures thus
allowing for only an extremely slow flow rate, ~0.001ml/min, to be used. If a faster
flow rate was used, there was a risk of cracking the quartz windows. The high back
pressure was due to the small inlet area of the 8 inlet holes at the top. The resin was
viscous and was blocking the holes, resulting in high pressures inside the column.

By diluting the resin as much as we could, we tried to overcome this problem. Once
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the resin was packed, the next step was to test the buffer/solution flow through the
column. At very low flow rates (0.005mL/min), the flow appeared to be laminar and
uniform throughout without disturbing the packing of the resin. However, as the flow
rate started to increase the flow started becoming more turbulent, with high back
pressures and leakages from the top. All tubing and fittings were sealed with parafilm
to minimize any leakages. The resin packing was also disturbed with gaps starting

to appear.

Table 5.2 | Summary of column 2 features and whether it meets the minimum
design requirements

N is for not meeting the requirements, with red background and Y is for meeting the

requirements, with green background

S reatwre | column2.

Neutron penetration Y

Low back pressure
Uniform resin packing

Flow rate at ImL/min

ot B W N =

No leaking
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Figure 5.6 | Arrows showing which column area is affected by each feature

outlined in table 5.2

Red is for not meeting the requirements and green is for meeting them

After testing the column extensively, it was finally decided that this column would not
be reliable enough to be used during the neutron experiments. The biggest
challenge, which we were not able to overcome, was the build-up of high back
pressures inside the column, which led into further challenges such as time-
consuming resin packing process, leakages and turbulent flow. To avoid these, very
low flow rates should be used during the experiments. However, neutron
experiments are very expensive and difficult to schedule, therefore time is precious.
By using such low flow rates it meant that the duration of the experiment would be a
lot longer and since we normally have only 48-72 hours to perform the experiment,
we would have to decrease the number of measurements we take. Any following
SANS experiments were therefore performed using column one (see section 5.4.1)

while we started designing a different column (see section 5.4.3).
173



5.4.3 Column design three

The third and final column design was again built by the RAL Sample Environment
team. The column was made entirely out of quartz glass, mimicking column
one, described in section 5.4.1. To avoid the challenges faced with column 1 though,
the wall thickness of the new column was much less, 10mm compared to the 30mm

of the old one, which allowed for better neutron penetration and less background

Figure 5.7 | Schematics of quartz Column three showing the exact column
dimensions and assembly
The top, middle and bottom positions indicate the positions where the beam wiill
be passing through during the SANS experiments explained in Chapter 6.
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