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Abstract

Therapeutic proteins, such as immunoglobulins, are typically formulated with
polysorbates as stabilisers. However, the nature of the immunoglobulin-polysorbate
interaction, particularly at the solid-liquid interface, is poorly characterised. This
thesis presents an investigation of immunoglobulin (mAb-1)-surfactant interaction in

bulk solution with particular focus on the interaction at the solid-liquid interface.

It was first established using isothermal titration calorimetry that no specific binding
interaction between mAb-1 and surfactant in solution takes place. Furthermore,
circular dichroism and differential scanning calorimetry showed surfactant inclusion

had no effect on mAb-1 native structure or thermal stability.

The adsorption/desorption of mAb-1 and the effect of polysorbate was quantified in
real-time by total internal reflection fluorescence. MAb-1 desorption was dependent
on polysorbate concentration, fatty acid tail group and point of injection relative to
mAb-1. MAb-1 adsorption to a hydrophobic surface was significantly less than to a
hydrophilic surface. Concomitant conformational changes to mAb-1 were not
apparent upon adsorption to a hydrophilic surface but a varying degree of B-sheet
loss was observed upon adsorption to hydrophobic surfaces. This was corroborated
by neutron reflectivity (NR) data which modelled a bilayer for mAb-1 adsorbed to a
hydrophilic surface and a monolayer for mAb-1 adsorbed to a hydrophobic surface.

These NR data suggested a range of mAb-1 orientations were adopted.

This combination of orthogonal surface analytical techniques can build up a detailed
molecular-level image of the adsorbed protein layer enabling rapid characterisation

of protein surface adsorption which will improve bioprocess design and formulation.



Chapter 1. Introduction

Therapeutic proteins are used to treat a wide range of conditions including cancers
and autoimmune disorders. To achieve a therapeutic dose at a small volume, a high
concentration formulation is necessary. Proteins formulated at high concentration are
susceptible to aggregation (Ripple and Dimitrova, 2012) and loss of structure due to
surface adsorption-desorption (Pinholt et al., 2011). To reduce aggregation, thereby
increasing protein stability, excipients such as non-ionic surfactants are included in
formulations. However, although their use is common and widespread, the
interaction between non-ionic surfactants such as the polysorbates and monoclonal

antibodies is, to date, poorly characterised particularly at solid/liquid interfaces.

1.1 Protein Structure

Proteins are composed of primary and secondary structures which together form the
tertiary structure. A protein quaternary structure is formed by the coming together of
a number of individual protein subunits to form one protein with multiple subunits
(Figure 1-1). The tertiary and quaternary structures of a protein can be highly
complicated and adopt a wide range of conformations. In this study proteins will be
considered as being over one hundred amino acids in length and have a defined 3-D
folded structure, polypeptides will be regarded as approximately sixty to one hundred

amino acids in length and peptides defined as below sixty amino acids in length.
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Figure 1-1 Diagram showing protein structure (Adapted from G.L. Kerr 2009)

The amino acids (as shown in Figure 1-2), which are the primary structure of a
protein, form chains through the formation of peptide bonds (-COOH + H;N- —
C(O)NH + H,0) between adjacent residues. The amino acid sequence will determine

the secondary structural conformation of the protein in its native state.

The secondary structure of a protein is a regular structure which is repeated and
stabilised via hydrogen bonds between carboxyl and amino groups of amino acids on
the secondary structural motifs. The main types of motif which form the secondary
structure of a protein are alpha (o)-helices, beta (B)-sheets and beta (p)-turns each of
which are highly regular (i.e. the motif has a regular repeating sequence and
structure). These secondary structures mentioned are regular which suggests a high
degree of order within the protein; however, proteins can also have an irregular
structure such as a random coil. The secondary structure of a protein is localised and

thus different regions of the same protein may have a different secondary structure.

The tertiary structure of a protein is created as a result of the secondary structure(s)
present and this forms the overall shape. It is common for this structure to be
stabilised through the presence of nonlocal interactions, for example salt bridges
(which most commonly take place between aspartic acid/glutamic acid and

lysine/arginine) or disulphide bonds (between cysteine residues). Folded proteins



have a hydrophobic core which contains the hydrophobic residues and is stabilised
by the packing of amino acid side chains. The charged or polar side chains of the
amino acids occupy the exposed surface of the protein and interact with water or

solvents in the surrounding environment.

OH OH SH
" i L
HzN XCOOH HsMN COOH HzN COOH HaN COOH HoN COOH
Glycine (Gly, G) Alanine {Ala, A) Serine (Ser, S) Threonine (Thr, T) Cysteine (Cys, C)
s
HzN COOH COOH COOH HJN COOH H COOH
Valine (Val, V) Leucine (Leu, L) Isoleucine (lle, 1} Methionine (Met, M) Proline (Pro, P)
Q OH
0
e
COOH COOH H,N~ ~COOH HzN™ "COOH HpN™ "COOH
F’henylalanme (Phe, F) Tyrrosme (Tyr, Y) Tryptophan (Trp, W) Aspartic Acid (Asp, D) Glutamic Acid (Glu, E)
HaM YNH;
HzN COOH COOH /C:;JOH HzN COOH HzMN COOH
Asparagine (Asn, N)  Glutamine (Gln, Q) Histidine (His, H) Lysine {Lys, K} Arginine (Arg, R)

Figure 1-2 Amino acids - form the primary structure of proteins (Adapted from
http://www.neb.com/nebecomm/tech reference/general data/amino acid structures.asp).

A number of analytical techniques exist to identify the structure of a protein, some of
which are capable of investigating changes in protein structure in solution or at a
surface. For example, ‘liquid state’ circular dichroism can be used to determine the
native secondary structure of a protein in solution (Kelly and Price, 2000, Kelly et
al., 2005) while ‘solid state’ circular dichroism is able to investigate structural

changes upon adsorption to a surface (Ganesan et al., 2006). Circular dichroism can
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also be used to monitor structural changes which take place due to heat induced
denaturation which is important when considering storage and manufacture of
therapeutic protein formulations. Both ‘liquid” and ‘solid state’ circular dichroism are
used in this study and so they are discussed in greater detail in section 2.1.3 and

3.1.3.

The structures of a large number and range of proteins have been elucidated with two
techniques being commonly used, X-ray crystallography (Yang et al., 2012) and
nuclear magnetic resonance (NMR) spectroscopy (Sengupta et al., 2012) . These
techniques have a high resolution and they produce information on the arrangement
of the atoms forming the protein. In X-ray crystallography an X-ray beam is directed
at the protein, as the beam strikes the protein it will be diffracted into numerous
directions. From the angle and intensity of the diffracted beam the 3-D structure of
the protein can be established. NMR spectroscopy produces information on the
structure of a protein but also on physical, chemical and electronic aspects. It can be
used to determine the structure of a molecule in solution or in a solid state. The
protein is placed in a magnetic field and the nuclei of the molecules composing the
protein will have a resonance which has a specific frequency, energy of absorption
and intensity of signal. These features are directly related to the force of the magnetic

field and when the data is analysed the structure of the protein can be resolved.

1.2 Bioprocessing
The bioprocessing of proteins is a large subject area and so will only be discussed

briefly here; a more detailed review of protein bioprocessing is available in the



literature (Elvin et al., 2013). Recombinant proteins are produced through expression
in @ mammalian cell line with a number of different cell lines available for this
purpose. The choice of cell line depends on the protein of interest, but options
include Chinese Hamster Ovary (CHO) cells which have been used for
erythropoietin (EPO) and Pulmozyme, and Human Embryonic Kidney (HEK) or
CHO cells for monoclonal antibodies (mAbs). Plants cells have also been
investigated for their ability to express immunoglobulins (Benvenuto et al., 1991,
Vine et al., 2001) with a review discussing the area in greater detail published by De
Muynck et al., (2010). The growth media and bioreactor used must be selected to
maximise cell growth and the quantity of protein produced. Methods including
multivariate data analysis (Kirdar et al., 2008) and a parallel high throughput micro-
scale bioreactor (Legmann et al., 2009) have been suggested as ways in which

optimal growth and expression conditions can be investigated.

The host cell must be altered to incorporate the protein-coding DNA sequence. A
suitable plasmid DNA expression vector, the plasmid chosen is dependent upon the
sequence to be inserted, and the protein-coding DNA sequences are cut using the
same restriction enzyme (a restriction enzyme recognises a specific sequence of
nucleotides in the DNA strand before cutting the strands). This process results in
complimentary nucleotide sequences being available on the two components which
can then be annealed to reform the plasmid. The protein-coding DNA sequence is
then incorporated into the plasmid and the protein expression vector is subsequently
inserted into a cell line for production of the protein. One problem with the use of
expression vectors is undesired or uncontrolled post translational modification of the

protein, which includes glycosylation, galactosylation and deamidation (Jenkins,



2007). For example, the glycosylation of cetuximab via the linkage of galactose-a-
1,3-galactose has been linked to an immunogenic response (Chung et al., 2008). It is
therefore important that any post translational modifications which occur are
consistent and controlled. It has been shown that the degree of antibody F.
galactosylation can be controlled, in part by the inclusion of different constituents in

the culture medium (Gramer et al., 2011).

The protein of interest must be purified from the cell lysate and then concentrated
through the removal of liquid. The protein is first extracted from the cells, a process
which is carried out via lysis - methods such as repeated freeze-thaw cycles and
sonication can also be used - before purification. It is common for a molecular tag,
for example a hexahistidine tag (His-tag) (da Silva et al., 2012) or a glutathione S-
transferase (GST)-tag (Xiong et al., 2012), attached to a protein to be used for
purification via affinity chromatography. A high throughput high-yield affinity
chromatography method has been developed for protein purification using a
completely automated system involving a robotic arm and the option to use up to 9
different solutions to extract and purify the protein (Steen et al., 2006). An
alternative technique to affinity chromatography is the use of poly(ethylene glycol)
to precipitate the protein from the culture media as has been shown for an 1gG4
(Knevelman et al., 2010). However, the main method for the removal of recombinant
antibodies from culture media in the pharmaceutical industry is via the use of
Staphylococcal protein A affinity (Hober et al., 2007). Once the protein has been
successfully purified from the host cell proteins it is necessary for it to be
concentrated (i.e. removal of excess liquid). Concentration of the protein can be

achieved using lyophilisation or ultrafiltration (which is also used for purification).



The protein can be lyophilised (dried), if it is the only soluble component of a
solution, which concentrates the protein solution through removal of liquid during
the freezing process and removal of water (through a decrease in pressure causing the
liquid to go directly from the solid to gas phase). The freezing process can however
affect protein stability (Kueltzo et al., 2008). Ultrafiltration brings about the
concentration of a protein from a solution through the use of selectively permeable
membranes (Baruah et al., 2006). A selectively permeable membrane is mounted in
a tube (e.g. a centrifuge tube depending on the quantity of protein being
concentrated) and a buffer is forced through which results in the protein being
deposited on the membrane surface. During the concentrating period, a degree of the

protein in solution can be lost, as with the during purification step.

During bioprocessing, proteins are susceptible to aggregation and surface adsorption.
As an example, the effect of shear on aggregation of an IgG4 has been investigated
using computational fluid dynamics (CFD). During processing the predicted shear
rates proteins are expected to be exposed to is up to 20,000 s™. A reduction in the
monomer content of an 1gG4 was detected when using shear rates up to 34,000 s™ at
a low antibody concentration (Biddlecombe et al., 2007). The pH of the solution and
nanometre-scale roughness of the surface were identified as important factors in the
aggregation detected in a further study by the authors. It was also found that the
inclusion of polysorbate 20 below its critical micelle concentration reduced loss of
monomer content (Biddlecombe et al., 2009). Protein formulation is discussed in
section 1.5 along with the use of excipients to reduce aggregation and surface

adsorption.



1.3 Immunoglobulins

Immunoglobulins (1g), which are commonly known as antibodies, are proteins
around 140 kDa in weight and are found within the body including the serum and
mucosae. They are produced by the plasma cells (a specific type of white blood cell)
and form an integral part of the immune system. Immunoglobulins identify foreign
objects, for example bacteria and viruses, through the specificity of the antigen
binding domain. The presence of immunoglobulin on the surface can signal to other
components of the immune system to attack the foreign body preventing it carrying

out its function or directly binding to the foreign body which prevents it from acting.

Five different immunoglobulin isotypes exist in mammals: IgA, IgD, IgE, 1gG and
IgM which are shown in Table 1-1 along with the number of sub-classes and a brief
description of their location within the body and their function. The heavy chain of
the immunoglobulin determines the isotype class and the name is derived from the
Greek letters a (alpha), & (delta), € (epsilon), Y (gamma), and p (mu). There are two
forms of immunoglobulin which are considered to exist: a surface immunoglobulin
which is bound to the membrane of white blood cells (specifically the plasma cells)

and antibodies which are secreted into the bloodstream.

The crystal structures of a monomeric IgG and a pentameric IgM are shown in
Figure 1-3 along with a simplified diagram of the structure in Figure 1-4 to illustrate
the different domains. The crystalline dimensions of a human IgG1 range between
142 x 85 x 38 A (Silverton et al., 1977) and 146 x 135 x 69 A (Harris et al., 1998).
The dimensions of each immunoglobulin isotype will differ. The basic structure of
human immunoglobulins is very similar, with each immunoglobulin monomer being

composed of two heavy and two light chains (Figure 1-4).



Immunoglobulin ~ Number Location and function

isotype of

subclasses

IgA (dimer) 2 Found in mucosal areas (e.g. gut, respiratory
tract. Prevents the colonisation of the body by
pathogens

IgD (monomer) 1 Antigen receptor on B cells not previously
exposed to antigen. Activates immune cells
(basophils, mast cells).

IgE (monomer) 1 Triggers the release of histamine from basophils
and mast cells. Involved in the allergic response
system.

19G (monomer) 4 Found on the surface of B cells and in solution.
Provides  immunoglobulin-based  immunity
against pathogens.

IgM (pentamer) 1 Elimination of pathogens prior to the presence of

sufficient 1gG during early B cell mediated

immunity.

Table 1-1. The different types of immunoglobulin name, number of types and function(s).

The fragment antigen binding (Fap) region is responsible for antigen binding. It is
composed of one constant and one variable domain of the heavy and light chains.
Immunoglobulins have been shown to have a large level of interdomain flexibility
which allows the accommodation of a variety of Fq, region conformations (Saphire et
al., 2002). The F, region of the immunoglobulin is differentiated by the variable
domain which enables recognition of a wide range of antigens. This area at the tip of
the F,, region is highly variable and thus is known as the hypervariable region (Fv
region). As there are two Fy, regions (Figure 1-4) each immunoglobulin can
theoretically bind to two antigens at once. The variability of this region enables the

existence of innumerable immunoglobulins, and so the immune system, with the
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ability to recognise a great number of antigens. Immunoglobulins recognise a
characteristic part of the antigen called the epitope which is unique to each antigen.
The binding between an immunoglobulin and an antigen is specific allowing each to
recognise a single antigen. Techniques including atomic force microscopy
(Hinterdorfer et al., 1996, Li et al., 2002) and the immobilisation of antibody on the
surface of a chip (Saleh and Sohn, 2003) have been used to investigate antibody-
antigen binding. The F; (fragment constant) region of the immunoglobulin activates
the defence mechanism of the host leading to an immune response. This region binds
to Fc receptors on the host cell triggering phosphorylation within the cell and
activation of kinases which leads to endocytotic and phagocytotic events (Daeron,

1997).
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Figure 1-3. Examples of (left) an IgG (Saphire et al., 2001) and (right) an IgM structure
(Perkins et al., 1991) (images used with permission from Protein Data Bank).
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Figure 1-4. A simplified diagram of an immunoglobulin structure to illustrate the different

component domains.

Therapeutic antibodies were initially derived from murine (mice and rat) sequences,
however, due to problems with immunogenicity (Hwang and Foote, 2005) and
efficacy, a number of different formats have been developed. The different types of
antibody and their origin together with examples are shown in Table 1-2. Each
antibody is designed to interact with a specific target which will increase efficacy,
thereby reducing the dose required and potential side effects. In addition to the whole
antibody formats in Table 1-2, antibody fragments and conjugates are also available
which include Ranibizumab a Fg, fragment (for treatment of macular degeneration)
and the conjugate tositumomab-iodine 131 (for the treatment of Non-Hodgkin’s

lymphoma).
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Format Origin Suffix Examples

Murine Fully murine n/a Muromonab-CD3

Chimeric Murine variable region -ximab Rituximab, cetuximab

Humanised Murine complementary -zumab  Palivizumab, trastuzumab
determining region (CDR)

Human Human sequences -umab Adalimumab

Table 1-2. Therapeutic antibody formats, their origin and available drug examples.

In addition to the use of immunoglobulins to treat various conditions, they are also
immobilised on surfaces in protein assay kits designed to detect the presence of an
antigen. A high-throughput screening method exists to test for recognition of an
antigen by recombinant antibodies (de Wildt et al., 2000) which could be used prior
to the selection of an antibody for an assay. Some examples of assay Kits are the
detection of serum proteins (Rissin 2010) and to test for HIV (Pavie 2010, Lee
2011). In the studies mentioned, the ability of the immunoglobulin to detect an
antigen will be dependent on the orientation adopted on the surface. One method for
achieving a specific immunoglobulin orientation on the surface is generation of a
membrane protein array which has been shown to enable binding of a polyclonal 1gG
in a specific orientation (Le Brun et al., 2011). Through determination of the layer
thickness during each step of the array construction the thickness of the polyclonal
IgG layer was established which enabled determination of the likely surface
orientation. Antigen binding capability was identified by an increase in the layer

thickness (Le Brun et al., 2011).
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1.4 Proteins available on the market

A large number of monoclonal antibodies are available on the market to treat a range
of conditions, with the two most common targets by percentage of sales being cancer
and autoimmune/inflammatory diseases (Table 1-3). A study published in 2005
suggested that by 2008 five antibodies would together make up a 68% share of the
market - Rituximab (Rituxan®) (for treatment of cancers including Non Hodgkins
lymphoma), infliximab (Remicade®) (which is used to treat conditions including
Crohn’s disease and ulcerative colitis), trastuzumab (Herceptin®) (treatment of
breast cancer), adalimumab (Humira®) (its uses include treatment of rheumatoid
arthritis and Crohn’s disease) and palivizumab (Synagis®) (for treatment of
respiratory syncytial virus) (Pavlou and Belsey, 2005). The suggestions made by
Pavlou and Belsey (2005) are in general confirmed by a more recent study which
reported the mAb therapeutic market in 2010 to be worth $43 billion with 75 % of
the sum generated by five mAbs (four of which were reported in the previous studies
mentioned): bevacizumab (Avastin®); rituximab (Rituxan®); adalimumab
(Humira®); infliximab (Remicade®); and trastuzumab (Herceptin®) (Elvin et al.,
2013). The exception is that sales of palivizumab (Synagis®) were not as high as
anticipated by Pavlou and Belsey (2005). A full review of the therapeutic antibody
market including the different mAbs on the market and their targets has recently been

published (Elvin et al., 2013).
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Target area Percentage of sales in 2010 (%)

Oncology 50.8
Autoimmune/inflammatory 37.8
Neovascular (eye) 7.1
Infectious disease 2.4
Haemostasis 1.7
Rejection 0.1

Table 1-3. Monoclonal antibody sales by target area in 2010 (Elvin et al., 2013).

Protein therapeutics are typically injected subcutaneously at a high concentration in
order to achieve a therapeutic dose (Dani et al., 2007) which avoids enzymatic
degradation, and increases the reproducibility of the dose. A notable exception to this
route is nebulised Pulmozyme for local delivery to the lungs for the treatment of
cystic fibrosis patients (Quan et al., 2001). However, proteins are susceptible to the
formation of aggregates at high concentrations used in therapeutic formulations
(Treuheit et al., 2002). Additionally, proteins can adsorb to surfaces including that of
a syringe, a needle (Bee et al., 2010) or an intravenous drip (Burke et al., 1992)
which would lead to a reduction in the concentration. In addition to the loss of
protein concentration due to adsorption on surfaces encountered during storage and
delivery, it has been shown that antibody secreted by cells during bioprocessing can
also be lost due to surface adsorption. The concentration of a mouse monoclonal
IgG1 in solution was found to decrease when added to sterile plant culture containing
no biomass or proteases (Doran, 2006). To reduce this loss of concentration due to
surface adsorption, and to also increase stability, proteins are formulated with

excipients which will now be discussed.
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1.5 Protein Formulations

Proteins are generally more physically stable when stored in their solid form than in
solution. This is because when they are stored in a humid environment or in solution
their main chain flexibility increases which has been shown to result in unfolding
(Mukherjee et al., 2011). This leads to a dramatic decrease in the conformational
stability of the protein and may result in the formation of aggregates through an
interaction between denatured/partially denatured protein chains (Fields et al., 1992)
(a detailed review of the stability of protein pharmaceutics was undertaken by
Manning et al., (2010)). Upon aggregation the structure of the protein may be altered
and thus potentially cause an unfavourable immune response (Hermeling et al.,
2004). Protein aggregation as a result of solution instability (resulting in unfolding) is
one of the main problems encountered in therapeutic protein formulations, although
it is by no means the only cause with freeze-thawing and exposure to container
surfaces also being shown to cause mAb aggregation (Kueltzo et al., 2008). The
prevention of aggregation is essential for generation of an effective therapeutic
protein and to ensure product quality. The manufacturing processes used during the
production of protein formulations can also cause aggregation and precipitation, with
shear strain placed upon an 1gG4 being shown to result in aggregate formation
(Biddlecombe et al., 2007, Biddlecombe et al., 2009). Agitation has also been found
to result in the aggregation of an 1gG2 with exposure to an air/liquid interface being
shown to be a potentiating factor (Brych et al., 2010). Due to this, stabilisers are
added to protein formulations to maintain long-term stability and protein function

include non-ionic surfactants, tri-block co-polymers and non-reducing sugars.

16



1.5.1 Entropy, enthalpy and free energy
Before the effect of excipients on protein formulations can be discussed, it is
necessary to first give an overview of the thermodynamics involved - entropy,

enthalpy and free energy.

Entropy is a measurement of the number of different potential conformations a
system can be arranged in. It is frequently considered to be a measure of the level of
“disorder”: the higher the entropy of a system the higher the level of “disorder”. The
second law of thermodynamics, as stated by Smith (Basic Chemical
Thermodynamics, 4™ edition, Chapter 3 p.21-35), says “Spontaneous changes are
those which, if carried out under the proper conditions, can be made to work. If
carried out reversibly they yield a maximum amount of work. In natural processes
the maximum work is never obtained.” The entropy of an isolated system not in
equilibrium will increase over time during a chemical process and will reach a
maximum value at equilibrium, although this value is unlikely to be the theoretical
maximum. The entropy change (AS) of a system which is going through an
infinitesimal reversible process was first introduced by the Clausius equation

(Equation 1-1):
0Qrev/ T = AS Equation 1-1

where, 8q is the heat supplied to the system and T is the absolute temperature of the

system as a whole.

AS will remain the same during the transition from one state (A) to another state (B)
if the change is reversible (a change is considered to be reversible when the system is

at equilibrium).

17



The thermodynamic property enthalpy can be used to calculate the internal energy of
a system at a constant pressure. This is equivalent to the heat transfer which takes
place during the chemical process. However, the change in enthalpy (AH) is more
commonly used. AH is the change in the energy of the system which is the heat
absorbed or released by a chemical reaction. A chemical reaction which absorbs
energy is referred to as an endothermic reaction and one which releases energy is
known as an exothermic reaction. It is not possible to measure the total enthalpy of a
reaction so the change in enthalpy is measured; it is calculated using the following

equation (Equation 1-2):

AH = Hfinal — Hinitial Equation 1-2

The Gibbs free energy is the maximum quantity of work which can be obtained from
a closed system at a constant pressure and temperature during a process which is
fully reversible (at equilibrium). The change which takes place in a system from an
initial state to a defined final state is referred to as the change in the Gibbs free
energy (AG). The value for Gibbs free energy when a system is at equilibrium, and
so is not capable of doing work, is zero. The maximum Gibbs free energy will be
obtained when a system is at a constant temperature and pressure but is yet to reach
equilibrium. The AG is calculated using the change in entropy (AS) and the change in

enthalpy (AH) using the equation (Equation 1-3):

AG=AH-T AS Equation 1-3

where, T is temperature (°K).
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As equation 1-3 shows, the AG of a system is calculated from the values for the
entropy and enthalpy of the system. A number of weak interactions characteristically
take place within a system including hydrogen bonding, van der Waals interactions
and hydrophobic interactions. Depending on the circumstances, the contribution of
each of these can be endothermic or exothermic. The contribution of entropy (AS)
and enthalpy (AH) can vary widely which could result in a smaller AG value. This is
known as entropy-enthalpy compensation and can lead to difficulties in
understanding the thermodynamics of a macromolecular interaction (Cooper et al.,
2001). It was also observed by the authors that there was a correlation between AS
and AH of binding between different chemical species. It was noted that a pair of AS
and AH values appeared likely to fall along a common line. This finding was
attributed to be a result of the limited Gibbs ‘free energy window’ of experimental

techniques (Cooper et al., 2001).

For example when considering water, it is most stable in its gaseous state at high
temperatures, in intermediate regions it will form a liquid and at low temperatures it

is most stable as a solid.

The equilibrium which forms between the different states of a surfactant; whether it
remains as a single alkyl chain, a self-assembled monolayer (SAM) or forms a
micelle; is determined by the free energy value for each phase. The phase which has
the lowest energy under the conditions will be the most stable and therefore will be
the one adopted. Studies have been carried out into the effect of alkyl chain length on
the formation of SAMs and their critical micelle concentration (CMC). The
interaction between the carboxylic end groups was found to induce a degree of

conformational stability of the alkyl chains (Schmitt et al., 1998). Alkyl chains are
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ordered when at low temperature but become disordered when the increase in
temperature is sufficient to surmount the stabilising effects of inter-chain van der

Waals interactions.

With respect to proteins, the AG refers to the conformation the protein adopts in
solution or when present at an interface. The protein will adopt a conformation in
which the AG value is at its lowest. In an unfolded state, the hydrophobic residues of
a protein are exposed to the aqueous environment which results in water molecules
ordering around these regions in hydration shells. Upon folding of the protein, the
hydrophobic regions become buried in the centre of the structure forming the
hydrophobic core which increases the entropy of the water molecules. The increase
in entropy of the water molecules is greater than that of the entropy decrease
resulting from protein folding and is thus favoured. The AS value is positive due to
the formation of hydrogen bonds, ionic salt bridges and Van der Waals interactions
within the protein. Through combining the values for each thermodynamic process,

protein folding has a negative AG and therefore takes place spontaneously.

1.5.2 Non-ionic surfactants
Non-ionic surfactants which have been European Medicines Agency (EMEA)

(http://www.ema.europa.eu/) or Food and Drug Administration (FDA)

(http://www.fda.gov/) approved are commonly used to stabilise proteins formulated

as liquid solutions as they have been found to protect against aggregation (Bam et al.,
1998). Although they have been widely used, the method by which they protect

proteins from aggregation or degradation is currently not fully understood.
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Surfactants spontaneously form micelles as a result of their amphiphilic nature; they
are composed of a hydrophilic fatty acid tail and a hydrophobic group such as
poly(ethylene glycol (PEG). The concentration at which micelles spontaneously form
is called the critical micelle concentration (CMC). The CMC for non-ionic
surfactants, including Tween®, is reported in the literature with the solution typically
being either pure water or a weak buffering solution. However, studies have shown
that the binding of Tween to a protein or polymer can alter the CMC value calculated

(Bam et al., 1995, Barreiro-Iglesias et al., 2003).

1.5.3 Hydrophilic-lipophilic balance (HLB)

A feature of non-ionic surfactants which is important when discussing their inclusion
in protein formulations is the hydrophilic-lipophilic balance (HLB). The number of
polar and non-polar groups present in the surfactant molecule will determine how
lipophilic (oil loving) or hydrophilic (water loving) the surfactant is. A high HLB
value signifies a hydrophilic surface-active molecule compared to a low HLB value
which indicates that the surfactant is lipophilic. Oil will spread on the surface of
water, or form droplets in suspension, because it contains a high proportion of polar
groups such as —-COOH and —OH and is therefore not hydrophilic. As stated in
Martin’s Physical Pharmacy (Martin et al., 2011) as the length of the carbon chain of
an acid, such as oleic acid, increases the ratio of polar to non-polar groups will
decrease. This will therefore increase its miscibility resulting in the molecule

becoming more hydrophilic.
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Specific molecules and ions when dispersed in liquid will move independently of
other factors towards the interface; this can be a liquid-gas, liquid-liquid, or liquid-
surface. This preferential partitioning is termed adsorption, this process is observed
with surfactants adsorbing at interfaces due to their amphiphilic nature. The number
of carbon atoms in the alkyl chain of straight-chain alcohols, amines and acids results
in a transition from a mainly hydrophilic to a lipophilic substance; for example ethyl
alcohol is fully miscible in water. The HLB values of a selection of amphiphilic

substances are listed in Table 1-4.

Substance HLB value
Oleic acid 1

Sorbitan monoleate (Span 80) 4.6
Sorbitan monolaurate (Span 20) 8.6

Methyl cellulose (Methocel 15 cps) 10.5

Polyoxyethylene sorbitan monooleate (Tween 80)  15.0
Polyoxyethylene sorbitan monolaurate (Tween 20)  16.7
Sodium lauryl sulphate (sodium dodecyl sulphate) 40

Table 1-4. The hydrophilic-lipophilic balance (HLB) values of surface-active agents

(surfactants).

1.5.4 Polysorbates

Polysorbates have been suggested to have a protective mechanism by stabilising a
protein through binding to its native state and increasing the free energy of unfolding
(Chou et al., 2005). For this mechanism of stabilisation to take place, the strength of
the polysorbate interaction with the native state of a protein must be greater than that
of the denatured state. The free energy of the native state would therefore decrease
and thus have a stabilising effect. The free energy of the denatured state would be

increased and consequently the native fold of the protein would be energetically
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favourable. An alternative protective mechanism against aggregation has been
suggested which is via steric interference leading to a blocking of the hydrophobic
sites (Bam et al., 1998) which are involved in protein-protein interactions (Tsai et al.,

1997).

The unfolding of the protein Albutropin™ in the presence and absence of Tween was
investigated using guanidine hydrochloride (Chou et al., 2005). It was found that the
addition of Tween 20 and Tween 80 to a solution containing Albutropin™ at
stoichiometric ratios of 10:1 and 9:1 resulted in a shift in the unfolding curves to
higher guanidine hydrochloride concentrations (Figure 1-5) which indicates an

increased stability (Chou et al., 2005).
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Figure 1-5 Effect of (a) Tween 20 (Tween 20 10:1 Albutropin™) and (b) Tween 80 (Tween
80 9:1 Albutropin™) on the unfolding curves of Albutropin™. Control, no Tween, shown by
an open circle (o) and Tween included in the solution is shown by a filled circle (@) (Chou et

al., 2005).

Recombinant human growth hormone (rhGH) has been shown to bind to Tween 20

and Tween 80 with the results indicating the binding to be hydrophobic in nature
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(Bam et al., 1995). To confirm that hydrophobic binding was involved, recombinant
human interferon-y (rhIFN-y) was used which is a highly hydrophobic protein. It was
found using electron paramagnetic resonance (EPR) that a larger number of Tween
40 molecules bound to rhlFN-y than thGH, 6 molecules compared to between 2.5
and 3 (Bam et al., 1995). The blockage of hydrophobic binding sites via surfactant
binding would decrease the likelihood of the protein aggregating as protein-protein

interactions commonly take place via hydrophobic sites (Tsai et al., 1997).

An investigation by Hoffmann et al., (2009) found that both polysorbate 20 and 80
(the structures of which are shown in Figure 1-6) non-covalently bound bovine
serum albumin (BSA) with a binding constant (K.) of between 8 and 12 x 10° M
(Hoffmann et al., 2009a). Although an interaction between the polysorbates and BSA
was evident, the interaction between the two polysorbates and both lysozyme and
immunoglobulin (1gG1) was negligible. Thermal stability studies showed Tween
inclusion did not affect the stability of either lysozyme or the IgG1 which suggests
that a specific interaction between the protein and Tween would not be the cause of
any changes in stability (Hoffmann et al., 2009a). A separate investigation into the
binding of polysorbate 20 and 80 to Human Serum Albumin (HSA) and three
immunoglobulins yielded similar results. The surfactants bound to HSA with a K,
value of 1600 + 110 M™ for polysorbate 20 with the authors stating a similar value to
have been obtained for polysorbate 80, but their binding to the immunoglobulins

studied was again negligible (Garidel et al., 2009).
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Figure 1-6 The structure of the (a) predominantly monolaurate ester Polysorbate 20 and (b)
monooleate ester Polysorbate 80 (Adapted from Hoffmann et al., 2009 (Hoffmann et al.,

2009a)).

Tween 20 has been found to be effective at preventing the agitation-induced
aggregation of recombinant human growth hormone (rhGH) (Bam et al., 1998).
Studies on the effect of agitation, via shaking on a Glass-Col shaker at 120
shakes/min, showed that in the absence of Tween 20 nearly all of the monomeric
rhGH protein was lost within ten hours (Bam et al., 1998). The half-life of the
monomeric rhGH increased as the stoichiometric ratio of Tween 20:rhGH increased.
The effect of Tween 20 and Tween 80 on the agitation-induced aggregation of
Albutropin™ (a human growth hormone genetically fused to human albumin) was

also been investigated (Chou et al., 2005). It was found that a stoichiometric ratio of
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10:1 Tween 20:Albutropin prevented aggregation for up to 96 hours of agitation at
room temperature. The use of a 5:1 ratio delayed, but did not prevent, the onset of

aggregation with similar results being obtained for Tween 80 (Chou et al., 2005).

The inclusion of Tween in protein formulations has been shown to have a protective
mechanism during the freeze-thaw process. The inclusion of Tween 80 in
formulations at 0.02 and 0.1 % w/w decreased, but did not prevent, the formation of
bovine IgG aggregates after freeze-thawing (Sarciaux et al., 1999). Tween 80 has
also been shown to protect lactate dehydrogenase freeze-thaw induced aggregation
(Hillgren et al., 2002). A similar finding has been observed for recombinant human
factor XIII as evidenced by the presence of Tween 20 at concentrations of 60 and
120 uM reducing the percentage of insoluble aggregates (Kreilgaard et al., 1998).
This protective effect of Tween has been observed for a number of other proteins
including interleukin-1 receptor antagonist and tumour necrosis factor binding
protein (Chang et al., 1996). The protective mechanism of Tween was suggested to

be as a result of competition with the protein for surface binding sites.

Proteins adsorb to interfaces such as the air/liquid interface, where it has been
suggested that immunoglobulins orientate with the F¢ region (which is hydrophobic)
toward the interface and the F,, region (which is hydrophilic) facing the aqueous
layer (Baszkin et al., 2001). Polysorbates are included, in addition to increasing
protein stability, to reduce protein adsorption at interfaces (e.g. solid/liquid and
air/liquid). Tween 80 has been shown to reduce IgG adsorption to surface including
nylon and cellulose acetate (Mahler et al., 2010). The quantity of two mAbs one of
which was hydrophilic and one was hydrophobic, adsorbed to bare silica in the

presence of Tween 80 at 0.01 % or 0.02 % was decreased from ~ 5 and 10 mg/m? to
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~2 mg/m? and negligible respectively (Oom et al., 2012). The inclusion of Tween 80
in protein solution has also been found to reduce lysozyme adsorption to a
hydrophobic surface (Joshi and McGuire, 2009) and recombinant factor VIII to a

hydrophilic surface (Joshi et al., 2008).

In addition to increasing protein stability and reducing surface adsorption,
polysorbates have been found to reduce the reconstitution time of proteins in spray
dried formulations. The reconstitution time of an immunoglobulin-trehalose
formulation decreased from between five and six minutes to approximately three
minutes when 0.002% w/v Tween 20 was included. This was hypothesised to be due
to Tween 20 increasing the wettability of the powder (Dani et al., 2007). The
inclusion of Tween in reconstitution media also reduces the formation of aggregates
in the protein solution. The presence of 0.1 % Tween 80 in the reconstitution
medium for a 1 mg/mL interleuikin-1 receptor antagonist reduced aggregate

formation from 50 to 23 % (Chang et al., 1996).

Although the presence of Tween has been shown to decrease protein aggregation and
surface adsorption, the surfactant itself can adsorb to filter surfaces used during
processing which could result in a reduced final surfactant concentration in the
formulation. For example, it has been shown that Tween 80 adsorbed to a
polyethersulfone filter membrane (Mahler et al., 2010) and it has also been found
that Tween 20 adsorbs to both polyvinylidene fluoride and polyethersulfone filter

membranes (Zhou et al., 2008).
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1.5.,5 Tri-block co-polymers

Tri-block co-polymers are a group of non-ionic polymers commonly used in protein
therapeutic formulations. They are composed of a central hydrophobic chain and two
hydrophilic chains. There is a diverse number of such block co-polymers, which can
be custom synthesised, but as regards protein formulation the poloxamers (or
Pluronic® made by BASF Gmbh.) are generally considered. These are tri-block co-
polymers consisting of a poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene
glycol) (PEO-PPO-PEO) chain (Figure 1-7). The length of the polymer chains can be
customised and so a wide range of poloxamers exist with differing properties. A
detailed review on the use of Pluronics in drug delivery is available in the literature

(Kabanov et al., 2002).
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Figure 1-7. Structure of the Pluronic triblock copolymer surfactants: x — number of PEO

repeating units; y — number of PPO repeating units.

Poloxamers are amphiphilic in nature and so are used in industry to increase the
water solubility of hydrophobic substances (Sek et al., 2006). For example, an
investigation into the effects of a number of Pluronics on the precipitation of a poorly
water soluble compound (molecular weight 676.77 g/mol) in simulated gastric fluid
and simulated intestinal fluid has been carried out (Dai et al., 2008). It was found that

Pluronic F-127 and Pluronic F108 prevented the precipitation of the compound in
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aqueous media, with F108 vyielding a solution concentration of 36.4 ug/mL,

compared to < 10 ug/mL for the other surfactants studied (Dai et al., 2008).

An investigation by Croy and Kwon (2004) centred on the role of Pluronics in
preventing aggregation of the antifungal drug nystatin through increasing its
solubility. They found that the Pluronics F98, P105 and F127 increased the critical
aggregation concentration (CAC) of nystatin from 20 uM to greater than 350 uM

(Figure 1-8) (Croy and Kwon, 2004).
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Figure 1-8. Effect of polymer concentration (Pluronic F68, F98, P105 and F127 and
poly(ethylene glycol) (PEG 8K)) and temperature on the critical aggregation concentration

(CAC) of nystatin as determined by dynamic light scattering (Croy and Kwon, 2004).

The ability to solubilise nystatin was strongly dependent on the nature of the Pluronic
under study and similar relationships can be expected when studying non-covalent
protein-Pluronic interactions (Croy and Kwon, 2004). Given that there are many
different Pluronics, it would be inefficient to test all in a series of protein formulation

studies. Fortunately, the generic function of the Pluronics is reasonably well known



by the manufacturers and some Pluronics can be excluded from protein formulation
studies due to undesirable characteristics such as foaming or poor water solubility.
Pluronic inclusion in formulations can also increase protein stability through the PPO
segment interacting with exposed hydrophobic patches on the protein preventing the
formation of protein-protein interactions and the PEO segment providing added
steric hindrance. Pluronics have been shown to interact with the hydrophobic patches
on proteins which are exposed when unfolded (Lee et al., 1992, Marks et al., 2001).
Pluronic F-127 has been observed to reduce the degree of insulin aggregation when
included at a concentration of 2 mg/mL (Taluja and Bae, 2007). The authors
suggested that the decreased insulin aggregation in the presence of Pluronic F127
may be due to an interaction between the PPO component of the Pluronic, which is
hydrophobic, and the insulin itself (also hydrophobic) thereby sterically preventing
insulin-insulin interaction (Taluja and Bae, 2007). In addition to the decrease in
protein aggregation, Pluronic F-127, at 2 mg/mL, has also been shown to increase the
stability of insulin at pH 5.5, as evidenced by 42 % of the native structure being

retained compared to 0 % in its absence.

In addition to increasing solubility and stability of compounds, Pluronic surfactants
have been shown to reduce protein surface adsorption. The molecular weight and
Pluronic chain length determine the reduction in protein adsorption with higher
molecular weight and chain length Pluronics found to be more effective (McGurk et
al., 1999, Amiji and Park, 1992). A further study has also shown that the PEO chain
length of the Pluronic surfactant determined its ability to reduce or repel protein
adsorption (Kiss et al., 2008). Adsorption of collagen to hydrophobic surfaces when

co-dissolved with Pluronic F68 reduced adsorption by between approximately 50 and

30



80 % depending on the concentration of Pluronic included (Dewez et al., 1997). Co-
dissolved Pluronic PE6800 has also been shown to decrease the level of collagen
surface adsorption by more than 50 % (De Cupere et al., 2003). It is possible that the
reduction in protein adsorption observed in the studies mentioned could be due to
incorporation of the protein into the core of Pluronic micelles. The incorporation of
drugs within Pluronic micelles has been shown previously (Sugin et al., 2006, Sahu
et al., 2011) with the capacity of the micellar core determining the quantity of drug
encapsulated. The PPO segment forms the core of the micelle and the PEO segment
the outer shell and the capacity of the core will be determined by the length of the

PPO segment.

It is believed that Pluronics, like Tween, protect proteins from aggregation through
preventing exposure to interfaces — for example, a range of Pluronics have been
shown to adsorb to a silanised surface (Lee et al., 2004) and reduce protein
adsorption (Amiji and Park, 1992). Pluronic surfactants have been shown to be
present at air/liquid interfaces, exposure to which is a source of protein aggregation.
Through the use of a vibrational spectroscopy technique, peaks corresponding to the
C-H backbone and the CHj5 side-chain of the PPO were detected establishing that the
PPO component was dominant at the interface (Chen et al., 2003). In the vibrational
spectroscopy technique, two laser beams are shone onto a surface and mix producing
an output beam with a frequency. Analysis of the data allows the investigation of co-
polymer orientation at an interface. The PPO segments are ordered at the interface
with the PEO segments adopting random orientations in the aqueous layer below. At
low concentrations the PPO block still dominates as studies using a low

concentration of PEG alone, which has a similar surface behaviour to PEO, produced
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a weak signal (Chen et al., 2003). At high Pluronic concentrations the methyl groups
adopt a highly ordered orientation. This is not the case at low concentrations
however, as the PPO backbone is stretched leading to the orientation of the methyl
groups becoming less ordered. The PPO:PEO ratio does not affect the structure

formed by the Pluronic surfactants at the air/liquid interface (Chen et al., 2003).

Adsorption of an IgG to a polystyrene surface (hydrophobic) coated with Pluronic
F68, which has a PPO chain length of 30 (Huang et al., 2002), was reduced by ~20 %
(Torcello-Gomez et al., 2011) corroborating the suggestion by Amiji and Park
(1992). An alternative hypothesis for reduced protein adsorption to Pluronic coated
surfaces is that the length of the PEO chain determines the ability of the Pluronic to
repel protein adsorption. This is illustrated by adsorption of the protein fibrinogen to
a hydrophobic surface coated with Pluronic F108 (PEO chain length of 129
monomers) being inhibited compared to adsorption observed on surfaces coated with
Pluronic F88, F68 and P105 (PEO monomers numbers reported as 104, 76 and 37)
(Li and Caldwell, 1996). As for Pluronic F68 co-dissolved with protein in solution,
coating of a surface with Pluronic F68 has also been shown to decrease protein
adsorption. A nanoparticulate surface coated with Pluronic F68 reduced adsorption
of an 19gG by approximately 1 mg/m? (Torcello-Gomez et al., 2011). The
concentration of Pluronic F68 used to coat a surface prior to exposure of a
monoclonal IgG1 was shown to affect the concentration remaining in solution. The
percentage of protein in solution increased from 26-42 % when the surface was
coated with 0.1 to 10 mg L™ Pluronic F68 to approximately 93% in solution from a
tube coated with 0.01 mg mL™ Pluronic F68 (Doran, 2006). At the air/liquid

interface protein adsorption has also been found to be decreased by Pluronic F68.
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The Pluronic was not displaced by the 1gG over time (as the surface pressure does
not become equal to pure IgG) but it is likely that the protein penetrated the Pluronic

layer to a degree forming a mixed layer (Torcello-Gomez et al., 2011).

1.5.6 Non-reducing sugars

Non-reducing sugars such as trehalose and sucrose (Figure 1-9 and Figure 1-10) are
incorporated into protein formulations to protect proteins. A non-reducing sugar is
one which does not contain either an aldehyde, RC(=O)H, or a ketone, RC(=O)R’,
group. In order for a sugar to act as a reducing agent, for example in the Maillard
reaction, it must have an open-chain structure in addition to the presence of an
aldehyde or ketone group. The Maillard reaction takes place between a reducing
sugar and an amino acid — specifically between the carbonyl group of the reducing
sugar and the nucleophilic amino group (e.g. NH3) of an amino acid. As shown in
Figure 1-9 and Figure 1-10 trehalose and sucrose do not have an open chain or
contain aldehyde or ketone groups. The inclusion of non-reducing sugars was not
investigated in this study but as will be discussed here they are an important class of

excipient used in protein formulations.

Trehalose (Figure 1-9) is a non-reducing natural disaccharide found throughout
nature and is used during the process of lyophilisation. It has been found to protect
organisms against stresses such as drying and freezing (Crowe et al., 1996, Crowe et
al., 2005). It has a high thermostability (ability to resist irreversible changes due to
high temperature), is stable across a wide pH range and is non-reducing
(Higashiyama, 2002). These properties make trehalose an effective stabiliser in

preventing protein denaturation.
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Figure 1-9. Structure of trehalose.

Trehalose has been used as a stabiliser in monoclonal immunoglobulin formulations
such as ranibizumab (marketed as Lucentis®, Genetech and Novartis). Trehalose has
a high glass transition temperature (Tg), 388.5K (116°C) (Elias and Elias, 1999),
which is desired as it will be physically stable at higher temperature and thus will
continue to protect the product. This allows a pharmaceutical product containing
trehalose within the formulation to be stored at room temperature and

transported/shipped without cooling being essential (Simperler et al., 2007).

The monoclonal immunoglobulin immunoglobulin M (IgM) is susceptible to
aggregation and loss of binding activity after being subjected to freeze-thaw cycles
(Draber et al., 1995). An investigation into the effect of 0.25 M trehalose inclusion in
an IgM formulation found it retained its binding efficiency after freeze-drying
(Draber et al., 1995). The inclusion of trehalose in a solution of BSA has also been
found to lead to a significant reduction in the percentage of BSA molecules
aggregating (Jain and Roy, 2008). In the absence of trehalose, with a moisture level
of 8 ul/10 mg BSA, approximately 50% of the BSA aggregated. The inclusion of
trehalose at a 1:1 (w/w) ratio decreased the percentage of aggregation to a level at
which it was no longer observed by analytical electrophoresis and tryptophan

intrinsic fluorescence (Jain and Roy, 2008).
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Inclusion of trehalose in a spray-dried recombinant humanised anti-IgE monoclonal
immunoglobulin formulation reduced aggregation from 5-6 % to < 1 % at ratios from
100:1 to 900:1 (trehalose: immunoglobulin) (Andya et al., 1999). The rate of
aggregation of the formulation containing trehalose at a ratio of 100:1 (trehalose:
immunoglobulin) decreased to half that of the formulation containing no excipient.
The maximum stability of anti-IgE was found to occur with a molar ratio between
300:1 and 500:1 excipient:protein. However, trehalose molar ratios of above 200:1
increased the cohesiveness of the spray-dried particles resulting in undesired
formulation characteristics of large particles and poor dispersion (Andya et al.,

1999).

Sucrose is, like trehalose, a naturally occurring disaccharide which is only
synthesised by plants (Figure 1-10). Sucrose stabilises a protein in aqueous solution
as it is excluded from the protein surface. This favours a highly compact protein as
the free energy will be lower and shift the equilibrium away from one favouring

aggregation (Kendrick et al., 1997).

CH,OH
CH,OH
O 0
OH HO
OH O CH,OH
OH OH

Figure 1-10. Structure of sucrose.

As is the case with trehalose, one of the reasons sucrose is chosen for protein
formulations is that it has a high Tgy. The T4 of sucrose is reported in the literature as

being 343K (70°C) (Orford et al., 1990). The high T4 enables physical stability at
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higher temperatures and therefore also storage at room temperature and transport

without the need for cooling.

Sun and Davidson (1998) investigated the effect of amorphous glucose/sucrose and
glucose/trehalose (both 1:10, weight/weight) on the inactivation of the protein
glucose-6-phosphate dehydrogenase. It was observed that the inclusion of trehalose
with glucose increased enzyme activity for a longer duration than sucrose/glucose

(Figure 1-11) (Sun and Davidson, 1998).
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Figure 1-11. A) glucose/sucrose (1:10, w/w); B) glucose/trehalose (1:10, w/w) (Sun and

Davidson, 1998).

The use of sucrose and trehalose in an IgG formulation which had been spray dried
reduced the formation of soluble aggregates upon reconstitution at both low (5
mg/mL) and high (200 mg/mL) concentrations (Dani et al., 2007). The monomer
concentration of the reconstituted 1gG formulation at 200 mg/mL which did not
contain sugar was 79.9 + 0.1 % which was a decrease from the solution
concentration prior to drying (91.1 + 0.7 %). This is compared to a monomer

concentration of 89.5 to 90.5 % from IgG formulated with a sugar (Dani et al., 2007).
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Figure 1-12 shows that the features of the native secondary structure are retained
upon reconstitution in formulations containing a disaccharide when investigated

using Fourier transform infrared (FTIR) (Dani et al., 2007).
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Figure 1-12 Fourier transform infrared (FTIR) spectra for: (a) native 1gG (10 mg/mL); (b)
spray-dried 1gG-trehalose which had been reconstituted at 200 mg/mL; (c) spray-dried IgG-
trehalose-Tween 20 which had been reconstituted at 200 mg/mL; (d) bulk 1gG reconstituted
at 200 mg/mL,; (e) spray-dried 1gG-trehalose poweder; and (f) spray-dried 1gG-trehalose-
Tween 20 powder (Dani et al., 2007).

1.6 Protein aggregation

Proteins formulated in a high concentration liquid form are susceptible to
aggregation (Ripple and Dimitrova, 2012). Excipients such as polysorbates and
Pluronics are included to reduce the occurrence of aggregation. The concentration of
surfactant which is required to prevent aggregation is dependent on the protein and
surfactant type. The inclusion of 0.1 % Tween 80 in a recombinant human
interleukin-2 (rlL-2) solution significantly reduced the formation of aggregates after

24 hours of shaking at room temperature (Wang et al., 2008a). The rIL-2 protein will
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orientate itself to maximise the interaction with the surface thus exposing the
hydrophobic regions. Exposure of the hydrophobic regions within a protein would
increase the chances of protein-protein interactions which could subsequently lead to
an increase in the level of aggregation. Surfactants such as Tween compete with
proteins to occupy the interfaces which prevent the protein coming into contact with
the surface (Kreilgaard et al., 1998) and the subsequent reorientation and unfolding
that would likely occur. Protein aggregates have been found to be present in an riL-2
formulation containing 0.1 % Tween 80 stored at 40 °C for 2 months. These
aggregates were not found in formulations in which Tween 80 was absent (Wang et
al., 2008a). The formation of aggregates may be due to degradation of the Tween
producing peroxides and destabilising the protein, which will be discussed further in
section 1.8. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) experiments showed rlL-2 bands consistent with dimer, trimer and oligomer
formation (Wang et al., 2008a). The aggregation index values did not indicate a
significant change in the number of aggregates formed and suggests that the
aggregates are mainly soluble. The same study showed that aggregates formed when
stored at 5 °C for 22 months were not linked by disulphide bonds using SDS-PAGE
(Wang et al., 2008a). A weak non-specific interaction between Tween 80 and the
protein may take place during storage (regardless of the storage temperature and
duration) which could reduce the free energy of the folded state making unfolding
favourable. This interaction is likely to occur via exposed hydrophobic regions which
are a source of protein-protein interaction and this in turn can lead to aggregation

(Kumar et al., 2011).
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The aggregation of Albutropin™ after agitation in the presence of both Tween 20
and 80, with which it is known to interact, is influenced by surfactant concentration.
It was found that an Albutropin™: Tween 20 ratio of 5:1 delayed the onset of
aggregation but did not prevent it. A stoichiometric ratio of 10:1 was, however,
sufficient to prevent Albutropin™ aggregation from occurring. A 9:1 Albutropin™:
Tween 80 stoichiometric ratio also inhibited agitation induced aggregation as did a

concentration of Tween 80 which was just above its CMC (Chou et al., 2005).

Agitation of immunoglobulin has also been found to result in aggregate formation.
Agitation of a fully human monoclonal 1gG2 antibody for 72 hours in a vial with
headspace, which allowed for an increase in the air-liquid interface, resulted in the
formation of visible aggregates. Analysis revealed the aggregates to be insoluble
(Brych et al., 2010). A Tween 20 concentration of 0.004 % (w/v) prevented the
formation of 1gG2 aggregates when agitated under the same conditions. Addition of
soluble 1gG2 aggregates to the formulation with 0.004 % (w/v) Tween 20 did not
cause the formation of aggregates. Similarly, spiking of both soluble aggregates and
0.004 % (w/v) Tween 20 into the formulation, which did not previously contain
Tween 20, did not result in aggregate formation (Brych et al., 2010). It was therefore
concluded that the inclusion of Tween 20 at a concentration of 0.004 % (w/v) is
sufficient to prevent the formation of IgG2 aggregates under these conditions. The
effect of shaking and stirring stress on the aggregation of a chimeric mouse/human
monoclonal IgG1 antibody is affected by the presence/absence of Tween 80. Sample
vials were either shaken horizontally on a shaking plate or stirred using a Teflon
coated stirring bar (Mahler et al., 2005). Teflon is a hydrophobic surface, which has

been shown to cause protein unfolding (Vermeer et al., 1998), and so this may be an
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additional source of aggregation in the authors’ findings. Shaking and stirring caused
the formation of 1gG1 aggregates larger than 10 and 25 pm in diameter (these values
correspond to the particle sizes analysed using laser light diffraction in both
European and American pharmacopoeia) to a similar extent. The formulations
containing Tween 80 at a concentration of 0.01 % w/v, aggregates greater than 10
and 25 pum were identified in the stirred vials, while aggregation was found to
decrease in the vials that were shaken. Dynamic light scattering identified a second
larger peak with a larger hydrodynamic diameter in the IgG1l samples which had
been stirred but not in those which had been shaken. In formulations containing
Tween 80 a second larger peak was observed in both stirred and shaken samples. An
additional air/water interface may be generated between the stirring bar and sample
which would accentuate 1gG1 aggregation (Mahler et al., 2005). Although Tween 80
did not prevent the formation of the visible particles (10 and 25 pm in diameter) in
the sample which had been shaken, sub-visible particle formation was inhibited
(those with a diameter less than 10 and 25 pm). Tween 80 is capable of preventing
the formation of aggregates of differing size depending on the stress to which the
IgG1 is exposed to (Mahler et al., 2005). The presence of Tween 20 at 0.01 % has
been shown to be adequate to prevent aggregation of a mAb after shaking. The
concentration of Tween 80 required was found to be double that of Tween 20, 0.02

% (Kishore et al., 2011a).

Findings by Chang et al., (1996) demonstrated that protein denaturation during
freeze-thawing was due to exposure of the protein to the ice-water interface. The
addition of 0.01 % (w/v) Tween 80 to lactate dehydrogenase and glutamate

dehydrogenase prevented freeze-thaw induced denaturation, while the catalytic
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activity of lactate dehydrogenase was decreased as a result of freeze-thawing. The
catalytic activity was however largely maintained in the presence of 0.01 % (w/v)
Tween 80, with activity of 95 % compared to 23 % in the absence of Tween 80. The
protective effect of Tween 80 from freeze-thaw-induced aggregation was also found
for four other model proteins (phosphofructokinase, interkeukin-1 receptor
antagonist, tumour necrosis factor binding protein, ciliary neurotropic factor) (Chang

etal., 1996).

1.7 Surface adsorption as a mechanism of aggregation

Therapeutic proteins have been observed to adsorb to the surfaces of pharmaceutical
containers (Burke et al., 1992) including the stainless steel needle and glass surfaces
of prefilled syringes (Bee et al., 2010, Eu et al., 2011). Adsorption to a hydrophobic
surface, such as plastic commonly encountered during processing, is generally
accepted to result in unfolding (Norde et al.,, 1986) which has been shown by
Vermeer et al., (2001). X-ray photoelectron spectroscopy has shown rituximab and a
polyclonal human IgG to adsorb to a glass vial, the rubber cap liner of the vial and a
syringe plunger tip while demonstrating adsorption to polyvinylchloride (PVC) did
not take place (Zangmeister, 2012). Further studies by the author indicated unfolding
to take place upon adsorption. Protein adsorption to interfaces is often irreversible
and can lead to perturbations in native structure affecting stability resulting in
aggregation (Pinholt et al., 2011) and which are potentially immunogenic (Johnson
and Jiskoot, 2012). For example, aggregates of recombinant human interferon beta-
la (rhIFNB-1a) formed as a result of adsorption to steel microparticles increased its
immunogenicity (Van Beers et al., 2012). In addition to adsorption at interfaces,

adsorption of proteins to particles in solution or leachables can also cause
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aggregation and particle formation (reviewed by Bee et al., 2011). The detection of
protein particles and determination of their size and number in pharmaceutical
formulations with respect to their immunogenicity is, at present, poorly understood
(Bee et al., 2012). The presence of particles can potentially cause immunogenicity
but each factor during production from expression to the container can be involved in

causing an immune response (Singh, 2011).

It has been observed that an 1gG adsorbed to the surface of microparticles in solution
produced from glass, cellulose, a glass syringe and a glass vial with a near native
state structure of the IgG determined (Bee et al., 2009). The pH of the solution
affects the quantity of 1gG adsorbed to a glass surface as shown by Mathes et al.,
(2011). Adsorption was highest between pH 4-5 at ~ 5mg/m? with decreased
adsorption observed at pH values either side of this. lonic strength was also
determined to influence adsorption with adsorption increasing with ionic strength at
pH 4 and the opposite being the case at pH 7.2 and 8.6 (Mathes and Friess, 2011).
Further studies found adsorption of three human mAbs to a glass microparticle
surface did not result in unfolding. However, this was not an indication that
aggregation would be absent (Hoehne et al., 2011). The native -sheet secondary
structure was retained as shown by FT-IR spectroscopy and minimal tertiary
structural changes determined through measurement of intrinsic fluorescence. The
mAbs were attracted to the negatively charged glass microparticles forming a
monolayer on the surface with coverage of 2-4 mg/m? and reducing the zeta potential
of the suspension causing destabilisation. The sedimentation rate of the
microparticles with this quantity of mAb adsorbed would not be expected to alter

significantly but this was not the case. The rate of particle settling (which is
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proportional to the square of its size) was rapid in each buffer after protein addition.
This suggested that nucleation of aggregates was taking place in the suspensions
(Hoehne et al., 2011). Similar to the findings of Hoehne et al., (2011), it has also
been observed that the presence of cellulose particles causes nucleation of aggregates
through preferential adsorption of aggregated mAb. Additionally, adsorption of the
mAD to stainless steel particles resulted in the formation of soluble aggregates (Bee

et al., 2009).

1.8 Tween degradation and oxidation of proteins

The Tween surfactants are known to undergo degradation which can lead to peroxide
formation. The degradation of both Tween 20 and 80 takes place via auto-oxidation,
cleavage at the ethylene oxide subunits and hydrolysis of fatty acid ester bonds
(Kerwin, 2008). This results in the formation of hydrogen peroxide and acids in the
solution. The temperature at which the solution is stored influences the specific
degradation pathway of Tween in a formulation. For example, hydrolysis of the fatty
acid ester is favoured at 25 °C compared to auto-oxidation of the ethylene oxide
subunit being favoured at higher temperatures (Kerwin, 2008). Thermal oxidation
and a reduction in weight of Tween 20 and 80 takes place when exposed to an
oxygen atmosphere (Kishore et al., 2011b). The beginning of the autooxidation
process is signified by the presence of exothermic peaks at 120 and 240 °C observed
in DSC and thermal gravimetric analysis (TGA) experiments. The first peak
corresponds to the insertion of oxygen and the subsequent breakage of the ethylene
oxide chain. The authors suggested the second peak could be linked to secondary
degradation reactions which are likely to include hydrolysis of fatty acid ester bonds

and the peroxide formation resulting from this (Kishore et al., 2011b).
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In placebo therapeutic protein formulations, i.e. those not containing a protein, a high
level of peroxide formation and degradation of polysorbate was detected after storage
for 24 weeks at 40 °C. Polysorbate formulations stored for 5 weeks at 40 °C had a
peroxide content of 150 pumol/L. In an IgG1 formulation the degradation of Tween
20 and 80 was monitored for 12 months at both 5 and 25 °C. The level of
degradation at 5 °C was low for both surfactants compared to the significant
degradation of Tween 80 detected after storage at 25 °C indicating the influence that
temperature has on the degradation rate of these polysorbates (Kishore et al., 2011b).
The formation of peroxide in 20 % Tween 80 aqueous solution under air is faster and
the peak level of peroxides formed was approximately 10 times that of neat Tween
80 (Ha et al., 2002). The presence of oxygen is therefore a potentiating factor in
peroxide formation in diluted Tween solutions. It was found that by removing
oxygen from the environment the formation of peroxide in Tween 80 solutions could
be inhibited. As in the investigation by Kishore et al., (2011), the degradation rate of

Tween 80 was decreased at lower temperatures (Ha et al., 2002).

Oxidation of rIL-2 after storage at 40 °C takes place in a linear fashion in aqueous
buffer containing histidine at pH 5.5. This was also the case for formulations which
contained 0.1 % Tween 80. However, the oxidation rate was increased by between
1.3 and 4.5 times (Wang et al., 2008a) in the presence of Tween 80. This increase in
oxidation rate of rIL-2 by Tween 80 was also observed after storage at 5 °C with the
increase ranging from 15 to 253 times. The increase in rlL-2 oxidation in the
presence of Tween 80 may be due to degradation of the surfactant during storage.

The level of oxidised rIL-2 mutein increased from 2.8 to 5.4 % when stored for 30
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days under nitrogen compared to an increase to 10.9 % when stored under air (Ha et

al., 2002).

Exposure of a protein to oxygen is therefore an initiator of protein oxidation.
Inclusion of a surfactant would prevent this exposure but could also in turn lead to
peroxide-induced oxidation of the protein. The inclusion of 0.1 % Tween 80 which
had not been stressed prior to addition into the protein solution, and therefore had a
low peroxide content, did not induce oxidation of rIL-2 mutein. However, Tween 80
which had been stressed, and therefore had a high peroxide content, caused rapid
oxidation showing that the presence of peroxides was critical in initiation of protein
oxidation. This was found to be the case under both air and nitrogen which suggests
that the oxidation was due to Tween 80 degradation and the subsequent peroxide
formation (Ha et al., 2002). The oxidation of lyophilised rIL-2 mutein exposed to air
was 5.5 % which is lower than that in the liquid state. The inclusion of low peroxide
Tween 80 caused oxidation in the lyophilised state after incubation at 40 °C. High
peroxide Tween 80 caused the formation of oxidised rIL-2 mutein during
lyophilisation and during storage in the solid state. Inclusion of the antioxidant
glutathione reduced rIL-2 mutein oxidation in the solid state when incubated but did
not prevent it from taking place during the lyophilisation process. During
lyophilisation, constituent parts of the formulation are concentrated down and so it is
feasible that the peroxides become concentrated and react with the rIL-2 mutein in
the solid cake. Oxidation of the protein was found to be greater under air than
vacuum which suggested that the oxygen potentiated the rate of oxidation (Ha et al.,

2002).
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The concentration of Tween 20 and Tween 80 in a mAb formulation stored at 5 or 25
°C for 12 months has been found to decrease. From an initial concentration of 0.05
% this decreased to 0.006 and 0.001 % at 25 °C and 0.02 and 0.003 % at 5 °C for
Tween 20 and Tween 80 respectively (Kishore et al., 2011a). An increase in the
number of subvisible particles (those below 10 pm) to 4500 particles per mL was
observed in the mAb formulation containing Tween 20 compared to less than 20
particles per mL for Tween 80. The presence of degraded Tween, as well as Tween
which had not begun to break down, increased the quantity of insoluble aggregates in
a mAb solution (Kishore et al., 2011a). The presence of only degraded Tween
increased the level of soluble aggregates in the solution. The addition of 0.01 %
degraded Tween 20 increased soluble aggregate concentration to 75 % compared to
60 % in a sample which had been shaken in the absence of Tween (Kishore et al.,
2011a). A 30 % aggregate content was found upon spiking in of Tween 80 at the

same concentration.

Lauric acid, a degradation product of Tween 20, present in a mAb formulation at a
Tween 20 to Lauric acid ratio of 1.0:0.5 or greater resulted in a significant increase in
aggregate formation (Kishore et al., 2011a). Free lauric acid was also found to have
an adverse effect on mAbD stability in samples which were shaken in the absence of
Tween 20 but it also increased soluble aggregate formation when Tween 20 was

included in the formulation (Kishore et al., 2011a).
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1.9 Aims and objectives of the thesis

The keys aims of this project are as follows:

e To investigate the interaction in bulk solution between an immunoglobulin
(mAb-1) and surfactants. Investigation of the interaction in bulk solution will
enable determination of the driving force behind mAb-1 surface adsorption.

e To determine the effect of surfactant presence on mAb-1 secondary structure
and thermal stability. Through investigating the effect of temperature and
surfactant presence on mAb-1 stability, the structure of the mAb-1 in solution
during the surface adsorption experiments will be determined.

e To determine the force of adhesion between mAb-1 and surfaces with a range
of hydrophobicites to aid selection of surfaces which have the potential to
reduce protein adsorption.

e Throughout the manufacturing process and storage, proteins are exposed to a
variety of solid/liquid interfaces including glass, metals and plastics which
can lead to aggregation. This study will investigate the effect of surface
energy on the structure of adsorbed mAb-1.

e Proteins have been shown to adsorb to solid/liquid interfaces including those
of plastic bags, intravenous lines (McLeod et al., 2000) and glass vials
(Mathes and Friess, 2011). This adsorption would result in a decrease in the
protein concentration of the formulation and so this study aims to investigate
the effect of surface energy, pH and surfactant on mAb-1 surface adsorption
under flow conditions using total internal reflection fluorescence (TIRF).

e To characterise mAb-1 surface adsorption at the molecular level in terms of

the number of layers formed and the orientation which mAb-1 adopts.
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Chapter 2. Investigation of immunoglobulin-polysorbate interaction in the

bulk solution

2.1 Introduction

The aim of the first stage of this investigation was to characterise the interaction
between the immunoglobulin and non-ionic (Tween) and tri-block co-polymer
(Pluronic) surfactants in the bulk solution. Prior to investigating the effect of
surfactant on protein surface adsorption it was first necessary to characterise the
protein-surfactant interaction in bulk solution. This will enable conclusions to be
drawn regarding immunoglobulin surface adsorption and the role surfactants play in
this process. Isothermal titration calorimetry was used to determine if a specific
binding interaction took place between the two different types of surfactant and the
immunoglobulin. The effect of surfactant inclusion on the thermal stability of the
immunoglobulin was studied using differential scanning calorimetry, and circular
dichroism was used to investigate the effect of surfactant on the secondary structure

of the immunoglobulin.

2.1.1 Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) is a technique used to investigate the
thermodynamics of a chemical interaction, most commonly the binding of a
ligand/drug (or other small molecule) to a protein or DNA molecule (Pierce et al.,
1999). ITC measures the thermodynamic interaction between two substances as a
function of the heat given out or taken up when, for example, a ligand solution is

titrated into a solution containing a protein. In a single ITC experiment, the binding
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constants (K,), reaction stoichiometry (n), enthalpy (AH) and entropy (AS) are
generated. The cell containing the protein and a reference cell are maintained at a
constant temperature by an electrical current with a feedback system (Figure 2-1).
There are two feedback systems in place: AT;, between the sample and reference
cell, which maintains the sample cell at a constant temperature and provides
information on the thermodynamics of the interaction; and AT,, between the
reference cell and the adiabatic jacket (a double layered surrounding which prevents

heat loss), which maintains the reference cell at a set temperature.

Syringe for ligand
titration (e.g. Tween)

Reference cell Sample cell
containing
DNA/protein

Heater g A \ ’ : .
> |
At I a v" I

AT,

" Sample s stirred
continuously

Adiabatic jacket

Figure 2-1. Isothermal titration calorimetry system set up. AT; is the sample cell feedback

and AT, is the jacket feedback.

Upon the addition of a ligand into a protein solution the reaction which takes place
can be either exothermic or endothermic. For example, the binding of distamycin A
(a DNA minor groove binder) to DNA is exothermic (Pagano et al., 2008) while the
interaction of a trisaccharide inhibitor (tri-N-acetyl-glucosamine) to hen egg white

lysozyme is endothermic (Cooper et al., 2001). As a result of the feedback
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mechanism the power to the reference cell is either increased or decreased to
maintain a constant temperature; the power is increased if the reaction is endothermic
and decreased if the reaction is exothermic (Figure 2-2). Analysis of the data enables
calculation of the binding affinity constant (K;), enthalpy changes (AH) and binding
stoichiometry (n) of the interaction. The formation of a binary complex of DNA or S-
adenosyl methionine (a co-repressor molecule) to E.coli methionine repressor is
weakly exothermic, ~8 to 10 AH (kJ mol™). This is significantly less than the heat
produced during the formation of a ternary complex, ~ 99 AH (kJ mol™) (Cooper et
al., 1994). The entropy of the former complex is decreased in formation of the
ternary complex which the authors suggested to be due to a decrease in the flexibility
of the system. Therefore, the interaction of molecules can lead to different complex
formations that affect the flexibility of the complex itself. This may in turn affect
their ability to perform their function or triggering the interaction with encountered

interfaces.
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Figure 2-2. Examples of isothermal titration calorimetry (ITC) curves for (A) an
endothermic reaction (Pagano et al., 2008) and (B) an exothermic reaction (Cooper et al.,
2001).
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ITC has been used to investigate the effect of the concentration of the chiral
surfactant taurodeoxycholeate (TDOCA) on the formation of complexes with f3-
cyclodextrin. The results showed that at a TDOCA concentration below the critical
micellar concentration (CMC), a 1:1 complex formed, compared to a 2:1 complex
when a concentration above the CMC was used (Cooper et al., 1998). The binding
stoichiometry of other surfactant-protein complexes may also be affected in a similar
manner. Tween has been found to first bind to high affinity sites on Albutropin™ (a
recombinant fusion protein composed of human growth hormone (hGH) genetically
fused to HSA) followed by binding to the low affinity sites (Chou et al., 2005). In
this scenario, at a low surfactant concentration the high affinity sites will be occupied
first, and only once they become saturated will the surfactant bind to the low affinity
sites. The binding stoichiometry would therefore change depending on the

concentration of surfactant used.

The binding affinity of the non-ionic surfactants Tween 20 and Tween 80 for
proteins varies depending on the protein type. It has been shown to be highest for
Albutropin™, followed by HSA, and finally hGH to which only a weak interaction
occurred. The Tween:hGH interaction was found to be too weak to allow the
calculation of the thermodynamic binding parameters using ITC (Cooper et al., 2001,
Chou et al., 2005). The interaction of Tween 20 and 80 with a recombinant human
immunoglobulin IgG has also been investigated. The binding affinity of Tween 20
was shown to be lower for the immunoglobulin studied than for BSA, Figure 2-3
(Hoffmann et al., 2009a). A similar result was found for the affinity of Tween 80 for

the immunoglobulin.
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Figure 2-3. Binding isotherms for (A) Tween 20 to an immunoglobulin and (B) Tween 20 to
bovine serum albumin (BSA) at temperatures varying from 5 to 55 °C (Hoffmann et al.,
2009a).

2.1.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is used to study the phase transitions of a
sample. In addition to the detection of melting, the transition from a solid to a liquid,
and crystallisation, the formation of a crystal due to precipitation from solution, DSC
can detect the more subtle changes which take place during glass transition of an
amorphous material. Glass transition is a reversible process during which a solid
material becomes molten or rubber-like. DSC can be used to study both solid and
liquid state samples. The sample is heated linearly as a function of time and any
change in the energy or heat capacity is detected. In the DSC set up, the reference
and sample cells are maintained at a constant temperature throughout the duration of
the experiment. As a sample undergoes a transition, the heat required to maintain the
sample and reference cells at the same temperature will change. For proteins, the
enthalpy (AH) of unfolding due to temperature denaturation is measured in

conjunction with the thermal transition midpoint (T,,) and the change in the heat
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capacity of denaturation (ACp). Tr, is the temperature at which 50 % of the molecule
remains in its native state and 50 % is denatured. ACp is the change in heat capacity
between the native and unfolded state(s) of the molecule. Higher values for T, and
AH are generally suggestive of higher protein stability. DSC can be used for high
throughput analysis of potential formulations to investigate the thermal stability of

proteins in different solutions.

In this scenario, DSC has been used to study the unfolding of the monoclonal IgG1
immunoglobulin Rituximab. It was found to have three transitions during the
unfolding process. As can be seen from Figure 2-4 the T, values for the three
transitions are approximately 71, 74 and 83 °C with the steps being assigned to the
unfolding of the Cn2 domain, the Fa, region and the Cx3 domain respectively

(Andersen et al., 2010).
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Figure 2-4. Three stage unfolding of the monoclonal 1gG1 immunoglobulin Rituximab. The
unfolding curve produced using differential scanning calorimetry (DSC) is shown by the
solid (black) line with the dashed (grey) lines indicating the domain unfolding involved
(Andersen et al., 2010).
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The effect of surfactant inclusion in protein formulations on T, has been studied
using DSC. Bam et al., (1998) found that the melting transition of rhGH decreased
from 79.2 °C to approximately 77 °C in the presence of Tween 20, 40 and 80 (Bam
et al., 1998). The melting temperature of the tobacco mosaic virus is also decreased
by surfactant inclusion. In this case, Triton X-100 at 460 x 10° M decreased the
melting temperature from 40.4 to 37.5 °C (Panyukov et al., 2008). The presence of
Tween 20 and Tween 80 have been found to have little effect upon the heat capacity
curves of a recombinant human immunoglobulin 1IgG (Hoffmann et al., 2009a). On
the other hand, the thermal stability of BSA (which is known to interact with Tween
20 and 80 increased by 1.4 K in the presence of Tween at 2 mM (Hoffmann et al.,

2009a).

2.1.3 Liquid-state Circular Dichroism

In circular dichroism (CD), circularly polarised light is used to investigate the
structure of molecules such as proteins in solution. CD spectra are generated as a
result of chromophores (the component of a molecule which confers colour)
absorbing the left and right circularly polarised radiation to a different degree (Figure
2-5). The level of this absorption of the left and right components is dependent on the
chirality of the chromophore. The sample will absorb a quantity of the light from
both fields which are combined to produce a CD spectrum. This differential

absorption is measured as a function of wavelength.
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Absorbance (A)

CD (0)

Figure 2-5. (A): Plane polarised radiation comprises left and right circularly polarised
components. (I): both left and right components are of equal amplitude, and plane polarised
radiation is generated when they are combined. (Il): both components have different
magnitudes, and produces elliptically polarised radiation. (B): Showing the relationship
existing between absorption and CD spectra. Band 1 shows a positive CD spectrum, with
greater absorption in the L field compared to R; band 2 demonstrates a negative CD
spectrum with greater R absorption than L; band 3 arises from an achiral chromophore
(Kelly et al., 2005).

Protein CD spectra can be measured in both the far and near UV regions, 180-260
nm and 260-320 nm respectively. The CD spectrum in the far UV region can show
the main secondary structural features of the protein, for example a-helices and [3-
sheets as shown in (Figure 2-6). However, it should be noted that the spectrum is
produced by the whole molecule and therefore does not indicate structural type in
specific regions of the protein. The spectrum in the near UV region gives information
on the environment (this refers to the degree of hydrogen bonding, polarity, dipole-
dipole interactions and their potential to become polarised) within which the
aromatic amino acid side chains and disulphide bonds exist and also the protein’s

tertiary structure (Kelly and Price, 2000).
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Figure 2-6. Far UV (160 to 250 nm) CD spectra associated with the different types of
protein secondary structure. Solid line indicates a-helix; long dashed line indicates an anti-
parallel B-sheet; dotted line indicates a type I B-turn; short dashed line indicates an irregular

structure (Adapted from Kelly et al. 2005 (Kelly et al., 2005)).

2.2 Materials

L-Histidine, L-Histidine monohydrochloride monohydrate, D-(+)-Trehalose
dehydrate, polysorbate 20 (Tween 20), polysorbate 80 (Tween 80), bovine serum
albumin (BSA), sodium chloride, potassium chloride, and potassium phosphate
monobasic were purchased from Sigma Aldrich (UK). Sodium phosphate monobasic
was obtained from Melford Laboratories Ltd (UK). Water was purified to > 14
MQ.cm with a BioSelect, Purite, UK. Pluronic L43, Pluronic L61, Pluronic P103 and
Pluronic P123 were a generous gift from BASF (UK). The immunoglobulin (mAb-1)

was kindly provided by Medimmune Ltd, Cambridge, UK.
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2.3 Methods

2.3.1 Isothermal Titration Calorimetry

Prior to ITC analysis, the two proteins investigated, mAb-1 and BSA, were dialysed
using a Slide-a-Lyzer® dialysis cassette 10,000 Dalton MWCO (Pierce, Thermo
Scientific, UK) overnight in 10 mM phosphate buffer pH 7.4. BSA was used as a
reference protein as it is known to interact with Tween 20 and Tween 80 (Hoffmann
et al., 2009) and so was selected as a comparison for the enthalpogram of surfactant
titration into mAb-1 solution. To ensure an exact buffer match the dialysed buffer
was then used to prepare the Tween 20, Tween 80, Pluronic P103, Pluronic P123,
Pluronic L43 and Pluronic L61 solutions. The structures of Tween 20 and 80 are
shown in Figure 1-6. The structures of the Pluronic surfactants selected and their

properties are displayed in Figure 1-7 and Table 2-1.

A VP-ITC from MicroCal™ Inc. (MicroCal, Buckinghamshire, UK) was used to
carry out the calorimetric titration experiments. The titration experiments were
undertaken at 25 °C. Prior to each experiment, the reaction cell and syringe were
washed with 10 % Decon 90 followed by distilled water and finally 10 mM
phosphate buffer. The reference cell was filled with degassed buffer. The reaction
cell (volume 1.4 mL) was filled with the protein solution at a concentration of 14.4
mg/mL (0.24 mM) for both BSA and mAb-1. The injection syringe, with a volume of

300 pL, was filled with surfactant solution in 10 mM phosphate buffer.

The time delay prior to the first injection was 60 s. The reference power was set to 10
pcal/s and the filter to 2 s. Each titration experiment consisted of one injection of 1

pL followed by 25 injections with a volume of 10 pL. An injection speed of 0.5 pL/s
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was used for all injections with a spacing of 300 s in between them. The time spacing
between injections was set to a duration sufficient to allow the heat signal to return to
the baseline. The paddle at the tip of the syringe was rotated at 300 rpm throughout
the experiments. Control (blank) experiments of surfactant into buffer were
undertaken in order to negate any contribution from the surfactant titration alone to
the enthalpograms. Titration experiments of surfactant into protein solution and
control experiments of surfactant into buffer were carried out using the parameters

above.

The titration curves were analysed using the ORIGIN® MicroCal™ LLC ITC
software supplied with the calorimeter instrument. Data for the control titration
experiments of surfactant into buffer were subtracted from the titration of surfactant
into protein solution data prior to fitting of the binding model. A one-site binding
model was used to fit the data. The first injection, of 1 pL, was discarded from the
data analysis as its only function was to ensure that the subsequent injection volumes

were accurate by expelling any air present in the syringe.

Pluronic PEO:PPO:PEO CMC (M)

P103 17:60:17 6.1x 10°
P123 20:70:20 4.4x10°
43 6:22:6 2.2x10°
L61 3:30:3 1.1x 10"

Table 2-1. Properties of the Pluronic tri-block copolymers selected (Kabanov et al., 2002).

2.3.2 Differential scanning calorimetry
DSC experiments to investigate the effect of surfactant inclusion on mAb-1 stability
during thermal denaturation were carried out using a VP-DSC Differential Scanning

Calorimeter (MicroCal, Buckinghamshire, UK) with assistance from Sarah Grasso at
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MedImmune Ltd, Cambridge. The surfactants investigated using ITC were also
studied with respect to their effect on mAb-1 thermal stability: Tween 20, Tween 80,
Pluronic P103, Pluronic P123, Pluronic L43, and Pluronic L61. The concentration of
mAb-1 used was 5 mg/mL with the solution containing surfactant at a concentration
above or below its CMC/CAC (critical aggregation concentration) as shown in Table
2-2. The calorimetric traces were obtained from 25 to 100 °C with a scan rate of 95
°C per hour. A sample volume of 500 uL was used. Each sample was set up as a pair,
one well containing mAb-1 plus surfactant (sample capillary) and one containing
surfactant in buffer. The corresponding reference scan was subtracted from the
sample scan to obtain the thermodynamic values for mAb-1 in each surfactant
solution. The AH of unfolding, T, and ACp were determined using the in-built
Origin® software. Due to the DSC equipment being located off-site and the accuracy
of the technique a single sample run was carried out for each surfactant and

concentration.

Surfactant Concentration below Concentration above
CMCI/CAC (mM) CMC/CAC (mM)

Tween 20 0.05 1

Tween 80 0.005 1

Pluronic P103  0.005 1

Pluronic P123  0.001 0.1

Pluronic L43 1 5

Pluronic L61 0.05 0.5

Table 2-2. Concentrations of the surfactants used in the DSC experiments below and above

their CMC/CAC.
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2.3.3 Liquid-state Circular Dichroism

An Applied Photophysics Chirascan CD spectrometer (Applied Photophysics Ltd,
Leatherhead, UK) with a static peltier was used to obtain CD spectra of pure mAb-1
and mADb-1 in the presence of surfactant with the aim of investigating possible
changes in the secondary structure of the protein after surfactant inclusion.
Additionally, the thermal unfolding of mAb-1 and mAb-1 in the presence of

surfactant was studied in the far UV region.

2.3.3.1 MADb-1 secondary and tertiary structure

A quartz cuvette (Hellma, UK) with 0.02 mm pathlength was used and spectra were
acquired at 20 °C with 4 repeat scans. A mADb-1 concentration of 100 pg/mL, a
bandwidth of 0.5 nm and a time of 3 s per wavelength were used during the
investigation of mAb-1 secondary structure in the far UV (180 to 260 nm).
Investigation of mAb-1 tertiary structure in the near UV region (260 to 320 nm) was
carried out using a cell pathlength of 1 mm and a concentration of 5 mg/mL. A

bandwidth of 0.5 nm and a time of 1 s per point were used during spectra acquisition.

2.3.3.2 Far UV (180-260 nm) temperature ramping

The effect of temperature on mADb-1 secondary structure was investigated in the far
UV (180-260 nm) using a quartz cuvette (Hellma, UK) with a 0.2 mm pathlength and
an mAb-1 concentration of 100 pg/mL. Spectra were acquired at a temperature range
from 20 to 80 °C. The initial temperatures at which spectra were obtained were 20,
40, 50 °C followed by step increases of 2 °C over the temperature range at which
unfolding took place (as identified from DSC data) up to 80 °C. The sample was

cooled down from 80 to 20 °C and a final spectrum taken to determine the refolding
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capability of mAb-1. An equilibration time of 180 seconds was imposed at each
temperature before a reading was taken. A 0.2 nm wavelength step was used during
recording of the data, with a time of 1 s per point and 4 repeat scans being

undertaken at each temperature.

2.3.3.3 Effect of Tween inclusion on mAb-1 structure during temperature
ramping
The secondary structure of mAb-1 in the presence of Tween was investigated in the
far UV (180-260 nm). A quartz cuvette (Hellma, UK) with a 0.2 mm pathlength was
used and a mAb-1 concentration of 100 ug/mL. Spectra on the effect of Tween on
thermal stability were acquired from 50 °C to 80 °C with 5 °C increments. All other
parameters were as for pure mAb-1. A mADb-1 concentration of 100 pg/mL was used
with surfactant concentrations of 0.05 and 1 mM Tween 20 and 5 pM and 1 mM

Tween 80.

2.3.4 Dichroweb Analysis

The online CD secondary structure analysis server Dichroweb was used to make a
quantitative interpretation of the CD data obtained for mAb-1 in solution (Whitmore
and Wallace, 2004). The CONTIN algorithm (van Stokkum et al., 1990) with
reference set SP175 (Lees et al., 2006) was used to reconstruct the data sets. The
normalised root mean square deviation (nrmsd) with the experimental data was
reported, with a value of < 0.2 being within the acceptable range for this ‘goodness

of fit’ parameter (Whitmore and Wallace, 2004).
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2.4 Results

2.4.1 Isothermal Titration Calorimetry

ITC was used to investigate the presence or absence of an interaction between the
surfactants studied (Tween and Pluronic) and mAb-1 in the bulk solution. The BSA
as a reference protein enabled conclusions to be made regarding mAb-1-surfactant
interaction, as its binding interaction with Tween has been characterised previously

(Ruiz-Pena et al., 2010, Hoffmann et al., 2009b, Hoffmann et al., 2009a).

2.4.1.1 Titration of 1 mM Tween 20/80 into 0.24 mM (14.4 mg/mL) BSA and 14.4
mg/mL mAb-1.

The enthalpograms for the titration of 1 mM Tween 20 and 80 into phosphate buffer

are shown in Figure 2-7 and Figure 2-8 to demonstrate the change in enthalpy upon

each injection. These values were subtracted from the titration of Tween 20/80 in to

the protein solutions.
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Figure 2-7. Enthalpogram of the titration of 1 mM Tween 20 into Phosphate buffer.
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Figure 2-8. Enthalpogram of the titration of 10 mM Tween 80 into Phosphate buffer.

The enthalpogram, Figure 2-9, for the titration of 1 mM Tween 20 into 0.24 mM
(14.4 mg/mL) BSA indicates an exothermic event takes place upon injection of
Tween 20. The amplitude of the exothermic peak decreased with increasing Tween
20 concentration in the sample cell which is consistent with the binding sites on the
BSA becoming saturated. Tween 20 was found to bind to BSA in a manner fitting a
one binding site model after analysis of the enthalpogram using ORIGIN®

MicroCal™ ITC LLC.

An exothermic event also occurred after each injection of 10 mM Tween 80 into a
0.24 mM BSA solution (Figure 2-10). Analysis of the titration of Tween 80 into BSA
resulted in the fitting of the data to a one binding site model as for Tween 20. The
thermodynamic parameters of the interaction between BSA and Tween 20 and 80
calculated from the fitting of the ITC data are shown in Table 2-3. The K, for Tween
20 and Tween 80 into BSA were (4.02 + 0.565) x 10° M and (1.32 + 78.9) x 10° M

respectively. The concentration of Tween 80 used in the ITC experiment was ten
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times higher than that of Tween 20, however, this difference was necessary in order
to obtain a decrease in the exothermic peaks and saturation of the BSA binding sites

as observed for Tween 20.

Parameter BSA-Tween 20 BSA-Tween 80
Binding constant 4.02+565 x10°M  1.32 + 78.9x 10° M
(Ka)

Enthalpy (AH) (J)  -3.272 #121.4x 10*  -2.436 + 3652 x 10°
Entropy (AS) (J/K) -88.6 -67.4

Table 2-3. Thermodynamic parameters determined using ITC for the interaction between
bovine serum albumin (BSA) and Tween 20 and Tween 80.

Titration experiments of Tween 20 and 80, using the same concentrations as for
BSA, into a 14.4 mg/mL mAb-1 were undertaken to determine if a specific binding
event took place between mAb-1 and Tween. It is evident from the enthalpograms
that neither Tween 20 nor Tween 80 bound in a specific manner to mAb-1 when
compared to the enthalpograms obtained for BSA under the same conditions (Figure

2-9 and Figure 2-10).
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Figure 2-9. Enthalpograms for the titration of (A) 1 mM Tween 20 into 0.24 mM (14.4
mg/mL) bovine serum albumin (BSA) and (B) 1 mM Tween 20 into 14.4 mg/mL mAb-1.
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Figure 2-10. Enthalpograms for the titration of (A) 10 mM Tween 80 into 0.24 mM (14.4
mg/mL) bovine serum albumin (BSA) and (B) 10 mM Tween 80 into 14.4 mg/mL mAb-1.
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Tween 20 and 80 are non-ionic surfactants and so it was important to investigate if
an interaction took place between mAb-1 and an alternative class of surfactants. To
investigate this, four triblock copolymers were selected which were Pluronic P103,
P123, L43 and L61. These Pluronics were chosen based on specific properties
determined from BASF data sheets avoiding those which foamed, formed a gel and

were not soluble in water.

2.4.1.2 Titration of Pluronic P123 into 0.24 mM (14.4 mg/mL) BSA

The titration of 0.1 mM and 1 mM Pluronic P123 into 0.24 mM (14.4 mg/mL) BSA
was carried out using the same parameters as for the titration of Tween 20 and 80
(2.3.1). A typical example of the titration of Pluronic into phosphate buffer is shown
in Figure 2-11 for 0.1 mM Pluronic P123. The events upon each injection are

representative of those observed for Pluronic P103, L43 and L61.
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Figure 2-11. Titration of 0.1 mM Pluronic P123 into Phosphate buffer.
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The events that took place upon titration of 0.1 mM or 1 mM Pluronic P123 into a
0.24 mM (14.4 mg/mL) BSA solution differed from those observed during the
titration of Tween 20 and 80. The enthalpogram for the titration of 0.1 mM Pluronic
P123 (Figure 2-12) into the BSA solution showed multiple endothermic and
exothermic peaks occurred after each injection which decreased in amplitude. As the
injection number increased, the size of the endothermic and exothermic (1.5.1) peaks
decreased but the number of events which took place after each individual injection
was not affected. The multiple events which occurred were in contrast to the single
endothermic and exothermic event after each injection of Tween 20/80 into the BSA
solution. The multiple events indicate that the interaction between BSA and the
Pluronic occurs in a more complex manner than that observed for either Tween 20 or

80.

A specific binding model for this interaction was not determined after analysis of
these data using ORIGIN® MicroCal LLC, ITC contrary to the one site binding

model identified for the interaction between BSA and both Tween 20 and 80.
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Figure 2-12. Enthalpograms showing the titration of Pluronic P123 into 0.24 mM (14.4
mg/mL) Bovine Serum Albumin (BSA): (A) 0.1 mM and; (B) 1 mM.

2.4.1.3 Titration of Pluronic P123, Pluronic P103, Pluronic L43 and Pluronic
L61 into 14.4 mg/mL mAb-1.

The existence of an interaction between the Pluronic tri-block co-polymers and mAb-

1 was investigated using an mAb-1 concentration of 14.4 mg/mL and Pluronic

concentrations of 10 mM for P103 and 1 mM for the remaining 3 investigated -

P123, L43 and L61.

Titration of 1 mM Pluronic P123 into a 14.4 mg/mL mAb-1 solution resulted in a
single endothermic and exothermic peak. The amplitude of each event decreased as

the concentration of Pluronic P123 in the sample cell increased (Figure 2-13).

The titration of 10 mM Pluronic P103 into mAb-1 solution resulted in the occurrence

of both endothermic and exothermic events after each injection as observed for the
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titration of Pluronic P123. The size of the peaks decreased as the concentration of

Pluronic P103 increased in the sample cell (Figure 2-13).

The titration of the two remaining Pluronics, L43 and L61, led to a single exothermic

event taking place upon their injection into mAb-1 solution, Figure 2-14. However,

the baseline was particularly noisy for Pluronic L61 indicating a large degree of

fluctuation in the electrical current required to maintain a constant temperature in the

reference cell.

Analysis of the enthalpograms did not show a specific binding interaction to take

place between mAb-1 and the four Pluronics under study - Figure 2-13 and Figure

2-14.
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Figure 2-13. Enthalpograms for the titration
Pluronic P123; and (B) Pluronic P103.
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Figure 2-14. Enthalpograms for the titration of Pluronic into 14.4 mg/mL mAb-1: (A)

Pluronic L43; and (B) Pluronic L61.

2.4.2 Differential Scanning Calorimetry

Using DSC, the temperature at which each mAb-1 domain unfolded was identified

and the effect of surfactant inclusion at concentrations below and above their

CMC/CAC investigated. The unfolding of mAb-1 was identified as being a three step

process with thermal transition midpoints of 67.2, 71.2 and 76.1 °C (Figure 2-15 and

Table 2-4). The inclusion of surfactant in the protein solution did not affect mAb-1

unfolding steps regardless of surfactant class or concentration as shown in Table 2-4.

The thermograms for each surfactant are shown in Appendix A Figure 8-1 to Figure

8-6.
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Figure 2-15. Thermogram of mAb-1 control solution (histidine buffer, pH 5.5 containing no

surfactant).
[Surfactant] Tl (°C) Tn2(°C) Tm3(°C)
No surfactant 67.2 71.2 76.1
0.05 mM Tween 20 67.1 71.0 76.2
1 mM Tween 20 67.2 70.8 76.1
5 pM Tween 80 67.3 71.1 76.3
1 mM Tween 80 67.4 71.0 75.6
5 pM Pluronic P103 67.4 71.1 76.1
1 mM Pluronic P103 67.4 71.0 76.0
1 pM Pluronic P123 67.1 71.1 76.1
0.1 mM Pluronic P123 67.5 71.1 76.2
1 mM Pluronic L43 67.4 71.0 75.6
5 mM Pluronic L43 66.9 70.7 75.8
0.05 mM Pluronic L61 67.4 71.0 76.1
0.5 mM Pluronic L61 67.2 71.1 76.2

Table 2-4. Differential scanning calorimetry (DSC) data for the thermal denaturation of
mADb-1 in the presence of surfactant at a concentration above and below the critical micelle
concentration (CMC).
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2.4.3 Liquid-state Circular Dichroism

CD was used to determine the secondary structure of mAb-1 in solution and to
establish the effect of thermal denaturation and surfactant inclusion on the native
structure. CD complements the DSC data through generation of spectra
demonstrating changes in the secondary structure as a result of unfolding. DSC
produces a numerical value demonstrating the effect of surfactant on thermal stability
whereas CD generates spectra which show any changes in native structure which
occur as a result of surfactant presence. In addition, any differences in unfolding due

to thermal denaturation spectra as a result of surfactant inclusion would be observed.

2.4.3.1 Far (180-260 nm) and Near UV (260-320 nm) CD spectra of mAb-1 in
low salt buffer

The far UV (180-260 nm) spectrum indicated that mADb-1 indicated contains a large

proportion of [3-sheet as characterised by a positive maximum at c.a. 200 nm and a

negative maximum at 218 nm (Figure 2-16).

The near UV (260-320 nm) spectrum of mAb-1, which provides information
regarding the tertiary structure, showed a strong contribution from tryptophan
residues as indicated by the peak at approximately 290 nm with some contribution

from disulphides (the peak at 265 nm) (Figure 2-18).
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Figure 2-16. Far UV (180 to 260 nm) spectra of mAb-1 in solution at a concentration of 100
pg/mL using a 0.2 mm cell pathlength and a bandwidth of 0.5 nm.
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Figure 2-17. High tension (HT) signal for the far UV (180 to 260 nm) spectra of mADb-1 in
solution at a concentration of 100 pug/mL using a 0.2 mm cell pathlength and a bandwidth of
0.5 nm.
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Figure 2-18. Near UV (260 to 320 nm) spectra of mAb-1 in solution at a concentration of 5
mg/mL using a 1 mm cell pathlength and a bandwidth of 0.5 nm.

450

400

350

300

HT (V)

200

150

100

50

260 270 280 290 300 310 320
Wavelength (nm)

Figure 2-19. High tension (HT) near UV (260 to 320 nm) signal of mAb-1 in solution at a
concentration of 5 mg/mL using a 1 mm cell pathlength and a bandwidth of 0.5 nm.
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2.4.3.2 Far (180-260 nm) UV CD spectra of mAb-1 in low salt buffer containing
surfactant
Figure 2-20 showed that the p-sheet structure of mAb-1 remained in the presence of
Tween 20 and 80 below the CMC. However, the contribution to the native spectrum
is weaker as evidenced by the decreased peak and trough ellipticity values. There is
an apparent perturbation in mAb-1 structure below 205 nm in the presence of Tween
20 below its CMC. Above the CMC of Tween 20 and 80 a transition to negative
ellipticity occurred which indicates a change in structure (Figure 2-21). The four
Pluronic surfactants were also co-dissolved with mAb-1 in solution to study their
effect on secondary structure. The CD spectra in Figure 2-22 to Figure 2-25 show
that the B-sheet structure of mAb-1 remained except of in the presence of Pluronic
L61 in which a loss of structure was evident. As was the situation with Tween 20 and

80, the contribution of B-sheet to the ellipticity values was decreased.
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Figure 2-20. Addition of both Tween 20 and 80 below their CMC to a solution of mAb-1
did not affect its secondary structure. A cell pathlength of 0.2 mm was used together with a

mADb-1 concentration of 100 ug/mL and a bandwidth of 0.5 nm.
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Figure 2-21. Addition of Tween 20 and 80 above their CMC to a solution of mAb-1 resulted
in the ellipticity becoming negative. A cell pathlength of 0.2 mm was used together with an

mAb-1 concentration of 100 pg/mL and a bandwidth of 0.5 nm.
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Figure 2-22. Addition of Pluronic P103 does not affect the secondary structure of mAb-1. A
cell pathlength of 0.2 mm was used together with an mAb-1 concentration of 100 ug/mL and
a bandwidth of 0.5 nm.
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Figure 2-23. Addition of Pluronic P123 does not affect the secondary structure of mAb-1. A
cell pathlength of 0.2 mm was used together with an mAb-1 concentration of 100 ug/mL and
a bandwidth of 0.5 nm.
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Figure 2-24. Addition of Pluronic L43 does not affect the secondary structure of mAb-1. A
cell pathlength of 0.2 mm was used together with an mAb-1 concentration of 100 ug/mL and
a bandwidth of 0.5 nm.
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Figure 2-25. Addition of Pluronic L61 led to a loss of mAb-1secondary structure of mAb-1.
A cell pathlength of 0.2 mm was used together with mAb-1 concentration of 100 pug/mL and
a bandwidth of 0.5 nm.

2.4.3.3 Effect of temperature on mAb-1 secondary structure in low salt buffer in
the absence and presence of surfactant
The next CD experiment carried out was investigation of the thermal denaturation of
mADb-1 in aqueous solution (Figure 2-26 and Figure 2-27) and in the presence of
Tween (Figure 2-28 to Figure 2-31). The initial study showed mAb-1 peptide
backbone to be conformationally stable up to 60 °C in aqueous buffer, above which
unfolding took place with no refolding observed upon cooling (Figure 2-26). Further
spectra were acquired with smaller temperature increments to obtain a more detailed
picture of the thermal unfolding undergone by mAb-1. It is evident from plots of
ellipticity at 225 nm against temperature in Figure 2-27 that there is a change in
mADb-1 secondary structure above 60 °C indicating that unfolding is taking place.
Although an accurate Ty, value cannot be determined from the CD spectra, the data

show this value to be between 60-65 °C. Figure 2-28 to Figure 2-31 indicate that the
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thermal denaturation undergone by mAb-1 in the presence of Tween did not differ

from that observed in the absence of surfactant from the solution.
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Figure 2-26. MADb-1 peptide backbone is conformationally stable up to 60 °C in aqueous
buffer, above which unfolding occurs, without refolding on cooling. A cell pathlength of 0.2
mm, mAb-1 concentration of 100 ug/mL and a bandwidth of 0.5 nm were used during

acquisition of the spectra.
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Figure 2-27. Unfolding of mAb-1 at 225 nm observed using circular dichroism. A cell
pathlength of 0.2 mm, mAb-1 concentration of 100 ug/mL and a bandwidth of 0.5 nm were
used during acquisition of the spectra.
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Figure 2-28. Unfolding of mAb-1 at 225 nm observed using circular dichroism in the
presence of 0.05 mM Tween 20. During acquisition of the spectra, a cell pathlength of 0.2
mm, mADb-1 concentration of 100 ug/mL and a bandwidth of 0.5 nm were used.
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Figure 2-29. Unfolding of mAb-1 at 225 nm observed using circular dichroism in the
presence of 1 mM Tween 20. The spectra were obtained using a cell pathlength of 0.2 mm,
mADb-1 concentration of 100 ug/mL and a bandwidth of 0.5 nm.
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Figure 2-30. Unfolding of mAb-1 at 225 nm observed using circular dichroism in the
presence of 5 UM Tween 80. MAb-1 spectra were acquired using a cell pathlength of 0.2

mm, a mAb-1 concentration of 100 ug/mL and a bandwidth of 0.5 nm.
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Figure 2-31. Unfolding of mAb-1 at 225 nm observed using circular dichroism in the
presence of 1 mM Tween 80. A cell pathlength of 0.2 mm, mAb-1 concentration of 100
ug/mL and a bandwidth of 0.5 nm were used during acquisition of the spectra.

2.4.4 Dichroweb analysis

The Dichroweb analysis of mAb-1 in aqueous solution is consistent with a protein
containing a high content of the B-sheet motif. The percentage of p-sheet is 51 % and
the data showed that mAb-1 did not contain any a-helices (Table 2-5). However, the
Dichroweb database is largely comprised of globular proteins based on a-helices or
structures which are composed of an a-helix-p-sheet mixture. As mAb-1 is composed
of a B-sheet scaffold the data were therefore compared to a database for different

protein types and structures.

a-helix B-sheet B-turn  random coil nrmsd

MADb-1 in ag. solution 0.00 0.51 0.10 0.37° 0.068

Table 2-5. Fraction of secondary structure elements for mAb-1 in solution calculated using

the Dichroweb online server. “Dichroweb does not necessarily generate a total value of 1.
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2.5 Discussion

2.5.1 Tween-protein interaction

It is well known that surfactants can stabilise proteins in solution through a direct
interaction with the protein, thereby decreasing the level of aggregation. For
example, both Tween 20 and 80 have been found to bind to the HSA component of
Albutropin™ and reduce the formation of aggregates (Chou et al., 2005). They have
also been shown to increase the stability of HSA as demonstrated by an increase in
the thermal denaturation temperature (Chou et al., 2005, Garidel et al., 2009). The
two Tween surfactants have also been observed to interact with BSA (Hoffmann et
al., 2009a), the binding affinity of Tween 20 for both HSA and BSA was found to be

stronger than Tween 80 (Chou et al., 2005, Hoffmann et al., 2009a).

The ITC enthalpograms in this study also identified a binding interaction took place
between BSA and both Tween 20 and 80 (Figure 2-9 and Figure 2-10). The affinity
of Tween 80 for BSA was less than that observed for Tween 20 as shown by the
binding constants of (1.32 + 78.9) x 10° M and (4.02 +565) x 10° M for Tween 80
and 20 respectively displayed in Table 2-3. This difference was also observed by
Hoffmann et al., (2009). The interaction identified in this study between BSA and the
two Tweens was found to be exothermic with the data fitting well to a one binding

site model as observed previously by Hoffmann et al., (2009).

In contrast to the interaction of Tween with aloumin proteins the ITC data in this
investigation did not show a specific binding event between mAb-1 and either Tween
20 or Tween 80. This has also been found to be the case for the interaction of a

recombinant human immunoglobulin IgG and the same two Tween surfactants
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studied here (Hoffmann et al., 2009a). The binding of Tween 20 and Tween 80 to
three immunoglobulins of the subtypes 1gG1, 1gG2 and 1gG4 has similarly been
found to be negligible as shown by binding constants in the region of 10% to 10°® M
(Garidel et al., 2009). The lack of a specific binding site for Tween on
immunoglobulins or the surfactant-surfactant interaction being stronger than protein-
surfactant, in which case the formation of surfactant aggregates would be preferred

(Bam et al., 1995), could have led to the results in this study and those mentioned.

The interaction between Tween and BSA, as identified in this study, has also been
shown through monitoring of 8-anilino-1-naphthalene sulfonic acid (ANS)
fluorescence changes. The fluorescent signal produced by ANS is increased when it
is present in the hydrophobic region of a protein and fluoresces highly when bound
to the hydrophobic patch on BSA (Ruiz-Pena et al., 2010). This fluorescence
decreased to a small degree when Tween 20 or 80 below their CMC was included in
solution but to a much greater level when the surfactants were present at
concentrations well above their CMC (Ruiz-Pena et al., 2010). Surfactant binding

would prevent the interaction of the ANS with the hydrophobic patches on the BSA.

2.5.2 Pluronic interaction

As was determined to be the case for Tween 20 and 80, the four Pluronic surfactants
selected did not interact with mAb-1 via a specific binding interaction. A specific
binding interaction was similarly not observed between Pluronic P123 and BSA.
Although a specific binding interaction between mAb-1 and the four Pluronics was
not identified, it is possible that a transient interaction could take place. A transient
interaction would likely be one in which a weak non-specific interaction between the

surfactant and the surface of the protein formed before the interaction was broken
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allowing a different surfactant molecule to then interact. Collagen, like mAb-1 and
BSA in this study, has been found not to interact with a Pluronic surfactant (PE6800)
(De Cupere et al., 2003). In contrast to the findings in this study and that of De
Cupere et al., (2003), the Pluronics P84, P103 and F127 have been shown to interact
with a different protein (growth hormone releasing peptide-g (GHRP-6) acetate) (Jia

etal., 2012).

In contrast to the enthalpograms for Tween 20 and 80, those of the Pluronic solutions
showed multiple events occurred during titration indicating a more complex situation
than that for the two Tweens. Pluronics form micelle-like aggregates in solution
which may be taking place upon titration of the Pluronics into the mAb-1 solution in
this study. The micelles formed can be spherical, rod-like or lamellar depending on
the length of the PPO and PEO blocks as suggested by Nagarajan (1999). The
lengths of these blocks differed between the Pluronics used in this study (Table 2-1)
which may be a cause of the differences observed in the ITC enthalpograms. The
fluctuation in electrical current required to maintain the two cells at the same
temperature suggests that an equilibrium developed between the Pluronic complexes

and single free Pluronic molecules present in the solution.

At a temperature above 37 °C, titration of Pluronic L64 into water above its CAC
(Table 2-1) results in break down into individual monomers of the polymer. Once the
concentration in the water increases above the CAC of Pluronic L64, further
injections will result in a transition towards micellar formation (Roques et al., 2009).
The CAC of Pluronic L64 was found to decrease as the temperature was increased,
with micelles not found below 42 °C (Roques et al., 2009). As Roques et al., (2009)

showed micelles of Pluronic L64 did not form below 42 °C which would suggest that
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Pluronic L64 did not form micelles during the ITC experiments at 25 °C in this
study. Temperature has also been shown to have an effect upon the micellisation of
other Pluronic surfactants. An increase in temperature from 28 to 31 °C led to a
reduction in the concentration at which Pluronic F127 micelles formed, from 0.197
to 0.079 mM (Bouchemal et al., 2009). In addition to the effect of temperature, the
inclusion of excipients and the presence of protein (Bam et al., 1995) in a
formulation also affect the concentration at which micelles are formed. For example,
the inclusion of propylene glycol (which is used in pharmaceutical formulations) at a
concentration of 3.7 % w/v decreased the critical aggregation concentration (CAC)
of Pluronic F127 by 0.029 mM, from 0.095 = 0.005 mM to 0.066 £ 0.004 mM

(Bouchemal et al., 2009).

2.5.3 MAD-1 structure and thermal stability

The CD spectrum of mAb-1 was dominated by contributions from B-sheet (Figure
2-16). This was expected based on existing data of immunoglobulin secondary
structure (Vermeer et al., 2001). The secondary structures of four 1gGs of different
classes and subclasses (1gG1, 1gG2a, 19G2b, 1gG3) have been found to be highly
similar with ordered B-sheet and p-turns being the main features comprising
approximately 40 % and 20 % of the structure respectively (Janda and Casadevall,
2010). The a-helical content of the four IgGs was low, being 3 % or less of the
secondary structure. The secondary structure of mAb-1 studied here was, like those
investigated by Janda and Casadevall (2010), mainly composed of B-sheet (51 %)
and B-turns (10 %). However, in contrast to the findings of Janda and Casadevall
(2010), analysis of the CD spectra using Dichroweb showed the a-helical content to

be zero (Table 2-5). It is interesting to note that while the secondary structure of
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immunoglobulins is highly similar, the Fy, fragments of three monoclonal IgG
antibodies have been found to differ. The presence of a peak at 223 nm and a clear
shoulder at 195 nm are two of the most evident differences (Tetin et al., 2003). A
second small peak was apparent in the CD spectrum of mAb-1 in this study which
may be due to the F,, fragment as shown by Tetin et al., (2003) and the contribution

of aromatic residues to the far UV spectra (Khan et al., 1989).

As surfactants are typically included in protein formulations it was important to
determine the effect of their inclusion on the secondary structure of mAb-1
investigated here. A specific binding interaction between the surfactants and mAb-1
was not observed and so it was anticipated that mAb-1 native secondary structure
would not be affected. This was largely found to be the case as demonstrated by
mAb-1 CD spectra in the presence of Tween and Pluronic surfactants, with the
exception of Pluronic L61, not being different to that of mAb-1 alone. This has also
been shown for the proteins recombinant factor VIII and lysozyme in the presence of
Tween 80 (Joshi and McGuire, 2009). Additionally, as the ITC data did indicate a
specific binding interaction between mAb-1 and the surfactants it was therefore
expected that the mAb-1 unfolding pathway would not differ. The CD spectra of
mADb-1 during thermal denaturation in the presence of surfactant confirmed this
expectation with no differences observed. In this investigation, the CD spectra
showed mAb-1 unfolding took place above 60 °C in the absence and presence of
surfactant. CD spectra of an IgG has previously shown the F,, fragment to be stable
up to 40 °C and the F. fragment up to 60 °C (Vermeer et al., 2001, Vermeer et al.,
2000). MADb-1 unfolding was found to be irreversible in this study which has also

been observed for a monoclonal mouse anti-rat antibody of the subtype 2b (IgG2b)
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(Vermeer et al., 2000), an 1gG2 (Van Buren et al., 2009) and a human IgG (Ahrer et
al., 2006). CD is an informative technique for studying protein secondary structure,

thermal denaturation temperatures are more accurately investigated using DSC.

To obtain accurate thermal unfolding temperatures, and thus supplement the CD
data, DSC experiments were carried out. The DSC data produced in this
investigation identified three transition temperatures for mAb-1 at temperatures of
67.2, 71.2 and 76.1 °C. This finding is similar to that observed for an IgG1, 1gG2 and
lgG4 (Garber and Demarest, 2007) but in contrast to the two denaturation
temperatures, a Ty of 61 °C and a Ty of 71 °C, which have previously been found
for an 1gG (Vermeer and Norde, 2000). These values correlate with mAb-1 unfolding
observed by CD (Figure 2-26). The transition temperatures can be attributed to the
different domains of mAb-1. The three transitions evident from the DSC data at ~67,
~71 and ~76 °C (Table 2-4) can be assigned to the Cy2 domain of the F. region, the

Fap region and the Cy3 domain of the F. region respectively (Figure 1-4).

0.00045

0.00040 A
0.00035 4
0.00030 —

0.00025 +

0.00020 ~

Cp(call’C)

0.00015 A
0.00010 +
0.00005 —

Cuz Cns\"

-0.00005 +——————————71——T——T——T——1
20 30 40 50 60 70 80 90 100 110

0.00000 —

Temperature (°C)

Figure 2-32. DSC thermogram of mAb-1 unfolding.
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It has been shown that the transition temperatures of an IgG could be assigned to the
Fc and Fy, fragments (Vermeer et al., 2000). The 1gG was digested using papain and
the F¢ thermal transition temperature identified using DSC while the unfolding of an
approximate Fy, region was studied using CD. Ty, was assigned to denaturation of
the Fap region and T, to the unfolding of the F. region (Vermeer and Norde, 2000).
The Cu2 domain of the F. region is expected to unfold first, followed by the Fj,
domain and finally the C43 domain of the F; region. The unfolding of an 1gG2
studied by Van Buren et al., (2009) was found to take place via three transition steps
which were attributed to the C2 domain, the Fy, region and the Cy3 domain. The
assignment of transition temperature to the individual regions of mAb-1 is in
agreement with Garber and Demarest (2007) for three different immunoglobulin
isotypes and other studies carried out previously and reported in the literature for

different immunoglobulins (Maity et al., 2009, lonescu et al., 2008).

The T, values for mAb-1 studied here and those within the literature differ, however,
this has been observed previously for different immunoglobulin isotypes (Garber and
Demarest, 2007). The F. domain of IgG1 was found to be the most stable while the
Fc domain of 1gG3 was shown to be the least stable as indicated by the T, values for
the Cy2 and Cux3 domains. 1gGs of the same subclass have constant domains which
are essentially identical but their stability differs. The T, for the Fy, region ranged
from 54.2 to 81.6 °C for 14 different IgG1s and 3 different 1gG4s. This variability in
stability between different subclasses of IgGs is due to differences in the Fv region.
(Garber and Demarest, 2007). The thermal transition temperature of a protein can
also be affected by the sensitivity of the protein, or domains of the protein, to pH

changes. The Cy2 domain of two monoclonal 1gG1 antibodies has been shown using
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DSC to be more sensitive to pH than the other domains (He et al., 2010). This was in
contrast to the unfolding transition of the Fy, region which did not change over the
pH range of 4.0 to 8.0 used (He et al., 2010). The stability of an IgG2 when stored at
37 °C for 15 weeks was not disturbed at pH 5.0 or 6.0 and to only a small degree at
pH 4.0 (Van Buren et al., 2009). The DSC and CD experiments for mAb-1 in this
investigation were carried out at only a single pH although the surface adsorption
studies using TIRF and NR (section Chapter 4) were undertaken at two pH values,
pH 5.5 and 7.4. However, mAb-1 unfolding did not take place until above 60 °C and
so the structure will be unaffected during the experiments undertaken at room

temperature.

2.5.4 Effect of surfactant on mADb-1 thermal transition

The thermal transition temperatures of mAb-1 had been established in aqueous buffer
and so the next step was to determine if surfactant inclusion affected thermal
stability. As no interaction was identified using ITC and unfolding investigated using
CD did not show a surfactant effect, it was anticipated that the inclusion of Tween
would have no effect upon mAb-1 thermal denaturation investigated using DSC.
Inclusion of Tween 20 and 80 at concentrations below and above their CMC, as
expected, did not affect mAb-1 T,. The CD and DSC data together show no
protective effect of Tween on mAb-1 unfolding upon a temperature increase. This
result is similar to a previous investigation using DSC which showed that Tween 20
and Tween 80 had no effect upon immunoglobulin T, (Hoffmann et al., 2009a). An
increase in the maximum heat capacity curve of the immunoglobulin of 0.2 K in the
presence of Tween 20 at 2 mM was observed although this change was not

significant, a similar result was also found for Tween 80 (Hoffmann et al., 2009a).
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This has also been found to be the case for an IgG in the presence of Tween 20 with
the exception of a small increase, of approximately 0.3 K, at the highest
concentration investigated (2 mM) (Garidel et al., 2009). In contrast to the lack of
Tween effect on the immunoglobulins mentioned, the T, for HSA in the presence of
Tween 20 and 80 has been found to increase by 2.3 K (Garidel et al., 2009). The
surfactants are known to bind to HSA which increased its thermal stability due to the
entropy favouring maintenance of the native state. However, a contrasting effect of
Tween inclusion on rhGH thermal stability has also been observed. The melting
temperature of rhGH was decreased by the presence of Tween 20, 40 and 80 in
solution at molar ratio of 10:1 by 2 °C. CD spectra of the melting curves for rhGH
corroborated the DSC data (Bam et al., 1998). The difference between the protein
structures and interaction with Tween may be the cause of the differing surfactant

effects.

As with the two Tween surfactants, DSC data showed that Pluronic inclusion in
mADb-1 samples at concentrations below and above their CAC did not affect the Tp,.
This was expected as a specific interaction was not observed between the two during
ITC experiments. Similar to the mAb-1 DSC data in this study, a concentration of 0.5
% wi/w Pluronic F127 has been shown not to have an effect on the thermal stability
of rIL-2 with its activity being 25% of initial after incubation at 50 °C (Wang and
Johnston, 1993). The percentage of urease activity after incubation at 50 °C is greater
when 1 % w/w Pluronic F127 is added to the phosphate buffer which was in contrast
to the decreased activity level after the temperature was increased to 75 °C (Wang
and Johnston, 1993). The Pluronic surfactants P108 and P188 and the multi-block

copolymer Tetronic 1107 (T1107) have been found to affect the degree of
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aggregation of BSA and hen egg white lysozyme (HEWL) after heat denaturation
(Mustafi et al., 2008). T1107 (at a molar ratio of 2:1 polymer: HEWL) fully
prevented the aggregation of heat denatured HEWL compared to Pluronic P108 and
P188 which decreased aggregation but to a lesser extent. Pluronic P108 and P188
had very little effect on the aggregation of heat denatured BSA, while T1107 at a
polymer: BSA molar ratio of 10:1 reduced aggregation by 50 % (Mustafi et al.,

2008).

Surfactants can however destabilise proteins and cause their denaturation, as has
been found to be the case for the mixed a-helical/B-sheet protein a-lactalbumin in the
presence of four classes of surfactant: anionic, cationic, zwitterionic and non-ionic
(Otzen et al., 2009). Investigation of a-lactalbumin using fluorescence intensity and
CD showed that all four surfactant classes caused a loss of the protein’s native
structure (Otzen et al., 2009). The authors found the binding affinity of a-lactalbumin
for surfactants to be general and not specific to one class, which would explain the
denaturation effect of all types of surfactants in the study by Otzen et al., (2009). The
surfactants used in this investigation did not, in contrast to a-lactaloumin, interact
with of mADb-1 or, with the exception of Pluronic L61, affect the native secondary

structure which would explain the lack of effect on mAb-1 stability.
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2.6 Conclusions

A specific binding interaction between the surfactants and mAb-1 did not take place
as shown by the ITC data. This was important in order for conclusions to be drawn
regarding surface adsorption of mAb-1. As no interaction with the surfactant took
place, it can be concluded that mAb-1 alone will be the driving force behind the
surface adsorption of the protein, without the surfactants playing an important role in
this matter. MAb-1 was shown to be stable at temperatures up to approximately 60
°C using both CD and DSC and so it is expected to retain its native structure during
surface adsorption experiments, carried out at RT. Surfactant inclusion had a
minimal effect on the structure of mAb-1 except for Pluronic L61 and therefore the
protein will retain its native secondary structure when either the Tween or Pluronic
surfactants are present in solution. The interaction of mAb-1 in solution with the
surfactants has now been characterised along with their effect on the structure and
stability of mAb-1. The next stage in this study was to investigate the interaction of

mAb-1 with surfaces and the effect adsorption had on secondary structure.
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Chapter 3. Interaction and destabilisation of mAb-1 with surfaces of varying

functionality and hydrophobicity

3.1 Introduction

This chapter encompasses the work aimed to investigate the effect that different
types of surfaces may have upon mAb-1 adhesion and secondary structural changes.
The surfaces were first characterised using contact angle goniometry (CAG) to
determine their hydrophobicity which was then used to calculate their surface energy
using software developed in-house (Lamprou et al., 2010b, Lamprou et al., 2010c).
The force of adhesion between mAb-1 and a range of surfaces was studied using
atomic force microscopy (AFM) to determine the degree of attraction each surface
has for mAb-1. The adhesion data was complimented with secondary structure
analysis using ‘solid-state’ circular dichroism (CD), which is used to study the effect
of adsorption on the structure of a protein. The surface characteristics and force of
adhesion values were determined in order to investigate if a relationship between the

loss of mADb-1 secondary structure and surface energy, or force of adhesion existed.

3.1.1 Contact angle goniometry (CAG) and surface energy

The surface energy (ys) of the silane, surfactant and protein coated surfaces was
determined via contact angle measurements of liquid-on-solid prior to investigation
of the surface effect on mAb-1 adhesion and structure. Contact angle goniometry
(CAQG) is an established technique for characterising surfaces (Lamprou et al., 2010a,
Lamprou et al., 2010b, Lamprou et al., 2010c, Offord et al., 1994) allowing the

measurement of the shape of a liquid droplet when in contact with a solid surface.
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Contact angle is defined as the measurement of the angle that a liquid forms at the

intersection between solid, liquid and gas (vapour (Zisman et al., 1964)) (Figure 3-1).
‘apour

N
Liquid AN

Surface

Figure 3-1. Contact angle - measurement of the angle of a droplet at the intersection

between liquid, solid and gas.

The measurement of the excess of free energy derived from the polar and non-polar
events taking place upon the interaction between a solid surface and the liquid
droplet is known as surface energy (Zisman et al., 1964, Long et al., 2005), also
known as the solid surface tension. In order to calculate the surface energy, the angle
of drops of three solvents (for example filtered water, diiodomethane and 1,2-
ethandiol (Lamprou et al., 2010a)) on solid surfaces is measured. The contact angle
for a surface is investigated by placing small drops onto the surface and determining
the angle between the drop and the surface. Each of the three solvents mentioned as
examples has a different polarity and therefore will perform differently when in
contact with the same surface. In addition to calculation of surface energy, the use of

liquids such as diiodomethane enables determination of the lipophilicity of a surface.

Through calculation of surface energy and the contact angle of the three liquids, the
hydrophobicity of a surface can be determined. The hydrophobicity of a surface is

dependent upon the terminal group which is exposed to the air interface. For
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example, a terminal amine (-NHy) group will produce a hydrophilic surface
compared to methyl (-CHs) which will confer hydrophobicity (calculations for

surface characterisation are detailed in 3.3.2).

3.1.2 Atomic Force Microscopy (AFM)

Scanning probe microscopy (SPM) is the name given to a range of related techniques
that involve a combination of imaging and local physical property measurements by
investigating physical or chemical interactions between a sharp proximal probe and a
surface (Ros et al., 1998). The two primary forms of SPM are scanning tunnelling
microscopy (STM) and atomic force microscopy (AFM). STM was first developed in
1982 at IBM in Zurich by Binnig et al., where atomic resolution images were first
observed. The technique necessarily requires an electron-conductive material as a
sample, which limits the materials that can be studied. In 1986, AFM was developed
by Binnig with the important advantage of it being able to operate with insulating
materials, such as ceramics, biological materials and polymers, in addition to
conductors and semi-conductors. AFM can provide pseudo-three-dimensional
images of surface topography in liquid or gaseous environments, over a range of
temperatures (typically, ambient — 250 °C). In addition to high-resolution imaging,
AFM is capable of measuring nano-mechanical surface properties, such as adhesion,
compliance, friction, roughness, and the forces between a surface (which can be
coated with a silane or protein) and an AFM probe. Additionally, the probe can also
be functionalised with a protein or a silane for example. This section will focus on
force of adhesion while briefly mentioning the method by which surface morphology
is characterised using AFM. The investigation of forces is known as force versus

distance curve acquisition and is used to measure the attraction or repulsion between
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a cantilever tip and a surface. The force versus distance curve typically shows the
deflection of the free end of the AFM cantilever as the fixed end of the cantilever is
brought vertically towards and then away from the sample surface (Figure 3-2). In
this study the force of adhesion between a functionalised AFM tip and surfaces with

a range of surface energies was investigated.

Force (nN)

0 50 100 150 200 250
Displacement (nm)

Figure 3-2. Example of a force versus distance curve (Adapted from (Lo et al., 2001)).

Figure 3-3 shows the set-up of the AFM: a laser is focused on the back of the
cantilever (Figure 3-4) and a photodiode (detector) detects the intensity of light
reflected. Deflection of the cantilever caused by forces between the tip and the
surface are detected and through a feedback loop the cantilever is moved in the z-
plane to maintain a constant deflection. The data produced is then plotted together

with the x-y plane data to generate a 3-D image of the surface morphology.

To investigate the attraction or repulsion forces, the tip is lowered towards the
surface until it comes within close proximity where attractive/repulsive forces act

upon the tip. Deflection of the cantilever will take place if there is an attractive or
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repulsive force exerted by the surface. The deflection of the cantilever will increase
as it is moved closer to the surface before it is retracted. Adhesion forces can cause
the tip to remain near the surface until the force being applied to remove it from the
surface can overcome the adhesion force. The force applied is converted into a value
of Newtons (N). It should be noted that AFM instruments are capable of measuring
this interaction to the pico (10*%) newton range (Wei and Latour, 2010). The
relationship between the motion of a cantilever and the applied force is given by
Hooke’s Law (Equation): F =kd where, F is the applied load (N), k is the force or
spring constant (N m™), and d is the distance that the ‘spring’ has been stretched or

compressed (m) from the equilibrium position.

Detector and
feedback
electronics

Photodiode

(detector)
laser

Y s
\

./ Ccantilever and
funtionalised tip

| Sample surface ]

Figure 3-3. Main components of AFM (adapted from www.emt.uni-linz.ac.at).
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Figure 3-4. (A) NP-10 silicon nitride  probe; (B) cantilever tip
(http://www.brukerafmprobes.com/p-3370-np-10.aspx).

There are two modes of AFM operation: contact mode and tapping mode. In contact
mode AFM, the probe is in constant contact with the sample surface and can be used
to produce an image of the surface structure. During tapping mode, the probe taps the
surface repeatedly and is commonly used to image surfaces which are soft, easily
damaged or loosely adsorbed. Using tapping mode, the orientation of the mouse
monoclonal antibody to the B unit of human chorionic gonadotropin has been
determined using AFM in conjunction with neutron reflectometry (discussed in
section 4.1.2). The height of the antibody was shown to be 30 A which was in good
agreement with published values for the short axial length (145 x 85 x 38) (Silverton
et al., 1977). This showed that the antibody had adsorbed in a “flat-on” orientation
and also that some deformation in structure had taken place due to the reduced height
of 30 from 38 A which was most likely due to compression of the layer by the

cantilever tip (Xu et al., 2006.

The interaction between proteins and surfaces has similarly been investigated using
AFM. The force of adhesion between albumin, fibrinogen and factor XII to surfaces
which were established as having a high water contact angle, and were therefore

hydrophobic, was stronger than to hydrophilic surfaces (Xu and Siedlecki, 2007b).
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The force of adhesion (F,q) between a protein and surface changes with time (Xu and
Siedlecki, 2007b). A two-step interaction process was proposed for this finding
which involved an initial stage in which quick perturbation of the protein structure
took place upon contact with the surface. This was followed by relaxation and
unfolding which resulted in the hydrophobic core of the protein becoming exposed to
the surface. In addition to measuring the force of adhesion, AFM can also be used to
investigate the force of desorption of a molecule from a surface. A cantilever tip is
functionalized (e.g. with a peptide) and lowered onto a surface of interest, the tip is
then retracted and the force required to pull the tip away from the surface is

measured (Wei and Latour, 2010).

Only a small number of surfaces have been used in the studies mentioned and so a
wider range and variety of surfaces was investigated in this study. The surfaces were
selected to provide a greater understanding of the F,q between mADb-1 and surfaces
commonly encountered during manufacturing and processing. In addition, the
interaction between surfactants (Tween and Pluronic) and HSA with mAb-1 was also
studied as, their interaction with proteins is poorly characterised despite their

common use in formulations to minimise surface adsorption of the protein.

3.1.3 ‘Solid-state’ Circular Dichroism

‘Solid state” CD was used to investigate the structure of mAb-1 adsorbed to surfaces
with a range of surface energies. The principles and techniques for ‘solid state’ CD
are the same as for studying a protein in solution using ‘liquid-state’ CD (section
2.1.3) (Kelly et al., 2005) but spectra are obtained for a protein film on a solid
surface. The CD spectra produced have artefacts such as linear birefringence (the

optical property of the material used) and linear dichroism (the ability of a material
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to split a beam of light in two with the resulting beams having different wavelengths)

which results in alterations to the spectra causing them to differ from that expected.

‘Solid-state’ CD has been used previously to determine the structure of subtilisin
Carlsberg (Ganesan et al., 2006) and an IgG-like domain pair (Pereira et al., 2008)
adsorbed to a silica surface. Hu et al. (2001) identified a change in the structure of
some proteins upon the transition from bulk solution to a solid surface using ‘solid-
state’ CD (Hu et al., 2001). This study found that the spectra of insulin, lysozyme
and disulfide oxidoreductase (DsbA) protein were of a shape which could not be
distinguished from that in solution. The ellipticities were different however, which
was attributed to an unknown protein concentration and pathlength of the surface
film formed (Hu et al., 2001). In contrast to this, the spectra of BSA and hen egg
ovalbumin (OVA) did differ between solution and solid state. The spectra for these
two proteins show that BSA contains a high o-helical content and ovalbumin
contains a o/ mixture when in solution; this changes to a large proportion of B-sheet
when both proteins are analysed attached to a solid surface (Hu et al., 2001). The
‘solid-state’ CD spectra of both insulin and BSA on a surface are shown in Figure

3-5.
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Figure 3-5. (A) Circular dichroism spectra of insulin; (B) circular dichroism spectra of
bovine serum albumin (BSA). Adapted from (Hu et al., 2001).

A selection of proteins have been investigated previously, however,
immunoglobulins were not among them. The free energy required to maintain a
protein in its folded state, which influences the degree of unfolding upon adsorption
to a surface, will differ between each one. Consequently, although a variety of
proteins have been studied, it is necessary to investigate immunoglobulins as their
secondary structure is different to those previously considered and therefore the

effect of surface on unfolding of mAb-1 may differ.

The effect of surface on protein structure has been investigated on hydrophilic silica
surfaces (Hoehne et al., 2011, Bee et al., 2009) and hydrophobic surfaces such as
Teflon (Vermeer et al., 1998, Vermeer et al., 2001) or octadecyltrimethoxysilane
(Pereira et al., 2008). In this study a range of silanised surfaces were investigated
with the aim of studying the relationship, if any, between surface energy and changes

in mAb-1 structure upon adsorption. Additionally mAb-1 secondary structural
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changes on Tween coated surfaces was also investigated due to their common use in
therapeutic proteins formulations. This will complement the previous study on the

protein-surfactant interaction in the bulk of solution (section Chapter 2).
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3.2 Materials

Bovine serum albumin (BSA), human serum albumin (HSA), concentrated sulphuric
acid, hydrogen peroxide, toluene, N,N-dimethylformamide (DMF), diiodomethane,
1,2-ethanediol (ethylene glycol), Tween 20, Tween 80, and silica beads (pore size 60
A, 230-400 mesh) were obtained from Sigma Aldrich (Dorset, UK). Silanes: (3-
Aminopropyl)triethoxysilane (APTES), (3-aminopropyl)trimethoxysilane (APTMS),
(3-glycidyloxypropyl)trimethoxysilane (GPTMS), trichloro(methyl)silane (TCMS),
trichloro(propyl)silane (TCPS), trichloro(octyl)silane TCOS),
trichloro(dodecyl)silane  (TCDS), 1H,1H,2H,2H-perfluorooctyltriethoxysilane
(PFTOS) and octadecyltrichlorosilane (OTS) were purchased from Sigma Aldrich.
Methoxy-polyethylene glycol-silane (mPEG-silane; 1000 MW PEG group) was
purchased from Creative PEGWorks, Winston Salem, USA. Pluronic P103, P123,
L43 and L61 were a generous gift from BASF (UK). Water was purified to > 14
MQ.cm with a BioSelect, Purite, UK. Mouse monoclonal secondary immunoglobulin
to human IgG—Fc was obtained from Abcam, Cambridge, UK. The immunoglobulin
(mAb-1) used throughout the surface conformation study was kindly provided by

MedImmune Ltd., Cambridge, UK.
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Figure 3-6 .The structure of the silanes used to prepare self-assembled monolayers (SAMS):
(A) trichloro(methyl)silane (TCMS); (B) trichloro(dodecyl)silane (TCDS); (C) (3-
aminopropyl)trimethoxysilane  (APTMS); (D) (3-glycidyloxypropyl)trimethoxysilane
(GPTMS); (E) 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFTOS); (D)
trichloro(propyl)silane TCPS); (G) Methoxy-polyethylene glycol-silane (mPEG-Silane); (H)
octadecyltrichlorosilane (OTS); (1) trichloro(octyl)silane (TCOS).
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3.3 Methods

3.3.1 Self-assembled monolayer (SAM) preparation

Microscope cover slips (13 mm in diameter, VWR (UK)) were cleaned with Piranha
solution (3:1 concentrated sulphuric acid: hydrogen peroxide) and deionised water
before being dried under a nitrogen stream (Lamprou et al., 2010c). The contact
angle of organosilanes has been shown to differ between approximately 10° between
cleaned and not cleaned surfaces (Lamprou et al., 2010c). It is necessary to clean the
slides to ensure there are no particles on the surface which would prevent a
homogeneous SAM forming. The cover slips were immersed in 1 mM solutions of
each of the 9 silanes (APTMS, GPTMS, TCMS, TCPS, TCOS, TCPS, TCDS,
mPEG-Silane, PFTOS and OTS - Figure 3-6) for 16 hours at room temperature
which has previously been shown to produce reproducible surface energy values
(Lamprou et al., 2010c). The slides were then cleaned via sonication for 20 minutes
in toluene, followed by the same procedure in DMF and deionised water before
being finally dried under a nitrogen stream (Lamprou et al., 2010c). Surfaces coated
with 0.05 and 1 mM Tween 20, 5 uM and 1 mM Tween 80, 1 pM and 1 mM
Pluronic P103, 1 uM and 0.1 mM Pluronic P123, 1 and 5 mM Pluronic L43, 0.05 and
0.5 mM Pluronic L61 and, 2.5 and 12.5% HSA were prepared using the same
method but washed with deionised water only. Polystyrene cover slips were used as

purchased without further treatment.

3.3.2 Contact angle and surface energies
To probe liquid-surface interactions, contact angles of small drops of filtered water,
diiodomethane (DIM) and 1,2-ethanediol (ethylene glycol, EG) placed on horizontal

substrates were measured using a goniometer (Kriiss DSA30B, Hamburg, Germany).
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The ‘left” and ‘right’ contact angles were taken after placement of the drops: five
drops per substrate were measured and three individual substrates prepared for each
surface giving a total of 15 drops to be measured for each liquid. Table 3-1 shows

reported values found in the literature together with the values found in this study.

Surface energies of substrates () were calculated from the contact angle and
interfacial energy values of the three probe liquids (filtered water, diiodomethane and
ethylene glycol) from Equation 3-1 to Equation 3-3, using a Visual Basic program
(Lamprou et al., 2010c, Lamprou et al., 2010b). Through insertion of the values for
the Lifshitz-van der Waals, Lewis acid and base together with the contact angles for

the three probe liquids into the equations 3-1 to 3-3 the surface energy is determined.

Liquid Surface tension (y_) vy_ reported in the
(mMNm?)at18.8°C literature (MN m™)

Filtered water (Millipore 18.2 MQ 73.4 73.05 (at 18 °C)?

cm)

Diiodomethane (DIM)> 99% 48.7 50.76 (at 20 °C)®

1,2-ethanediol (ethylene glycol, EG) 47.7 48.40 (at 20 °C)*®

> 99%

Table 3-1. Surface tension (y,) values of filtered water, diiodomethane and ethylene glycol
%(Kaye and Laby, 1995).

yszysLW_'_ysAB:]/sLW_'_z(y;?/;)% Equation 3-1
n=nl ARt = a 2(7/“/',)% Equation 3-2

7, (L+cos6) = 2[( el R o R (e )%}

Equation 3-3
The superscripts denote the components of surface energy: Lifshitz-van der Waals =

LW, acid-base = AB, Lewis acid # and Lewis base 7. (In mJ m?, deionized water:
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7" =218, 7 =y =255,  diiodomethane: " =50.8, y;" =y =0;ethylene
glycol: y " =29, 7 =192, y; =47 (Janczuk et al., 1999). For example, if the

contact angles of the three liquids on a surface were each 40°, using the values

denoted above and in Table 3-2 the calculated surface energy (y) would be 42.43.

Liquid YL won” YU
Filtered water 728 218 25.5 25.5
Diiodomethane (DIM) 508 508 O 0

1,2-ethanediol (ethylene glycol, EG) 48 29 192 47

Table 3-2. Example values of the surface energy components used in the Visual Basic
program to determine the surface energy.

3.3.3 Atomic force microscopy (AFM)

A Bruker Multimode™ Scanning Probe Microscope (SPM) with Nanoscope IIID
Controller (Digital Instruments, Santa Barbara, CA, USA; Bruker software Version
6.14rl) in tapping mode and V-shaped cantilever was used for AFM measurements
in air under ambient conditions. Using a confocal microscope with a measuring
function (DXR Raman Confocal Microscope, Thermo Scientific, UK) the length and
width of the V-shaped cantilever were determined (Figure 3-7). The value for the
thickness of the cantilever was taken from previously published data (Lamprou et al.,

2010b).

The spring constant of the probes used was calculated using the following equation:

Ewt3

k= 213

Equation 3-4

where | = length (um), w = width (um), t = thickness (um) and E is Young’s

modulus = 175 GPa (Hazel and Tsukruk, 1999).

108



Figure 3-7. VV-shaped atomic force microscopy (AFM) cantilever: length (I), width (w) as
shown in Figure 3-4.

3.3.3.1 Functionalisation of AFM silicon nitride probe

AFM cantilevers are functionalised with proteins to determine the force of adhesion
(Fag) between the protein and various surfaces. Functionalisation of the AFM silicon
nitride probe was carried out using a three step process (Figure 3-8). The NP-10
silicon nitride probe (‘C* V-shaped cantilever, nominal length (lnom) = 120 £ 5 pm,
width (Wpom) = 20 £ 5 pm, resonant frequency (vnom) = 56 kHz and spring constant
(knom) = 0.24 + 0.018 N m™; Bruker Nano, Dourdan, France) was first amino-
functionalised. This is commonly carried out using a silane such as APTES (Celik
and Moy, 2012) or ethanolamine chloride (Wei and Latour, 2010). This is followed
by the attachment of a PEG spacer molecule which has an end group which will
interact with the protein or peptide of interest (McGurk et al., 1999, Wei and Latour,
2010). The amino-PEG functionalised tip is then immersed in the protein/peptide
solution before being washed to remove any unbound protein/peptide. The amino-
functionalization of the cantilever tips was also undertaken in this study but the
second step differed. The primary antibody which was specific for the F. fragment of
human I1gG2 (anti-F. antibody) was non-specifically attached to the amino-

functionalised cantilever with the interaction taking place between the carboxyl
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groups of the anti-F. antibody and the amine groups on the cantilever tip surface. The
anti-F. antibody will occupy a number of the amine groups on the surfaces although
it is highly unlikely all of the amine groups will be occupied due to steric hindrance
reducing the number of antibody molecules which can adsorb. The tip functionalised
with APTES-anti-F; antibody was then immersed in a solution of mAb-1 and
washed. The anti-F; antibody could adopt a number of orientations on the APTES
surface but only those molecules oriented with the F. binding domain facing away
from the surface would be capable of interacting with mAb-1. The affinity of an
antibody for its antigen is high and so mAb-1 will become attached to the tip. This
high affinity and steric hindrance of the anti-F. antibody will prevent mAb-1 from

adsorbing in a non-specific orientation to the tip surface.

Non-specific attachment of mAb-1 was carried out through amino-functionalization
of the tip followed by immersion in a solution of mAb-1. Although mAb-1 could be
attached to the tip surface, accurate and reproducible F,y measurements could not be
achieved. This was due to mAb-1 being able to attach in a number of orientations
and so the distance between the tip and surface at which adhesion took place was not
uniform. The F,y measurements were therefore carried out using mAb-1 attached to

the tip in a specific orientation only.
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Figure 3-8. Functionalisation of AFM silicon nitride probe: three step process involving
coating with APTES followed by attachment of a primary immunoglobulin and finally mAb-
1.

3.3.3.2 Force vs. distance plots

Force versus distance plots were obtained for oriented monolayers of mAb-1 coming
into contact with bare silica and coated silica surfaces using a functionalised silicon
nitride probe and the J-scanner with assistance from Dr Dimitrios Lamprou (Uni. of
Strathclyde). The laser alignment was unaltered during measurements (deflection
sensitivity = 46 + 3 nm/V) and arrays of 10 x 10 force-curves (lateral separation, 100
+ 5 nm; ramp size, 800 nm; scan rate, 1.03 Hz) were produced from two different
areas (1000 nm x 1000 nm, separated by 1000 nm), on 2 surfaces of each sample in
air (Lamprou et al., 2010a, Lamprou et al., 2010b). The F,q was calculated using
Hooke’s Law (Cappella and Dietler, 1999) with the equation f = k . d, where f is the
force of adhesion (F,q / nN) collected using AFM, Kk is the accurate spring constant
(N m™) and d is the distance (nm) at which the functionalised cantilever probe is

retracted before the interaction with the surface breaks. Measurements were repeated
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four times and F,4 values extracted from force curve data using a Visual Basic

program (Lamprou et al., 2010b).

Faa values for a non-functionalised AFM cantilever tip with the silane surfaces are
available in the literature (Lamprou et al., 2010a) and so were not undertaken in this
study. Additionally, it was not possible to orientate BSA in the same specific manner
(as it does not contain a distinct domain equivalent to those in mAb-1) as mAb-1 and

so Fag measurements were not made between BSA and the investigated surfaces.

3.3.3.3 Statistical analysis

Statistical analysis of the contact angle data of the three probe liquids on the silanised
silica surfaces, surfactant coated silica and HSA coated silica surfaces were
undertaken using one-way ANOVA. A result was considered to be statistically
significant at a 95 % confidence level. Statistical analysis of force of adhesion data
for mADb-1 to the coated silica surfaces was performed using the same method as for

contact angle and surface energy.

3.3.4 ‘Solid-state’ circular dichroism

3.3.4.1 Preparation of silane-coated silica beads

Silica beads were immersed in 1 mM solutions of silane in anhydrous toluene,
followed by end to end rotation for 4 hours and standing overnight at room
temperature. The beads were sonicated for 20 minutes with toluene, DMF and
deionised water in that order. Protein coated silica beads were prepared by incubating
either 0.2 g of untreated or silane-coated silica beads with a 1 mg/mL mAb-1 or BSA
solution at room temperature overnight on end-to-end rotation. The beads were then

washed and centrifuged to harvest the beads (at 3000x g for 1 min) a minimum of
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three times in phosphate buffered saline, pH 7.4. This was repeated until the value of

the UV absorbance of the supernatant at 280 nm was zero.

3.3.4.2 Preparation of Tween coated silica beads

Silica beads were coated with Tween 20 and 80 at concentrations below and above
their CMC (section 2.3.2, Table 2-2) to investigate mADb-1 secondary structure upon
adsorption to surfactant coated surfaces. Silica beads were immersed in the
respective Tween concentration dissolved in PBS overnight at room temperature
while undergoing end to end rotation. The beads were washed and centrifuged as for
mADb-1 adsorbed to silane coated beads. This was repeated until the UV absorbance

value of the supernatant at 280 nm was zero.

3.3.4.3 Far UV (180-260 nm) spectra of mAb-1 adsorbed to silica and coated
silica beads
The secondary structure of mAb-1 when adsorbed to the silica, silane-coated silica
and Tween-coated silica beads was investigated using an Applied Photophysics
Chirascan CD spectrometer (Applied Photophysics Ltd, Leatherhead, UK) as for the
CD experiments in 2.3.3. The beads with mAb-1 adsorbed to the surface were
inserted into a cylindrical quartz cuvette (Hellma, UK) with a pathlength of 0.02 cm.
A rotating cell holder which was developed in-house was used (Figure 3-9) as it
prevented sedimentation of the beads and enabled spectra to be acquired. The sample
was rotated at 45 rpm for 5 minutes prior to insertion into the peltier to ensure a
homogeneous distribution of beads throughout. Spectra for mAb-1 on each surface
were obtained using the following parameters: 6 repeats, 0.5 nm step, and 3 seconds
per point. Control samples of silica, silane-coated silica and Tween-coated silica

beads were obtained using the same parameters.
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Figure 3-9. Image of the rotating cell and the rotating cell in situ in the peltier holder within

the circular dichroism.

The same set of experiments were carried out for BSA adsorbed to the silane-coated
silica beads (with the exception of OTS) to investigate the effect of surface energy on
the secondary structure of an a-helical protein. This enabled a comparison to be
made between the effects of surface energy on two different protein secondary

structural motifs.

3.3.4.4 Empirical correction method

The CD spectra of the two proteins adsorbed to the silica, silane-coated silica and
Tween coated beads were analysed using the empirical method to correct for
absorption flattening developed by Ganesan et al., (2006). Absorption flattening
occurs when a protein is adsorbed to a surface because the chromophores are tightly
packed and so the cross-sectional area of the solution is less than if the protein was
uniformly dispersed. The level of flattening is proportional to the absorbance at a

given wavelength. To correct for this, the CD spectra are multiplied by an absorption
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flattening coefficient (Q) which has been calculated based upon the difference
between the CD spectra for the protein in solution and adsorbed to a solid surface.
Using the correction factor it is possible to produce spectra comparable to that of a

protein in solution (Ganesan et al., 2006).

3.3.4.5 Dichroweb Analysis

The online CD secondary structure analysis server Dichroweb was used to make a
quantitative interpretation of the CD data obtained for mAb-1 and BSA in solution
and adsorbed to silica beads (Whitmore and Wallace, 2004). The CONTIN algorithm
(van Stokkum et al., 1990) with reference set SP175 (Lees et al., 2006) was used to
reconstruct the data sets. The normalized root mean square deviation (nrmsd) with
the experimental data was reported, with a value of < 0.2 being within the acceptable

range for this ‘goodness of fit” parameter (Whitmore and Wallace, 2004).
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3.4 Results

3.4.1 Contact angle and surface energies

It is generally accepted that a water contact angle which is above 90° indicates a
hydrophobic surface, and one which is less than 90° is representative of a hydrophilic
surface (Giovambattista et al., 2007, Feng et al., 2002). The images in Figure 3-10 are
representative of a hydrophilic (left) and hydrophobic (right) surface. These values

were used as an indicator of the hydrophobicity of the SAMs produced in this study.

Figure 3-10. Contact angle images representative of a hydrophilic (left) and hydrophobic
(right) surface with water contact angles of 46.3° and 104.7°.

The contact angle values of the silanised surfaces were reproducible (Table 3-3), as
indicated by the standard deviations and were generally in good agreement with the
values in the literature which suggested that the coating on the surface was
homogeneous. This finding is consistent with the formation of covalently bound self-
assembled monolayers (SAMS) as a result of the silanisation reaction. The SAMs can
form a densely packed ‘brush border’ with the silane terminal group exposed to the
liquid. The contact angle values of the solvents on the silica and silane-coated silica
slides are related to the hydrophobicity and lipophilicity of the coating with the

terminal group of the coating determining the wettability of the surface. The silica
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control surface had the lowest water contact angle of 23.3 £ 10.6° which showed that
it was the most hydrophilic of the surfaces studied. OTS was the most hydrophobic
surface as shown by the water contact angle of 107.1 + 3.3°. However, the standard
deviations (SD) of the water contact angles for OTS (107.1 + 3.3°) and PFTOS
(105.6 = 3.8°) indicated an overlap in the contact angle values associated with each
surface. These two surfaces were therefore very similar in hydrophobicity. A range
of water contact angles were obtained for the remaining silanes. The surfaces could
be grouped into those which were hydrophilic (bare silica, mPEG-silane, APTMS,
and GPTMS) and surfaces which were hydrophobic (TCMS, TCPS, TCOS, TCDS,
PFTOS, and OTS) as shown in Table 3-3. The water contact angles obtained in this

investigation are in good agreement with those in the literature.

Diiodomethane and ethylene glycol possess a different polarity to that of water (a
polar molecule) and are used to probe the polarity, and lipophilicity, of the surface to
enable determination of the surface energy. The contact angles for both
diiodomethane and ethylene glycol are over a wide range with values going from

39.0 £ 2.0°t0 83.0 £14.5° and from 27.1 + 8.4° to 88.1 + 1.9° respectively.
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Silane/surface 0a 0a 0a value of 05 for water

water dilodomethane ethylene glycol from literature
Glass (control) 23.3+10.6 51.2+3.0 27.1+8.4 29+1°
mPEG-silane 426+25 39.0%+20 30.3+1.6 48 + 2°
GPTMS 440+£109 456x55 35.7+34 443 +1.6°
APTMS 50.2+6.2 43.1+6.1 38.1+5.3 54.5¢
TCMS 97.5+4.2 64.4+£3.0 72.3+55 100°
TCPS 97.9+24  63.8+3.1 75.1+3.0 87"
TCOS 1009+25 66.9+0.8 88.1+1.9 107°
TCDS 1004+4.2 69.2+35 843127 -
OTS 107.1+33 70.7+22 87.3+6.8 109"
PFTOS 105.6 +3.8 83.0+14.5 83.5+10.4 117+ 2'

0, units °; values + SD taken at room temperature; (Lamprou et al., 2010c); b(Kang et al.,
2007); “(Lee et al., 2005); “(Song et al., 2006); é(Blackman and Harrop, 1968); (Felbel et al.,
2004); %(Cao et al., 2001); "(Flinn et al., 1994); ‘(Noel et al., 2004);-, no literature value
found.

Table 3-3. Advancing contact angles (64) of the probe liquids on silanised surfaces.

The value for the surface energy (y) related to a hydrophilic or hydrophobic surface
works conversely to the water contact angle, i.e. a high surface energy value signifies
a hydrophilic surface (e.g. y of 44 + 3 for an —OH terminal group (Lamprou et al.,
2010a)) and a low surface energy value indicates a hydrophobic surface (y of 15 £ 2
for a -CF3 terminated silane (Lamprou et al., 2010a). The SAM with the lowest
surface energy and therefore the most hydrophobic was PFTOS with a y value of
13.77 + 1.9 mJ m (Table 3-4). The SAM which was the most hydrophilic of those
studied and consequently had the highest surface energy was mPEG-Silane, with a y
of 43.67 + 0.6 mJ m™ The SAMs produced by mPEG-Silane, GPTMS and APTMS

were all more hydrophilic in nature than the glass control. The remaining silanes
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(excluding PFTOS) were hydrophobic with the surface energy differing by

approximately 4 mJ m™ between them (Table 3-4).

Silane/ yH e Ve 7, 7, value from

surface (mJ m?) (mJ m?) (mJ m?) (mJ m?) literature (mJ
m)

Glass(control) 33.61+10 0.21+£01 6436+27 40.78 +2.3  40.79°

mPEG-Silane 40.53+1.6 4.88+4.0 4149%42 43.67+0.6 -

GPTMS 36.62+3.0 1.11+21 4234+173 4152+36 45.02°

APTMS 37.94+32 275+36 3532+10.2 42.06+16 53°

TCMS 26.08+1.7 146+14 239+10 26.70£2.0 -

TCPS 26.38+1.8 262+34 213+15 27.03+1.6 -

TCOS 25.16+1.3 412+33 214+15 2526 £0.7 -

TCDS 23.31+20 178+23 324+17 2441 +27 185-19.1°

OTS 2251+03 109+16 11612 23.20+0.6 23e

PFTOS 125+1.3 0.73£05 3.08+£1.7 13.77+19 21

Values + SD; other symbols in Methods; %(Szymczyk and Janczuk, 2008); °(Cortese et al.,
2011); “(Tormoen et al., 2004); d(Miura etal., 1998); *(Saha et al., 2011); f(Noel etal., 2004);

-, no literature value found.

Table 3-4. Surface energies (ys) calculated from the mean values of advancing contact angles

on the silanised surfaces.

3.4.2 Atomic force microscopy (AFM)

3.4.2.1 Silane-coated glass surfaces

The dimensions of the AFM cantilever tips used were measured using a confocal

microscope with a measuring function (DXR Raman, Confocal Microscope, Thermo

Scientific, UK) for calculation of the accurate spring constant (Table 3-5). This is

required for the determination of the force of adhesion (F.4) between the

functionalised tip with mAb-1 attached and the surfaces coated with silane,

surfactant and HSA.
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Tip |/ pm w/pm  t/pm k/Nm*

SD +0.1 +0.1 +0.02 +0.02
1 129.5 29.6 0.58 0.23
2 127.7 27.2 0.58 0.22
3 129.5 29.6 0.58 0.23
4 128.6 26.6 0.58 0.21
5 129.1 26.0 0.58 0.21

Table 3-5. Measured values of cantilever length I, width w and thickness t; and calculated
values of k for each cantilever used.

Fad Values were obtained using a silicon nitride probe and J-scanner for the silanised,
surfactant coated and HSA coated glass surfaces. Examples of force distance curves
are shown in Figure 3-11 with (a) indicating a ‘good’ curve and (b) a ‘bad’ curve. A
‘good’ curve is one in which there is a straight line detachment with the point at
which the interaction is broken being sharp and well defined. A ‘bad’ curve has more
than one interaction between mAb-1 and the surface. As the cantilever is retracted
from the surface one interaction will break but due to the presence of more than one
interaction the cantilever is pulled back towards the surface before the interaction is
broken. Each individual force versus distance curve was analysed with those which

were determined to be ‘bad’ discarded from the Faq4 calculation.
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Figure 3-11. Typical examples of force-distance curves obtained; over 95% of the curves
were of type (a) and could therefore be used in analysis of force of adhesion.

The F4 values for mAb-1 to the silane-coated glass surfaces are separated into two
clear groups (Figure ). The Fyq was greater to the surfaces which were hydrophilic
(glass, mPEG-Silane, GPTMS, APTMS) than to the surfaces which were
hydrophobic (TCMS, TCPS, TCOS, TCDS, PFTOS, OTS). The Fq of mAb-1 to the
hydrophilic surfaces ranged from 36.28 for APTMS to 46.67 nN for glass and for the
hydrophobic surfaces from 11.66 for TCOS to 18.38 for TCDS (Mean Adh/nN).
These data show that mAb-1 is weakly attracted to a hydrophobic surface, and

conversely it is attracted to a hydrophilic surface.
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Figure 3-12. Force of adhesion (F.q) values for the interaction between the oriented mAb-1

and the silanised glass surfaces. n=4 and the error bars represent the standard deviation (SD).

3.4.2.2 Tween coated glass surfaces

The contact angles of water, diiodomethane and ethylene glycol on Tween 20 and
Tween 80 coated glass surfaces were determined with the results indicating that both
surfactants produced a hydrophilic surface (Table 3-6). The contact angles for the
three liquids on the surfaces which had been coated with Tween 20 below and above
its CMC (section 2.3.2, Table 2-2) were highly similar to that for the control glass
surface with the exception of ethylene glycol on a 1 mM Tween 20 coated surface.
The Tween 80 coated surface at a concentration below its CMC was more
hydrophobic than above the CMC or surfaces coated with Tween 20. The low

concentration of Tween 80 used to obtain a concentration below the CMC may have
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led to a different Tween surface arrangement, or incomplete surface coating. Tween

80 above the CMC produced, as for Tween 20, a hydrophilic surface.

Tween/surface 0 water Oa 0a ethylene 65 value for

diiodomethane glycol water from
literature

Glass (control) 23.3+106 51.2+3.0 27.1+8.4 29 +1°

0.05 mM Tween 25.0+39 48.1+138 27.0+4.38 -

20

1mMTween20 283+25 512+31 19.3+2.9 -

5uM Tween 80  415+10.1 49.2+3.1 341144 -

1mM Tween80 36.6+42 453124 22.6+6.0 -

0, units °; values + SD taken at room temperature; “(Lamprou et al., 2010c)

Table 3-6. Advancing contact angles (6A) of the probe liquids on the Tween coated surfaces.

The contact angles obtained for the two Tween 20 concentrations were similar as
also observed for Tween 80 concentrations. However, this was not found to be the
case for surface energy (Table 3-7). Surfaces which had been coated with Tween 20
and 80 below their CMC had a surface energy value close to that of the glass control
(which would suggest an incomplete surface coating): 39.96 + 0.6 and 40.26 + 1.0
mJ m for Tween 20 and 80 respectively compared to 40.78 + 2.3 mJ m™ for glass.
Above the CMC, the surface energy values for Tween 20 and 80 were virtually

identical, 44.69 + 0.6 and 44.74 + 1.6 mJ m™ respectively.

123



7" e A 2 value of

Tween/ (mJ m?) (mJ m?) (mJ m?) (mIm?) from literature
surface (mJ m?)
Glass 3361+1.0 021+01 6436+27 40.78 £2.3  40.79°
(control)

0.05mM  356+08 299+12 6320+19 39.96+06 -

Tween 20

1mM 3357+08 056+0.1 5550+0.8 4469+06 -

Tween 20

5 UM 34.7+1.2 3.14+£50 4524+127 4026x1.0 -

Tween 80

1mM 36.85+0.8 036+0.2 46.22+1.8 4474+16 -

Tween 80

Values + SD; other symbols in Methods; ®(Szymczyk and Janczuk, 2008);

Table 3-7. Surface energies (ys) calculated from the mean values of advancing contact angles
on the Tween coated surfaces.

Surfactants like Tween are commonly used to prevent protein surface adsorption and
it was therefore important to determine the level of attraction the Tween-coated
surfaces had for mAb-1. The Fy values for mAb-1 to a surface coated with Tween
20 below its CMC did not differ from that of the glass control, 45.25 + 0.28
compared to 46.67 £ 5.9 nN respectively (Figure 3-13). MAb-1 adhesion to the 1
mM Tween 20-coated surface was marginally greater than to 0.05 mM Tween 20
with a Fyg of 52.2 £ 1.0 nN. MADb-1 was weakly attraced to surfaces coated with
Tween 80 below its CMC (35.44 + 0.26 nN), conversely, mAb-1 showed the highest
level of adhesion to a surface coated with Tween 80 above its CMC (62.03 + 0.30

nN).
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Figure 3-13. Force of adhesion (F.4) values for the interaction between the oriented mAb-1
and the Tween coated glass surfaces. n=4 and the error bars represent the standard deviation.

3.4.2.3 Tween coated OTS glass surfaces

Investigation of mAb-1 adsorption to both hydrophilic and hydrophobic surfaces was
carried out using TIRF (4.3.3.3). The surface energy of a silica surface coated with
Tween was established (3.4.2.2) and so it was important to determine the surface
energy of a hydrophobic surface coated with Tween. Additionally, plastic surfaces
such as polystyrene are hydrophobic (3.4.2.6) and so by characterising the OTS
surface coated with Tween (OTS was used in the TIRF experiments) would allow a
greater understanding the effect Tween inclusion in formulations has on surface
energy. This would allow conclusions to be made regarding the effect of surface

energy on adsorption.

The surfaces which had first been coated with OTS prior to Tween remained
hydrophobic (Table 3-8). Coating of the surface with 1 mM Tween 80 produced a

more hydrophobic surface than OTS alone.
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Tween/ 0 water Oa Oa ethylene value of 6 for
surface diiodomethane  glycol water from
literature

Glass (control) 23.3+106 51.2+3.0 27.1+8.4 29+1°

OTS 107.1+£33 70.7+22 87.3+6.8 -

0.05 MM Tween 20 106.9+4.2 69.6+3.7 85.7+4.2 -

1 mM Tween 20 1029+5.1 705+28 799155 -

5 UM Tween 80 1055+36 69.8+1.5 89.2+1.2 -

1 mM Tween 80 110.3+35 69.3+2.6 83.1+£3.0 -

0, units °; values + SD taken at room temperature; “(Lamprou et al., 2010c)

Table 3-8. Advancing contact angles (0A) of the probe liquids on the Tween coated OTS

surfaces.

The surface energy of the Tween coated OTS surfaces were very similar to that of

OTS alone (Table 3-9). Coating of the OTS surface with Tween therefore had very

little effect on the surface characteristics examined here.

Tween/ y e 7o 7. Literature

value of
surface (mJ m?) MmIm?  (Mim? (mJ m?)

Vs

(mI m?)
Glass (control) 3361+1.0 021+0.1 6436+27 40.78+23 40.79°
OoTS 2251+03 109+16 1.16+1.2 23.20+0.6 -
0.05mM Tween 23.13+2.0 0.18+0.1 1.10%x15 23.97+2.6 -
ImMTween20 2259+12 0.89+13 1.24+0.38 23.15+15 -
5uM Tween 80 2299+0.2 024+01 188+10 24.33+0.6 -
I1mMTween80 23.28+09 2.02+1.1 4.44+43 23.29+0.9 -

Values + SD; other symbols in Methods; (Szymczyk and Janczuk, 2008);

Table 3-9. Surface energies (y;) calculated from the mean values of advancing contact angles

on the Tween coated OTS surfaces.
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3.4.2.4 Pluronic coated glass surfaces

The coating of glass surfaces with the four Pluronic surfactants produced a wide
range of water contact angles from 19.3 to 46.2° (Table 3-10). Surfaces which had
been coated with Pluronic P103 or P123 were more hydrophilic than either Pluronic
L43 or L61. A glass surface coated with Pluronic P123 at a concentration of 1 uM
produced the most hydrophilic surface of those investigated, 19.3 + 5.4°. Contact
angles for diiodomethane varied by approximately 8° whereas a much wider variety

was observed for ethylene glycol with angles ranging between ~17 and 56°.

Pluronic/surface 0 water Oa 0aethylene glycol Literature value

diiodomethane of 0, for water

Glass (control) 23.3+10.6 51.2+3.0 27.1+8.4 29 +1°
5 uM P103 226+66 485+1.6 189+5.2 -
1 mM P103 39.6+128 489+26 20.0+3.5 -
1 uM P123 19.3+54 50.1+3.3 21.1+46 -
0.1 mM P123 27.0+55 485+23 16.9+3.1 -
1 mM L43 46.1+£34 549+31 56.1 +20.5 -
5mM L43 44345 55.9+4.0 33.0+£5.7 -
0.05 L61 429+50 527+1.6 53.4+85 -
0.5L61 46.2+44  55.0%2.1 33.6+11.6 -

0, units °; values + SD taken at room temperature; “(Lamprou et al., 2010c)

Table 3-10. Advancing contact angles (0A) of the probe liquids on the Pluronic coated

surfaces.

The water contact angles demonstrated that the Pluronic coated glass surfaces had a
wide range of wettability (Table 3-10). As found for Tween coated glass surfaces,
the surface energy of the Pluronic surfaces did not differ greatly from the control

(Table 3-11). Although the water contact angle for Pluronic L43 and L61 was higher

127



than that of the glass surface, the surface energy was not found to differ apart from

for Pluronic L43 below its CAC. The Pluronic surfaces are all hydrophilic and so it

would be expected that mAb-1 F,4 values to these surfaces would be high.

Pluronic/ y e 7o 7 Literature
surface (mJ m?) (mIm?  (mIm?) (mI m?) valve - of
Vs
(mI m?)
Glass (control) 33.61+1.0 021+0.1 643627 40.78 £2.3 40.79%
5 uM P103 3511+04 025+01 67.36+0.2 43.28 £0.1 -
1 mM P103 3485+1.2 0.79+04 4227+172 4540+15 -
1 uM P123 33.9+24 0.30+£0.1 64.69+23 4291 +0.8 -
0.1mMP123 3509+05 044+£01 5781+11 452 +£0.1 -
1 mM L43 3150+15 113+12 5141+16.0 4593+112 -
5mM L43 3093+19 058+01 418527 40.69 + 2.3 -
0.05mML61 3278+03 0.33+0.1 58.86+34 41.08+1.8 -
0.5 mM L61 3145+08 064+£02 38.72+23 413121 -

Values * SD; other symbols in Methods; #(Szymczyk and Janczuk, 2008);

Table 3-11. Surface energies (ys) calculated from the mean values of advancing contact

angles on the Pluronic coated surfaces.

The level of adhesion exhibited by mAb-1 for the Pluronic surfaces was greater than

that to the control glass surface. The Pluronic surfaces were in general more

hydrophilic than bare silica (Table 3-11) and it was therefore expected they would

exhibit stronger adhesion to mAb-1. Figure 3-14 shows that the F,q of mAb-1 to the

different Pluronic surfaces was similar with two exceptions, being below and above

the average. The level of adhesion of mAb-1 to Pluronic P103 below its CAC was
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the lowest value found (54.84 + 6.8 nN) while the highest adhesion was exhibited
between mADb-1 and the Pluronic L61 surface below its CAC (85.58 = 0.36 nN). The
Faq for the remaining Pluronic surfaces was in the range from approximately 64 to 74

nN.
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Figure 3-14. Force of adhesion (F.q) values for the interaction between the oriented mAb-1
and the Pluronic coated glass surfaces. n=4 and the error bars represent the standard

deviation.

3.4.25 Human serum albumin (HSA) coated glass surface

HSA has a number of uses within the pharmaceutical industry including fusion
proteins (e.g. Albutropin™ (Chou et al., 2005)) and microspheres for drug targeting
(Wunderlich et al., 2000), it was therefore informative to examine its effect on
surface wettability and protein adhesion as an alternative to surfactant use for the
reduction of protein adsorption. The water contact angles for a surface coated with

HSA at 2.5 and 12.5 % (w/v) show a surface which is more hydrophobic than glass
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(Table 3-12). The ethylene glycol contact angles were higher than for glass but the

values for diiodomethane were very similar.

Human serum 6 water Oa 0a ethylene value of 0a for

albumin/surface diiodomethane glycol water from
literature

Glass (control) 23.3+10.6 51.2+3.0 27.1+8.4 20 +1°

2.5% 62.7+44 499132 43.1+7.6 63.5°

12.5% 65.8+6.1 49.1+24 421+38 635

0 units °; values + SD taken at room temperature; *(Lamprou et al., 2010c), °(Vanoss et al.,
1986)

Table 3-12. Advancing contact angles (0A) of the probe liquids on the Human serum
albumin (HSA) coated surfaces.

The surface energy values for HSA coated glass show a surface which is hydrophilic
with a value similar to that of glass alone (Table 3-13). The concentration of HSA

used to coat the surface did not affect the surface energy.

Human serum , LtV ye 7 Ve value of .

albumin/ from literature

(mJ m?) MmIm?  (mIm?) (mI m?)
surface (mJ m?)

Glass (control) 33.61+1.0 0.21+0.1 6436+27 40.78+23 40.79°
25 % 3417+14 272+39 2124+36 3898127
125 % 348+09 044+02 1668+43 39.91+0.3

Values + SD; other symbols in Methods; ®(Szymczyk and Janczuk, 2008);

Table 3-13. Surface energies (ys) calculated from the mean values of advancing contact

angles on the Human serum albumin (HSA) coated surfaces.
MADb-1 was weakly attracted to surfaces which had been coated with HSA at 2.5 and
12.5 % (w/v) (Figure 3-15). As with surface energy, the concentration of HSA used

to coat the surface did not affect the F,q value obtained for mAb-1 as shown by the
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Faq Values obtained being 17.76 + 0.11 and 18.16 £ 0.15 nN for 2.5 and 12.5 % w/v
HSA respectively. The surface energy of the bare silica and HSA coated surfaces is
similar; however, the F,q values are different. This shows that the nature of the
surface coating, as opposed to the surface energy, determines the strength of mAb-1

adhesion.
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Figure 3-15. Force of adhesion (F44) values for the interaction between the oriented mAb-1
and the Human serum albumin (HSA) coated glass surfaces. n=4 and the error bars represent
the standard deviation.

3.4.2.6 Polystyrene contact angle and surface energy

The contact angles of the three probe liquids on a polystyrene surface were measured
in order to compare the values with those obtained for the silanised surfaces. The
water contact angle measurements showed that the polystyrene surface was
hydrophobic (Table 3-14) but the surface energy value did not differ significantly

from that of the glass control (Table 3-15).
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Surface 0 water Oa 0 ethylene value of 6 for water

dilodomethane glycol from literature
Glass (control) 23.3+10.6 51.2+3.0 27.1+8.4 20 +1°
Polystyrene 824 +55 46.6 £ 3.2 49.1+4.6

0, units °; values + SD taken at room temperature; *(Lamprou et al., 2010c)

Table 3-14. Advancing contact angles (0A) of the probe liquids on the polystyrene surface.

e e Ve 7s value of
Surface (mJ m'2) (mJ m-z) (mJ m'2) (mJ m'2) from literature
(mI m?)
Glass 3361+1.0 021+0.1 6436+27 40.78+2.3 40.79°

(control)
Polystyrene  36.13+13 047+0.1 3706 38.76+1.2

Values + SD; other symbols in Methods; (Szymczyk and Janczuk, 2008);

Table 3-15. Surface energies (ys) calculated from the mean values of advancing contact

angles on the polystyrene surfaces.

3.4.3 ‘Solid-state’ circular dichroism (CD)

3.4.3.1 MADb-1 adsorption to silanised silica beads

The structure of mAb-1 adsorbed on the silane-coated silica beads was dependent
upon surface energy (Figure 3-17 and Figure 3-18). The CD spectra show that the
native B-sheet motif is maintained upon adsorption to silica and the silica beads
which had been coated with GRTMS and mPEG-Silane. An example of the empirical
correction is shown in Figure 3-16 with a value of 1.62 required to correct for

absorption flattening at 220 nm.
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Figure 3-16. An example of the empirical correction of mAb-1 adsorbed to APTMS coated
silica beads.

Of the hydrophilic surfaces, APTMS caused the largest degree of mAb-1 structural
perturbation (Figure 3-17). The characteristic peak at ~195 nm and trough at 215 nm
typical of a B-sheet containing protein were evident. The effect of a hydrophobic
surface on the secondary structure of mAb-1 upon adsorption to the silane-coated
silica beads was very different (Figure 3-18). A large loss of native mAb-1 secondary
structure occurred as signified by a shift in the maxima peak at 195 nm and a
flattening of the spectra. The loss of mAb-1 secondary structure was most
pronounced upon adsorption to TCMS-coated silica beads. The spectrum was flat
compared to the control, and spectra obtained for adsorption to the hydrophilic
surfaces, which is suggestive of extensive unfolding of mAb-1. Although a degree of
the native secondary structure was lost upon adsorption to the TCDS, TCOS, TCPS,
OTS and PFTOS coated silica beads, the spectra is characteristic of a random coil

and not complete unfolding.
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Figure 3-17. Effect of adsorption to hydrophilic surfaces on mAb-1 secondary structure.
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Figure 3-18. Effect of adsorption to a hydrophobic surface on mAb-1 secondary structure.
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3.4.3.2 BSA adsorption to silanised silica beads

The adsorption of the a-helix containing BSA onto silane-coated silica surfaces
resulted in a different outcome to that of mAb-1 (Figure 3-19). A large proportion of
the native BSA a-helical structure (Figure 3-20) was lost upon adsorption to the
hydrophilic GRTMS and mPEG-Silane surfaces. The native secondary structure was,
however, retained when adsorbed to silica and APTMS which are both hydrophilic
surfaces. The interaction between BSA and the silane terminal groups on the
hydrophilic surfaces influenced the degree to which the native secondary structure
was retained. This is less evident for BSA adsorption to hydrophobic surfaces with
the native structure being retained when adsorbed to PFTOS only. The CD spectrum
was slightly weaker than for silica and APTMS which may suggest a small level of
unfolding. The CD spectra for BSA on the TCMS, TCPS, TCOS and TCDS surfaces

exhibit a similar degree of structural loss which indicated unfolding of the protein.
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Figure 3-19. Bovine serum albumin (BSA) (spectra corrected for flattening) adsorbed to

silica beads (control) and silane-coated silica beads with a range of surface hydrophobicities.
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Figure 3-20. Bovine serum albumin secondary structure spectra generated by CD.

3.4.3.3 MADb-1 adsorbed to Tween coated silica beads

The Tween coated glass surfaces had been characterised in terms of their surface
energy and the F44 between the surface and mAb-1. The final step was to investigate
adsorption of mADb-1 to these surfaces. The CD spectra obtained for mAb-1 adsorbed
to the Tween coated silica beads showed that the native secondary structure was
retained (Figure 3-21). The characteristic peak and trough associated with the -sheet
motif were present, maxima at ~195 nm and minima at ~215 nm. This finding
correlates well with that of mAb-1 adsorption to the silane-coated silica surfaces in

which the native structure was retained when adsorbed to a hydrophilic surface.
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Figure 3-21. Secondary structure of mAb-1 adsorbed to Tween coated silica beads

investigated using ‘solid-state’ circular dichroism.

3.4.4 Dichroweb analysis

3.4.4.1 MADb-1 secondary structure content on silanised beads

The Dichroweb analysis of mAb-1 in aqueous solution is consistent with a protein
containing a high content of the -sheet motif. The percentage of B-sheet is 51 % and
the data showed that mAb-1 did not contain any o-helix (Table 3-16). The loss of
native mADb-1 structure is indicated by an increase in the quantity of a-helix, B-turn
and random coil with the consequent decrease in the percentage of B-sheet (Table
3-16). The nrmsd values, which indicate a good level of fit, were below 0.2 with the
exception of TCMS and OTS surfaces. As the structure of immunoglobulins is
mainly comprised of B-sheet, the change in the fraction of 3-sheet calculated using

the CONTIN algorithm in Dichroweb was used to quantify any changes in structure.
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The largest loss of B-sheet fraction calculated by the CONTIN algorithm was for the
hydrophobic surfaces (20-30 %) which correlates with the unfolding observed in the
CD spectra. Correspondingly, the B-sheet fraction calculated for the hydrophilic
surfaces showed a small level of native B-sheet loss (9-12 %). As an exception,
despite the fact that TCOS, TCPS and OTS surfaces are hydrophobic the decrease in
[-sheet fraction was less than or equivalent to that observed on the hydrophilic
surfaces (Table 3-16). However, the nrmsd value generated for the OTS surface was
above the value accepted to be representative of a good level of fit between the CD

spectra and the secondary structure it is being compared with.
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SAM surface a-helix p-sheet B-turn random coil nrmsd
MADb-1 in ag. solution 0.00 0.51 0.10 0.37° 0.068
MADb-1 adsorbed to silica 0.06 0.42 012 0.39 0.061
MAD-1 adsorbed to mPEG-Silane  0.01 0.42 011 0.39 0.035
MADb-1 adsorbed to APTMS 0.04 0.39 0.12 0.45 0.122
MADb-1 adsorbed to GPTMS 0.06 0.39 012 040 0.084
MADb-1 adsorbed to TCMS 0.15 0.30 0.13 0.42 0.390°
MADb-1 adsorbed to TCPS 0.02 0.50 0.12 0.36 0.011
MADb-1 adsorbed to TCOS 0.01 0.47 012 0.38 0.008
MADb-1 adsorbed to TCDS 0.04 0.43 013 0.37 0.032
MADb-1 adsorbed to PFTOS 0.10 0.21 0.16 0.48 0.142
MADb-1 adsorbed to OTS 0.08 0.37 0.15 0.39 1.208"

& Dichroweb does not necessarily generate a total value of 1.0

b higher than the generally acceptable limit of < 0.2, using the Self Consistent

Method.

Table 3-16. Fraction secondary structure elements for mAb-1 adsorbed to silane coated

silica beads and in solution (control), calculated using the Dichroweb online server.

3.4.4.2 BSA structure on silane coated silica beads

Analysis of the CD spectra using Dichroweb showed that BSA was largely

composed of a-helices with a low percentage of the B-sheet motif (Table 3-17). The

Dichroweb analysis indicated that the BSA lost a large proportion of its native

structure upon adsorption to both the hydrophilic and hydrophobic surfaces. The

content of B-sheet increased for all surfaces as did the percentage of random coil. The
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nrmsd values demonstrate that the fitting of the data to the reference set meets the

‘goodness of fit” standard.

SAM surface a-helix B-sheet B-turn  random coil nrmsd
BSA in ag. solution 0.51 0.15 0.12 0.22 0.003
BSA adsorbed to bare silica 0.05 0.41 0.15 0.38 0.011
BSA adsorbed to APTMS 0.04 0.43 0.16 0.37 0.010
BSA adsorbed to GRTMS 0.02 0.55 0.10 0.31 0.089
BSA adsorbed to mPEG-silane  0.03 0.47 0.12 0.34 0.037
BSA adsorbed to TCMS 0.08 0.39 0.13 0.39 0.050
BSA adsorbed to TCPS 0.17 0.29 0.14 0.39 0.058
BSA adsorbed to TCOS 0.17 0.29 0.14 0.39 0.057
BSA adsorbed to TCDS 0.08 0.38 0.15 0.39 0.051
BSA adsorbed to PFTOS 0.04 0.43 0.14 0.37 0.016

Table 3-17. Percentage fraction of the secondary structure elements for bovine serum

albumin (BSA) adsorbed to silane coated silica beads and in solution (control), calculated

using the Dichroweb online server.

3.4.4.3 MADb-1 adsorption to Tween surfaces

The same Dichroweb algorithm and reference set were used to analyse mAb-1

adsorbed to the Tween coated silica beads. However, despite subtraction of the

Tween control data from that of mAb-1, a high nrmsd value was generated for

adsorption to Tween 20 and 80 surfaces below their CMC (Table 3-18). The a-

140



helical content for mAb-1 on all four Tween surfaces was approximately 10 % higher
than the control with the corresponding -sheet content being 10 % less. This would
suggest that although the ‘solid-state’ CD spectra appear similar to the control, there

is some loss of mAb-1 structure upon adsorption to the hydrophilic Tween surfaces.

Tween surface a-helix B-sheet  B-turn  random coil nrmsd
MADb-1 in aqg. solution 0.00 0.51 0.10 0.37% 0.068
MADb-1 adsorbed to 0.06 0.42 0.12 0.39 0.061
silica

0.05 mM Tween 20 0.11 0.40 0.13 0.36 0.411°
1 mM Tween 20 0.10 041 0.12 0.36 0.151
5 UM Tween 80 0.10 0.40 0.12 0.39 0.355"
1 mM Tween 80 0.14 0.39 0.11 0.37 0.175

& Dichroweb does not necessarily generate a total value of 1.0
b, higher than the generally acceptable limit of < 0.2, using the Self Consistent
Method.

Table 3-18. Fraction secondary structure elements for mAb-1 adsorbed to Tween coated

silica beads and in solution (control), calculated using the Dichroweb online server.

3.4.5 Correlation between water contact angle and mADb-1 structure

To investigate if a correlation existed between the water contact angle of the silane-
coated silica surfaces and ‘solid-state’ CD spectra, water contact angle was plotted
against the ‘solid-state’ CD peak and trough values at 195 and 218 nm (these values

corresponded to the maxima and minima in the CD spectra respectively). The data
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were grouped into two sets, although the data points within were quite dispersed,
which could be assigned to surfaces which were hydrophilic and hydrophobic
(Figure 3-22 and Figure 3-23). The data do not display evidence of a correlation
between water contact angle and the degree of mADb-1 structural perturbation. The
ratio of the mean residue molar ellipticity values at 195 and 218 nm were also plotted
against water contact angle (Appendix B, Figure 8-7). As was the case when plotting
mean residue molar ellipticity at a single wavelength, groups of data points were

evident, three compared to two, but a correlation was not identified.
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Figure 3-22. Water contact angle against ‘solid-state” CD mAb-1 peak at 195 nm.
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Figure 3-23. Water contact angle against mAb-1 trough in the ‘solid-state’ CD spectra at
218 nm.

3.4.5.1 Influence of surface energy on retention of mAb-1 structure

The mean residue molar ellipticity values at 195 and 218 nm when plotted against
the surface energy for the silane-coated surfaces are approximately grouped into
those corresponding to hydrophilic (y ca. 40 mJ m?) and hydrophobic surfaces (y ca.
25 mJ m) (Figure 3-24 and Figure 3-25). From Figure 3-24 and Figure 3-25 it is
concluded that a direct correlation between surface energy and mAb-1 secondary
structure retention does not exist. The ratio between the maxima and minima peaks,
at 195 and 218 nm respectively, was also plotted against surface energy but a

correlation was not found to exist (Appendix B, Figure 8-8).
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Figure 3-24. Surface energy against mAb-1 ‘solid-state” CD spectra peak at 195 nm.
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Figure 3-25. Surface energy against mAb-1 ‘solid-state” CD spectra trough at 218 nm.

3.4.5.2 Effect of surface wettability on mAb-1 force of adhesion
Faq values for mAb-1 to the silane-coated surfaces when plotted against both water
contact angle and surface energy did not show evidence of a correlation. As was the

case with the ‘solid-state’ peak data, the F,q values could be grouped into two clear
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sets when plotted against water contact angle (Figure 3-26) corresponding to
hydrophilic (values at ca. 40°) and hydrophobic surfaces (values at ca. 100°). The
scenario for F,y plotted against surface energy was similar with the exception of
PFTOS (surface energy value of 13.77 + 1.9 mJ m™) which did not fall into either the

hydrophilic or hydrophobic surface groups (Figure 3-27).
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Figure 3-26. Water contact angle against the force of adhesion (nN) of mAb-1.
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Figure 3-27. Surface energy against force of adhesion (nN) of mAb-1.
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3.5 Discussion

3.5.1 Characterisation of silanised surfaces

The silanes were selected to mimic the surface characteristics of the materials a
protein is likely to encounter during processing such as plastics and metal. It is not
possible to use either of these two surfaces for secondary structure analysis using
CD, thus the reason for the formation of SAMs on silica beads. A range of silanes
were selected to coat the silica surfaces to investigate a possible a correlation
between surface energy and mAb-1 native structure could be identified. The
identification of a correlation was allow predictions to be made regarding the effect
of different surfaces encountered during processing on protein structure and surface

adsorption.

The water contact angle and surface energy values of the silanised surfaces were
found to differ from the silica control which showed the silanisation reaction was
successful and thus could be further analysed with respect to their effect on mAb-1
adhesion and structure. The hydrophobicity of the silanised surfaces were classified
on the basis that a water contact angle above 90° indicated a hydrophobic surface and
below this value a hydrophilic surface (Giovambattista et al., 2007, Feng et al.,
2002). Comparison of the bare silica surface (control) with the silanised surfaces
showed that the control was the most hydrophilic surface (Table 3-3) as indicated by
the low water contact angle for this surface. The silane terminal groups which face
the air/surface interface determine the wettability of the surface. The water contact
angles showed that APTMS, GPTMS and mPEG-Silane all generated hydrophilic
surfaces. The amine terminal group of APTMS, the cyclic ether terminal group of

GPTMS and the methoxy terminal group of mPEG-silane were responsible for the
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low water contact angles. These terminal groups have previously been shown to
produce a hydrophilic surface, and therefore a low water contact angle (Kang et al.,

2007, Lee et al., 2005, Song et al., 2006).

In contrast, the terminal groups of the trichlorosilanes produced a surface which was
hydrophobic. The terminal methyl group of TCMS, the propyl group of TCPS, octyl
of TCOS and the dodecyl group of TCDS all conferred hydrophobicity. The
octadecyl group of OTS, which likewise terminates in a methyl group, also generated
a hydrophobic surface with the terminal perfluorooctyl group of PFTOS producing a
hydrophobic surface. The water contact angles and surface energy values of the
silanised surfaces are similar to those previously reported in the literature (Table 3-3
and Table 3-4). Fluorinated alkanethiol SAMs have previously been shown to
produce a surface with low wettability and therefore a high water contact angle with
anglesof 122 £ 2,117 £ 1,121 £ 2 and 113 + 1° (Tamada et al., 1998). The structure
on the surface produced by PFTOS is different to that produced by the
trichlorosilanes. The structures of the trichlorosilanes are linear with hydrogen atoms
being the side chain and the chain length being the differentiating factor between
them (Figure 3-6). The hydrogen molecules of the trichlorosilanes and those
available on the surface of mAb-1 will interact with each other. Fluorinated
alkanethiol SAMs were found to form a distorted hexagonal or oblique lattice on a
silica surface by AFM. The size of the lattice is increased relative to the simple
alkanethiols due to the presence of the bulky perfluorocarbon chain (Tamada et al.,

1998).

The SAMs were selected to mimic surfaces, such as polystyrene, which mAb-1 may

encounter during processing. The water contact angle of the polystyrene surface was
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high with the value being closer to that of the hydrophobic silanes (approximately
82° compared to 97°). However, the surface energy of the polystyrene surface
investigated was closest to that of the silica surface. The effect of polystyrene on
mADb-1 adhesion and structure is therefore likely to be between the hydrophilic and

hydrophobic SAMs.

3.5.2 Characterisation of surfactant coated surfaces

Tween and Pluronic are commonly used surfactants in protein formulations to
prevent surface adsorption and aggregation. It was important to determine the water
contact angle and surface energy of surfaces coated with these surfactants to enable
conclusions to be drawn regarding their effect on mAb-1 adhesion and surface
adsorption studied using TIRF (4.4.4.6). Characterisation of surfactant coated
surfaces may also aid in the selection of appropriate excipients to reduce adsorption

and structural loss.

The silica surfaces which had been coated using Tween 20 and 80 at the two
concentrations produced a hydrophilic surface as indicated by the low water contact
angles (Table 3-6). The water contact angle of a silicon surface has previously been
found to decrease when coated with Tween 20 (Zhang and Ferrari, 1997). In this
study, the higher of the two Tween 20 concentrations (1 mM) had the lowest water
contact angle of those investigated which is contrary to the findings of Zhang and
Ferrari (1997) in which water contact angle was found to increase as the Tween
concentration increased above 0.05 % v/v. At concentrations greater than the CMC,
it was suggested by Zhang and Ferrari (1997) that the surfactant formed a bilayer or
multi-layer, with hydrophobic ‘tails’ pointing into the media. The contact angle for

Tween 20 was decreased compared to a concentration below the CMC so the
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arrangement is likely to be different. It is possible that the Tween 80 molecules may
orientate in the manner suggested by Zhang and Ferrari (1997) as the contact angle
was found to be higher than that of the control surface. However, the structure of
Tween 80 (Figure 1-6) shows the ‘kink’ in the (unsaturated) oleic acid tail which

would prevent tight packing of the molecules.

The surfaces generated as a result of coating with the four Pluronic surfactants in this
study, at concentrations below and above their CAC, were hydrophilic. Pluronic
F108 has been shown to form a polymer brush layer on hydrophobic heptylamine
and hexamethyldisiloxane surfaces (McLean et al., 2005). It is thought that Pluronic
F108 adsorbs to a hydrophobic surface via the methyl groups on the hydrophobic
PPO block forming a brush layer (Mclean et al., 2005). However, on a silica surface
Pluronic F108 has been shown to form mushroom-like structures which are either
isolated or do not interact (Efremova et al., 2000). The Pluronic F108 was expected
to have a lower affinity for the silica surface and so form a less dense layer than on a
hydrophobic surface which correlates with the repulsive forces found (McLean et al.,
2005). The Pluronics used in this study are therefore also likely to have a lower
affinity for the silica surface forming less dense layers. This correlates with the low

water contact angles found during contact angle goniometry experiments.

3.5.3 Characterisation of HSA coated silica surfaces

Through the determination of the characteristics of a surface coated with HSA and
force of adhesion analysis, the hydrophilicity of a protein surface which could form a
protein repellent surface was identified. The glass surface coated with HSA produced
a relatively hydrophobic surface as indicated by the water contact angles of 62.7° (+

4.4) and 65.8° (+ 6.1) for a 2.5% and 12.5% w/v HSA solution respectively. During
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interpretation of the water contact angle data for the HSA coated surface, it must be
taken into consideration the requirement for the surface to be dry in order to carry out
the measurements. Dehydration of proteins can lead to a loss of native structure due
to the absence of the hydration (water) shell surrounding the protein (Dong and
Shannon, 2000). Although contact angle goniometry will provide information on the
hydrophobicity of the surface generated, it is entirely plausible that the structure of
the HSA on the surface is different from that adopted when the protein is adsorbed to
a surface in a hydrated state. This is demonstrated by the difference in the diameter
of an 1gG when in a hydrated state (10 nm (Silverton et al., 1977)) compared to

dehydrated (52.4 nm (Dong and Shannon, 2000)).

3.5.4 MAD-1 force of adhesion

Functionalization of the AFM probe was performed in this study (attachment of
mADb-1 in a specific orientation) for measurement of the F,q between mAb-1 and the
coated surfaces which will differ in surface structure as a result of the functionality
of the coating. It was a requirement for consistent F,qy measurements that non-
specific adsorption and adsorption-induced unfolding of mAb-1 on the probe surface
were avoided. This required the generation of a mAb-1 monolayer of uniformly
orientated mAb-1 molecules on the cantilever tip which was generated as described
in 3.3.3.1. The F4q values for an 1gG physically and covalently bound to an APTES-
mica surface have been shown not to differ and thus the method of mAb-1
attachment was not expected to affect the measured values (You and Lowe, 1996).
Non-specific adsorption of the anti-F. antibody to the amino-functionalised probe
was allowed; however, this was not considered to be a problem as free F. domain

binding sites on the primary antibody for mAb-1 would still exist. The silanised
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surfaces in this study were shown to be homogeneous and therefore the contribution
of non-specific interactions to the force of adhesion would be minimal. In addition,
mADb-1 was oriented in a specific manner and therefore interactions which did not

involve the F,, domain would be reduced and thus have had a negligible impact.

3.5.5 Force of adhesion (Fq) to silanised surfaces

The F,q between mAb-1 and the silanised surfaces could be separated into two
categories, those with a high (ca. 36-47 nN) and a low (ca. 11-16 nN) F4 value. The
two groups reflect the terminal groups of the silanes, the hydrophilic surfaces (bare
silica and silica coated with mPEG-Silane, GPTMS and APTMS) which interact
strongly with mAb-1 and the silanes with a hydrophobic functionality (TCMS,

TCPS, TCOS, TCDS, OTS and PFTOS coated silica) which interacted weakly.

The strong F,q observed between mAb-1 and the mPEG-Silane functionalised
surface may at first be unexpected. However, it was expected that the mPEG polymer
(1000 MW) investigated in this study would produce a well hydrated SAM, as shown
by the low water contact angle measurement (Table 3-3), which did not necessarily
repel proteins. A PEG of a similar size (2000 MW) to the mPEG studied, has been
shown to facilitate protein adsorption as a result of structural rearrangements in the
PEG backbone. This was particularly the case when a high compressive protein load
was placed on the brush border (Sheth and Leckband, 1997b) which would take
place during the AFM F,q measurements. It has been suggested that in situations
where a high compressive force is involved, the protein interacts with the ethylene
oxide units within the brush border which are exposed due to rearrangement of the
PEG backbone. Brush borders which are comprised of short chain tri(ethylene

glycol) molecules and are dense in nature have been found to repel proteins (Skoda
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et al., 2009) which is in contrast to those with an increased chain length which have

been identified as facilitating protein adsorption (Efremova et al., 2001).

A weak interaction was observed between mAb-1 and the alkyl surfaces generated
by TCMS, TCPS, TCOS and TCDS. This was also found to be the case for the alkyl
SAM produced by OTS. The number of exposed hydrophobic patches on globular
proteins such as immunoglobulins in their native state is low which is consistent with
the weak F,q values and a restricted capability for interactions to form through
dipole-dipole (London dispersion) forces. The F.y between mADb-1 and the

perfluorinated (PFTOS) surface was comparable to the values for the alkyl surfaces (

Figure 3-12).

Fluorine is a highly electronegative molecule and possesses a low polarisability
(Siegemund et al., 2000). These features of fluorine would be expected to lead to
minimal interactions with mAb-1 attached to the AFM probe through dipole-dipole
forces. Additionally, the PFTOS surface was both hydrophobic (as shown by the
high water contact angle and low surface energy value) and lipophobic (as indicated
by the high contact angle for diiodomethane compared to the alkyl surfaces) (Table
3-3). Transient dehydration (due to movement of the water molecules on the surface
of the protein or loss of water followed by rehydration) of the mAb-1 molecule,
based on the assumption that mAb-1 retained a hydration (water) shell when attached
to the AFM probe, when coming into contact with the PFTOS surface may have

contributed to the F,4 value obtained.
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3.5.6 MAD-1 force of adhesion to surfactant coated surfaces

The water contact angle and surface energy data showed the surfactant coated silica
surfaces to be hydrophilic (Table 3-6 and Table 3-7). Based on the F,4 values for the
silanised surfaces, high F,4 values between mAb-1 and the surfactant coated surfaces
were expected due to the hydrophobicity of the surface. Indeed, this was found to be
the case for Tween surfaces with F,y values of approximately 35 to 62 nN. The
interaction between mAb-1 and Pluronic coated surfaces was stronger than that for
Tween with F4q values from 54 to 85 nN. This finding is similar to the high adhesion
force observed at short distances between collagen and Pluronic PE6800 (De Cupere

et al., 2003).

MADb-1 F,q values for the Pluronic surfaces are higher than that for glass alone which
suggests that there is an interaction between the two. Pluronic F108 has been shown
to form a polymer brush layer on hydrophobic heptylamine and
hexamethyldisiloxane surfaces (McLean et al., 2005). The repulsive force between
Pluronic F108 layers (on the cantilever tip and silica surface) when adsorbed to a
hydrophilic silica surface was found to be weak with a range of 6 nm. The Pluronic
F108 was expected to have a lower affinity for the silica surface and so form a less
dense layer than on a hydrophobic surface which correlates with the repulsive forces
found by Mclean et al., (2005). The Pluronics used in this study are therefore also
likely to have a lower affinity for the silica surface forming less dense layers. This
correlates with the F.q values found between mAb-1 and Pluronic coated surfaces.
The adhesion was higher to Pluronic surfaces than the glass control. McLean et al.
(2005) explained the attractive force which was found to exist within the silica and

Pluronic F108 system to be due to VVan der Waals interactions. The same experiment
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was carried out for Pluronic F108 on the hydrophobic surfaces but no weak
interactions were identified (McLean et al., 2005). AFM force of adhesion
measurements determine the direct force and so weak attractive Van der Waals
interactions could be dominated by the stronger steric repulsion of two Pluronic
layers (McLean et al., 2005). The contact angle and F,y data obtained for the
Pluronic surfactants used in this study showed that the PPO block is likely to be
facing the surface with the PEO block at the interface with air (dry) or aqueous
(wetted). This is shown by determination of the Pluronic surfaces to be hydrophilic
which correlates with the hydrophilic PEO group facing away from the silica. The
Faa measurements for mAb-1 to the Pluronic coated surfaces were high which
correlates with the surface being hydrophilic. Pluronics have previously been found
to form a hydrophilic polymer brush border on a surface which is in agreement with
the surface energy and F,q data in this study (Alexandridis et al., 1994) and also with
the findings for the silane-coated surfaces in this study. It has been found that the
length of the PEO block influences protein repulsion with longer PEO blocks
conferring a greater degree of steric repulsion undergone by a protein when coming
into contact with the surface (McGurk et al., 1999). The highest F,q value was
observed for Pluronic L61 which had the shortest PEO block in this study supporting
the finding of McGurk et al., (1999) (the length of the PEO blocks of the Pluronics
selected in this study are shown in Table 2-1). Pluronic P103 was shown to have the
lowest F,¢ but the PEO block was shorter than for Pluronic P123 by 3 monomers

which may indicate an influence of PPO block length on adhesion.

In this study, F,q measurements were not carried out with BSA attached to the probe

but they have previously been determined for selected surfaces using an AFM
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cantilever functionalised with BSA. A non-specific interaction between BSA and a
glass surface was identified which was prevented when the surface had been coated
with BSA or a PEG (MPEG(2K)-Maleimide) (Celik and Moy, 2012). Petri dishes
which were coated with Pluronic F 180NF also prevented a non-specific interaction
with the BSA (Celik and Moy, 2012). Pluronic has also been shown to inhibit
adhesion of albumin to a polystyrene surface by coating the surface with 0.1 % (w/v)
Pluronic F127 and reduced from 7.0 £ 0.7 nN to 2.8 and 1 nN by 0.1 % (w/v)
Pluronic L35 and 61 respectively (McGurk et al., 1999). This is in contrast to the Fyq
values observed between mAb-1 and Pluronic coated glass surfaces found in this

work.

3.5.7 MAD-1 force of adhesion to HSA coated silica surfaces

The Fay between mAb-1 and surfaces coated with HSA at two concentrations (2.5
and 12.5 % w/v) were 17.76 £ 0.11 and 18.16 £ 0.15 nN respectively. The F,q values
for the HSA coated surfaces are significantly less than the 47.67 nN found for glass.
This variation does not result from differences in the calculated surface energy
values as they were very similar as indicated by the values of 38.98 + 2.7 and 39.91
+ 0.3 mJ m? for HSA compared to 40.78 + 2.3 mJ m™ for silica. This may, however,
be explained by the water contact angle of the HSA surfaces being greater than that
of the silica control (Table 3-12). The HSA coated surface weakly attracted mAb-1
to a similar extent to the silanised surfaces (Figure 3-12 and Figure 3-15). An
advantage of HSA use over the silanes is that it is a non-toxic molecule as
demonstrated by a clinical trial showing that neither HSA nor recombinant HSA

caused an immunogenic response (Bosse et al., 2005).
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Clear binding forces (between 0.2 and 1.8 nN) have been observed between human
IgG attached to a functionalised AFM cantilever and rat anti-human 1gG immobilised
on a surface. The interaction was not observed when a tip which had not been
functionalised was used and only a small binding interaction detected when the
human IgG coated tip was blocked demonstrating the interaction was largely due to
specific binding (Lv et al., 2010). The adhesion force between anti-ovalbumin IgG
and its antigen (ovalbumin), which is a specific interaction, is affected by approach
time. A sufficient time period is required for the IgG to adopt the correct orientation
to interact with the antigen. The pull-off force was generally larger when the IgG was
in a specific orientation compared to when non-specifically attached (Brogan et al.,
2004). The adhesion force between the 1gG and ovalbumin or BSA was almost equal
demonstrating the influence of non-specific interactions. The force of unbinding of
an antigen from an orientated antibody single-chain Fv fragment (scFv) has been
found to be from 40 £ 3 to 50 = 4 pN depending on the mutation of the scFv (Ros et
al., 1998). The force of unbinding of an antibody (polyclonal anti-HSA antibody)
covalently linked to an AFM tip via an 8 nm long PEG derivative and HSA was 244
+ 22 pN (Hinterdorfer et al., 1996). This value is 4 times that observed by Ros et al.,
(1998) which may be due to differences in the strength of the interaction or

additional binding with a greater number of domains of the intact antibody.

3.5.8 MAD-1 secondary structure analysis by ‘solid-state’ CD

The surface chosen for the storage vessel and use in the delivery method can have an
effect upon the immunoglobulin structure within a formulation. A loss of native
structure can lead to the formation of aggregates in solution and consequently a loss

of function and an immunogenic response. A substantial change in subtilisin

156



Carlsberg secondary structure upon adsorption to a solid surface has been identified
using ‘solid-state’ CD (Ganesan et al., 2006). The authors developed an empirical
correction method to adjust for absorption flattening experienced by proteins
adsorbed to surfaces. This technique was used to correct the spectra for both mAb-1
and BSA adsorbed to surfaces in this study. A different method to correct for
absorption  flattening has recently been developed using the chiral
tris(ethylenediamide)Co(l1l1) complex (Gerdova et al., 2011). This method corrects
for the distribution of particles within a suspension as they are unlikely to be
homogeneously distributed throughout the cell. The number of particles the light will
pass through has the potential to vary from zero upwards. Using different
distributions of tris(ethylenediamide)Co(ll1) within a sephadex bead suspension, the
authors found that the absorption flattening of the CD spectra could be corrected

accurately using the correct theoretical model (Gerdova et al., 2011).

3.5.8.1 MADb-1 structural changes on hydrophilic silanised surfaces

The far UV spectrum of mAb-1 in solution (Figure 2-16) showed a protein
containing a large proportion of the p-sheet motif, which was expected based on
knowledge of mAb-1 structure. Structural changes in mAb-1 adsorbed to hydrophilic
and hydrophobic surfaces were evaluated based on the reference spectrum obtained
for mADb-1 in solution. The CD spectra for mAb-1 adsorbed to the bare silica surface
showed that the native B-sheet structure was largely retained (Figure 3-17). The
positive elliptical maxima at 202 nm (approximately 5000 deg.cm?.dmol™) and the
trough representing the minima negative ellipticity at 218 nm (-6000 deg.cm?.dmol™)
observed in solution were also seen in the spectrum of mAb-1 on bare silica. A

shoulder in the CD spectrum of mAb-1 on the bare silica is evident at 230 nm which
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is known to arise in proteins as a result of the aromatic amino acid contribution in the
far UV region (Krittanai and Johnson, 1997). The contribution of the aromatic
residues to the ellipticity can be either negative, as was the case in this study, or
positive (Khan et al., 1989). The native B-sheet secondary structure was also largely
maintained when adsorbed to the hydrophilic mPEG-Silane and GPTMS surfaces
with a reduction in the positive and negative maxima and minima. An IgG has
previously been shown to retain its native structure upon adsorption to hydrophilic
silica beads which correlates well with the data in this study (Giacomelli et al.,

1999).

The positively charged APTMS beads caused the most noteworthy loss of mAb-1
secondary structure of the hydrophilic surfaces. In the buffers in this study which
were near neutral, aminosilanisation (undertaken in this study using APTMS) has
previously been shown to transform the net negative charge on the surface of bare
silica into a net positive charge (Metwalli et al., 2006). Adsorption of mAb-1 to the
silanised beads was carried out in pH 7.4 buffer in this study; at this pH mAb-1 will
have a net positive charge as its pl is 8.99. Despite the similar charge of APTMS-
coated beads and the protein, mAb-1 was not anticipated to be repelled by the
APTMS surface, as charge distribution on protein surfaces is not uniform. The
shoulder at 230 nm observed in mAb-1 spectra in solution and on the other
hydrophilic surfaces was more prominent on the APTMS surface (this could not be
correlated to surface characteristics or the measured F,4). The shoulder is
representative of the local environment surrounding the aromatic residues and so the
increased strength of the shoulder is likely to be due to an increase in the rigidity of

the residues as a result of surface adsorption (Pereira et al., 2008). The findings for
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mADb-1 structural changes are consistent with previous investigations into the
structure of an immunoglobulin-like domain pair adsorbed to a hydrophilic and
hydrophobic surface (Pereira et al., 2008). Changes were observed in the spectra for
both the secondary structure and the aromatic environment, which is indicative of

tertiary structure (Pereira et al., 2008).

The tertiary structure of mAb-1 on the silanised surfaces was not investigated here as
a sufficient concentration for analysis of the near UV could not be achieved (mAb-1
surface concentration on the beads was approximately 100-150 pg/mL). The
contribution to the spectrum of the aromatic residues and disulphide bonds is weak
and so the concentration required is higher than that for investigation of the
secondary structure. It has been suggested that the orientation of an IgG on a surface
is the main factor influencing the adsorbed concentration (Buijs et al., 1995). ‘Solid
state’ CD is not able to determine the orientation of mAb-1 on the surfaces studied,
although it does provide information on the folded state of the protein. The
orientation of mAb-1 on a silicon and an OTS-coated silicon substrate have been

investigated using neutron reflectometry (4.5.9).

3.5.8.2 MADb-1 structural changes induced by a hydrophobic surface

The CD spectra of mAb-1 adsorbed to the hydrophobic silanised beads (TCMS,
TCOS, TCPS, TCDS, PFTOS and OTS) displayed a varying level of structural loss
(Figure 3-17). The degree of denaturation was not consistent across the hydrophobic
surfaces despite the surface energy of TCMS, TCPS, TCOS and TCDS being found
not to differ (Table 3-4). The degree of mAb-1 unfolding on PFTOS was similar to
that for the alkyl silanes although the surface energy is approximately half the value,

13.77 compared to ca. 25.85 mJ m, for the alkyl silanes. Adsorption to silica beads
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coated with OTS also resulted in structural loss due to unfolding but to a level which
did not differ to the other silanes studied. A correlation was not found between
surface energy or water contact angle and the degree of mAb-1 denaturation on the
silanised surfaces (Figure 3-22 to Figure 3-25). The silanised beads prepared using
TCMS, and which had a methyl terminal group, displayed the greatest quantity of
mADb-1 unfolding. The CD spectrum represented an increase in the quantity of
random coil with a subsequent decrease in [-sheet. The spectrum was no longer
characteristic of a B-sheet as evidenced by the positive ellipticity at 202 nm having

diminished, a shift in the minima to 216 nm and a loss of the shoulder at 230 nm.

A hydrophobic surface was also found to differently affect the secondary structure
and stability of Fg, and F¢ fragments of an IgG after adsorption as studied by DSC
and CD (Vermeer et al., 2001). It has been found that adsorption results in
denaturation of the F,, fragment with the F. fragment retaining its structure, which is
due to the higher hydrophobicity of the F,, fragment (Vermeer et al., 2001). This
feature may become relevant during the production of chimeric and humanised
antibodies. A study into the binding of an IgG to hydrophobic surfaces found that
binding occurred between the hinge region and the Cy2 domain of the F. fragment
through the use of a reactant adsorptive membrane bioreactor separator (RAMBS)
system (Yu and Ghosh, 2010). The finding was confirmed through digestion of
adsorbed immunoglobulin using papain and pepsin and analysis of the digested
immunoglobulin fragments (Yu and Ghosh, 2010). RAMBS utilises a stack of
adsorptive membranes held in a temperature controlled atmosphere which the 1gG
binds to with any remaining proteins flowing through the system. The bound IgG is

then digested using enzymes to determine the regions involved in surface adsorption.
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As shown by the CD spectra in this study (Figure 3-17) and the findings of Vermeer
et al., (2001) and Yu and Ghosh (2010), the material selected for the storage vessel
can have an effect upon immunoglobulin structure and binding characteristics. This
in turn may influence the aggregation potential and the eventual adverse

immunogenic effect of the protein.

As the surface produced by the HSA is hydrophobic, based on the data produced in
this study and from the literature it would be expected that mAb-1 would lose a
degree of its native secondary structure. However, as the surface coating is a protein
it would be expected to be different to that generated by the SAMs and its effect on
mMAD-1 structure may vary. It was not possible using the ‘solid-state’ CD technique
to investigate mAb-1 adsorption on HSA coated beads. CD spectra are produced
through an averaging of the left and right circularly polarised light (Kelly and Price,
2000, Kelly et al., 2005) and so HSA itself would produce a CD spectrum which
would combine with that of mAb-1. This would lead to a combined spectrum not

representative of the structure of either of the proteins alone.

3.5.8.3 Effect of surface adsorption on BSA secondary structure

The a-helical structure of the BSA when adsorbed to the silane-coated is affected
differently to that of the B-sheet containing mAb-1. The ‘solid-state’ CD spectra
show that the BSA loses a degree of its native structure upon adsorption to all the
SAM surfaces studied (both hydrophilic and hydrophobic) apart from silica and
APTMS. A smaller quantity of native structural loss was identified for adsorption to
the hydrophobic PFTOS surface. A previous study, using FTIR reflection spectra,
has also shown the secondary structure of BSA upon adsorption to a hydrophilic

surface (Germanium hydroxide, GeOH) to be perturbed (Jeyachandran et al., 2010).
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The adsorption of human fibrinogen and albumin to SAMs with the terminal groups
CHs;, OH, NH,, COOH and CF; on gold surfaces has been studied (Sivaraman et al.,
2009). The surface chemistry of the SAM was the mitigating factor in the degree of
conformational changes to the fibrinogen and albumin secondary structures. The loss
of a-helix increased with surface hydrophobicity for both fibrinogen and albumin
(Sivaraman et al., 2009). This was also observed for BSA adsorbed to the SAM
surfaces in this study. The B-sheet content of fibrinogen, albumin (Sivaraman et al.,
2009) and BSA (in this investigation) increased with the loss of a-helix and so the
change in conformation would be better classified as refolding than denaturation.
The loss of the percentage of a-helix in the native structure of albumin has been
found to increase over a period of 6 months when adsorbed to both a hydrophilic
SAM (OH terminal group) and a hydrophobic SAM (CHj; terminal group)
(Sivaraman and Latour, 2012). The decrease in o-helix motif is greater on the
hydrophobic surface, from approximately 65 to 25 %, compared to a loss of 30%
observed for the hydrophilic surface. In this study, the reduction in the percentage of
a-helix motif in BSA in this study was greater on the hydrophilic APTMS, GPTMS
and mPEG-Silane surfaces than on the hydrophobic surfaces terminating with a CH3
group, which is contrary to the observations of Sivaraman et al. (2012). These
differences in structural loss (between BSA, fibrinogen and albumin) show that
proteins which are composed mainly of the same secondary structure motif (a-helix)
are affected to a different degree by surface chemistry although a loss of native

structure was observed when adsorbed to hydrophobic surfaces.
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3.5.8.4 MADb-1 adsorption to Tween coated silica surfaces

The water contact angle and surface energy data for Tween 20 and Tween 80 showed
that they generated a hydrophilic surface when used to coat silica (Table 3-8 and
Table 3-9) and mAb-1 was strongly attracted to the surfaces as demonstrated by high
Faq values (Figure 3-13). MADb-1 retained its secondary structure on the hydrophilic
Tween surfaces as for the hydrophilic silanised surfaces (Figure 3-17 and Figure
3-21). There is a large volume of literature available on the effect of Tween
inclusion on stability and structure in solution. However, there is a lack of knowledge
of the effect adsorption to a Tween coated surface has on mAb-1 structure and this is

the first study investigating this using ‘solid-state’ CD.

3.5.9 Analysis of conformation loss using Dichroweb curve reconstruction

The conformational changes in mAb-1 and BSA structures when adsorbed to the
bead surfaces were quantified using Dichroweb. The CD spectrum for mAb-1 in
solution had no a-helix calculated as would be expected. The data generated by
Dichroweb for mAb-1 adsorbed to the bead surfaces using the CONTIN algorithm
correlated well with the CD spectra. A reduction in the fraction of B-sheet in the
Dichroweb analysis coincided with unfolding observed in the CD spectra. In general,
a hydrophobic surface caused the calculated f-sheet fraction to decrease by a greater
degree than a hydrophilic surface (Table 3-16). Dichroweb analysis of the
hydrophobic surfaces generated by silanisation with TCOS and TCPS showed the
native structure to be largely retained (Table 3-16) which supported the CD spectra
showing a mainly B-sheet containing protein (Figure 3-17). This was in contrast to

the loss of B-sheet fraction for the other hydrophobic surfaces investigated.
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The calculated a-helical fraction for BSA was below the percentage which would
have been anticipated based on the crystal structure (Protein Data Bank ID: 3V03).
The helix fraction was calculated to be 51 % from the CD spectrum in solution
compared to the 74 % helix expected from the crystal structure although the
contribution of the a-helix appeared to be very strong in the CD spectrum of BSA
(Figure 3-19). The calculated helical contribution to the CD spectra of BSA adsorbed
to the beads was subsequently low (less than 10 % with the exception of TCPS and
TCDS, Table 3-17) despite the spectra showing a strong helical influence.
Nevertheless, the combination of the CD spectra and the quantification using

Dichroweb together enabled interpretation of the data.

Interpretation of the data generated by the CONTIN algorithm showed that mAb-1
and BSA when partially unfolded on the silanised surfaces did not form ‘molten
globules’. The formation of ‘molten globules’ was first proposed for a-lactalbumin
and cytochrome-c (Dolgikh et al., 1981, Ohgushi and Wada, 1983) in which the
proteins maintain a native-like secondary structure but instead of the tertiary
structure being relatively rigid, it fluctuates. In this study, unfolding of mAb-1 and
BSA resulted in the formation of intermediate conformations as the secondary
structure altered between helix, sheet, turn and random coil. The conformational
intermediates of mAb-1 and BSA adsorbed to the silica and functionalized silica in
an irreversible manner as they were not desorbed despite repeated buffer washes.

Desorption of the partially folded intermediates observed in the ‘solid-state’ CD
spectra by surfactant presence (e.g. Tween) in formulations could result in a soluble

but misfolded protein species being present in solution. This in turn could,
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potentially lead to the initialisation of aggregation and ultimately the formation of
visible precipitates which could cause an immunogenic response.

In this study, Dichroweb analysis of mAb-1 adsorbed to Tween coated silica surfaces
(using the same parameters as for the silanised surfaces), showed that the native -
sheet structure was largely retained with a decrease in the calculated fraction of 10
%. This was similar to that observed for the hydrophilic silane surfaces (Table 3-18
and Table 3-16). Although Tweens are included to minimise protein surface
adsorption, the CD spectra and data generated using the CONTIN algorithm of
Dichroweb show that adsorption does take place eventually, even though the native
structure is retained. Therefore, desorption from the surfaces which had been coated
with the Tween surfactants would not result in misfolded protein intermediates
becoming present in solution, avoiding the triggering of aggregation and eventual

undesirable immunogenic responses.
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3.6 Conclusions

The F, data showed that mAb-1 was strongly attracted to hydrophilic surfaces
compared to the weak attraction observed for hydrophobic surfaces. The high Fuq
values detected for mADb-1 interaction with mPEG and Tween brush borders is
consistent with a high compression force facilitating non-covalent interaction
between mAb-1 and buried ethylene oxide units (Sheth and Leckband, 1997a). MAb-
1 native structure was largely retained when adsorbed to hydrophilic surfaces
compared to a loss upon adsorption to a hydrophobic surface. MAb-1 was weakly
attracted by the hydrophobic TCOS and TCPS surfaces but the native structure was
retained. These two silanes could potentially reduce protein surface adsorption
without causing a loss of structure. The loss of mAb-1 structure on the APTMS
surface which possessed the same net positive charge as mAb-1 at pH 7.4 supports
the interpretation that adsorption of mAb-1 to the surfaces was driven entropically
due to surface dehydration and in combination with electrostatic interactions taking
place via net positive/negative surface patches. Moreover, CD data do not support
the hypothesis stating that adsorbed mAb-1 or BSA are in a molten globule state on
the surface. Instead, data in this study correlates well with the formation of distinct
partially folded intermediate conformations. The presence of a relationship between

mADb-1 secondary structural loss and surface characteristics was not identified.

The effect of surface hydrophobicity and surfactant on mAb-1 surface adsorption
was subsequently investigated using total internal reflection fluorescence (TIRF) and
complimented with neutron reflectivity (NR) data to characterise the adsorption

process at the molecular level.
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Chapter 4.  Adsorption behaviour of mAb-1 at hydrophilic and hydrophobic
surfaces under flow conditions

4.1 Introduction

MADb-1 adsorption at the solid/liquid interface to hydrophilic and hydrophobic
surfaces was investigated initially using total internal reflection fluorescence (TIRF).
The influence of pH, excipient inclusion and injection scenario on mAb-1 adsorption
was also studied. The interaction of mAb-1 in the bulk solution with Tween and the
effect of surface adsorption on structure are detailed in 2.5.1 and 3.5.8. The TIRF
data was complemented with surface adsorption data gathered using neutron
reflectometry (NR) to describe the difference in adsorption/desorption of mAb-1

under the different conditions.

4.1.1 Total Internal Reflection Fluorescence (TIRF)

Total internal reflection fluorescence (TIRF) is an extremely sensitive surface
technique which was used in this study to investigate surface adsorption/desorption
of mAb-1. TIRF has previously been used to study the adsorption/desorption of two
different proteins to that studied here, fibrinogen and albumin, to a hydrophobic
surface (Wertz and Santore, 1999, Wertz and Santore, 2002). In TIRF, a fluorescent
label which has been attached to a protein is excited by an evanescent wave.
According to Snell’s Law (Equation 4-1) an evanescent wave is formed at the
interface between two media, or between a medium and a surface, with different
refractive indices. Snell’s law (Equation 4-1) states that the ratio of the sines of the
angles of incidence and refraction is equivalent to the ratio of velocities of the two

media or the opposite ratio of the indices of refraction (Figure 4-1A).
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Sin6 v n
_—1 =212 Equation 4-1
Sin6, U2 np

0 is the angle measured from the interface, v is the velocity of light in the medium

(meters per second, m/s) and n is the reflective index of the medium (unitless).

An evanescent wave only forms at the point of total internal reflection, the strength
of which decays exponentially with distance from the surface and thus only
flurophores within 100 nm of the surface will be excited (Figure 4-1B). Molecules
with the fluorophore attached and which are adsorbed to the surface are likely to
dominate the signal as they will be present at the point at which the evanescent wave
Is strongest. The raw fluorescent data can be converted to a quantitative measure of
protein mass per unit area using the Leveque equation (Equation 4-7) providing that
adsorption is transport limited (Lok et al., 1983a). The transport limited Kkinetics
necessary for the conversion of fluorescence data using the Leveque equation have
been shown to only be maintained for low protein concentrations and shear rate

(Wertz and Santore, 1999, Lok et al., 1983a).
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Figure 4-1. (A) Diagrammatic representation of Snell’s law; (B) Point of total internal
reflection fluorescence.

In this way, Pereira et al. (2008) identified a two phase adsorption of an IgG-like
domain pair onto silica from within a bulk solution using TIRF. A rapid initial phase,
when the protein concentration used was above 1 mg/mL, was followed by a second
phase during which the quantity of protein which adsorbed to the silica was very
small (Pereira et al., 2008). The data produced by TIRF does not provide information
on the adsorbed protein layer at the molecular level and thus, the orientation of the
protein and build-up of layers cannot be determined using this technique. To

investigate adsorption at this level, NR was selected as a complimentary technique.
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4.1.2 Neutron Reflectometry (NR)

Neutron reflectometry (NR) is a high resolution technique used to investigate the
structure of thin films on surfaces. In biology, for example, it can differentiate
between the orientations a protein may adopt on a surface and provide information
on how molecules are distributed at a surface in terms of packing and layer number
formation (Lakey, 2009). In addition, NR can generate information on aggregation
and polymer and surfactant adsorption. Neutrons interact weakly with samples and

so are able to penetrate into a sample without causing damage in the process.

A beam of neutrons is shone onto an extremely flat surface and the intensity of the
reflected neutrons is then measured as a function of the angle or the neutron
wavelength (Figure 4-2). The ratio of the reflected beam intensity to that of the
incident beam intensity is used to measure the neutron reflectivity. The distribution
profiles of interfacial components and their scattering lengths will determine the
intensity of the reflected beam (Lu et al., 1999). The scattering length density (SLD)
is calculated from the sum of the scattering lengths of each element (e.g. carbon,
hydrogen, oxygen, nitrogen) which composes a molecule. The SLD differs between
molecules and so multiple reflectivity profiles can be measured at once. An example
of this is the determination of the layer thickness of each component of a protein
array — composed of an immobilised protein on the surface, a bound antibody and an

antigen interacting with the bound antibody (Le Brun et al., 2011).
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Figure 4-2. Neutron reflectivity set-up (Adapted from http://www.lanl.gov/science/1663/
august2011/story3full.shtml, accessed 09/2012).

The orientation of a mouse mADb to the B unit of human chorionic gonadotrophin
(anti-B-hCG) was identified as being “flat-on” by NR when adsorbed to a silicon
oxide-water interface. The surface fraction and number of layers increased with
concentration (Xu et al., 2006b). An earlier investigation by the same authors also
found anti-B-hCG adsorbed to the surface to have a thickness of 41 A, suggesting the
value corresponded to a “flat-on” orientation based on IgG dimensions (Deisenhofer,
1981). The dimensions of the 1gG would result in a layer thickness of 85 A or 142 A
(Deisenhofer, 1981), therefore the 40 A suggests a “flat-on” orientation. Adsorption
of anti-B-hCG is dependent upon pH and ionic strength, using PBS at an ionic
strength of 200 mM anti-B-hCG was reduced compared to 20 mM with a decrease at
both ionic strengths with increasing pH (Xu et al., 2006a). The pH chosen for NR
studies has been shown to cause differences in the adsorption of an 1gG to both a
hydrophilic silica surface and a hydrophobic methylated silica surface (Buijs et al.,

1996). The highest surface adsorption was detected at pH 6, the I1gG has a pl of 5.8
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(Buijs et al., 1996). These investigations show that NR can be used to study

immunoglobulin surface adsorption and is capable of identifying layer thickness.
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4.2 Materials

Tween 20, Tween 80, concentrated sulphuric acid, toluene, N,N-dimethylformamide,
octadecyltrichlorosilane (OTS), dimethyl sulfoxide (DMSO), potassium dichromate,
sodium chloride, potassium chloride, sodium phosphate monobasic, potassium
phosphate monobasic, sodium hydroxide, fluorescein isothiocyanate | (FITC), L-
histidine, L-histidine  monohydrochloride, sodium acetate, acetic acid,
diiodomethane, 1,2-ethanediol (ethylene glycol) and deuterium were obtained from
Sigma Aldrich (UK). Water was purified to > 14 MQ.cm with a BioSelect, Purite,
UK. Alexa Fluor® 488 5-SDP ester (Alexa Fluor 488 sulfodichlorophenol ester) was
purchased from Life Technologies Ltd (Invitrogen), UK. The immunoglobulin

(mAb-1) was Kkindly provided by Medimmune Ltd, Cambridge (UK).
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4.3 Methods

4.3.1 MAD-1 fluorescent labelling

MAD-1 was labelled using fluorescein isothiocyanate | (FITC) for experiments
undertaken at pH 7.4 and Alexa Fluor® 488 5-SDP ester (Alexa Fluor 488

sulfodichlorophenol ester) for those carried out at pH 5.5.

For labelling of mAb-1 using FITC, the manufacturer’s protocol was followed with
minor alterations. FITC was dissolved in DMSO at 1 mg/ml and 100 pl slowly added
under stirring to 3 mL of mAb-1 solution at a concentration of 20 mg/mL in
phosphate buffered saline pH 7.4 (PBS - 10 mM sodium phosphate monobasic, 2
mM potassium phosphate monobasic, 137 mM sodium chloride, 2.7 mM potassium
chloride), and left stirring in the dark for 2 h at room temperature. The mAb-1-FITC
solution was dialysed using a snakeskin dialysis membrane (10,000 Dalton MWCO)
(Pierce, Thermo Scientific, UK) with three buffer changes to remove unbound FITC.
The mAb-1 to label ratio and mAb-1 concentration were calculated using Equation

4-2 and Equation 4-3 respectively:

2.77.X'A495
A2g0—(0.35 x Ag9s)

F
Molar 5= Equation 4-2

Immunoglobulin (mg/mL) = [AZBO_(ij X A499] gouation 4-3

where, Aoy and Asgs are the absorbance values of the solution at each given

wavelength, and 0.35 is the correction factor for FITC absorbance at 280 nm.
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Fluorescein is pH sensitive, and consequently at pHs which are slightly acidic its
quantum vyield is reduced (Rebar and Santore, 1996). For this reason, mAb-1 was
labelled with Alexa Fluor® 488 5-SDP ester for the experiments undertaken at pH
5.5. A 50 mg/mL mADb-1 solution in PBS pH 7.4, with a volume of 1.5 mL, was
added to 1 mg Alexa Fluor® 488 5-SDP ester label and rotated at room temperature
for 1 hour to ensure thorough mixing. The mAb-1-Alexa Fluor® 488 5-SDP ester
solution was dialysed against L-histidine pH 5.5 (30 mM L-histidine, 30 mM L-
histidine monohydrochloride) at 4 °C in the dark to remove unbound Alexa Fluor®
488 5-SDP ester. MADb-1 concentration and the number of moles of label per mole of

mAb-1 were calculated using the following equations:

. , Az80—(A494 x 0.11)] x dilution factor
Protein concentration (M) = 4250~ (A494 x 011)] onf Equation 4-4
molar extinction coef ficient

. Ayo4 x dilution factor
Moles dye per mole protein = 11— Jactor Equation 4-5
71,000 x protein concentration (M)

where, Azgo and Aggy are the absorbance values obtained at these wavelengths, 0.11
is a correction factor to account for absorbance by the dye at 280 nm, and 71,000 cm’

! M is the molar extinction coefficient of the dye at 494 nm.

4.3.2 Calculation of the diffusion coefficient of mAb-1
Using dynamic light scattering (nanoZS, Malvern, UK) the hydrodynamic diameter

of mADb-1 at a concentration of 1 mg/mL in PBS was determined. The hydrodynamic
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diameter of mAb-1 was subsequently used to calculate the diffusion coefficient using

the Stokes-Einstein equation:

KT
6TIrn

D= Equation 4-6

D = diffusion coefficient (cm?/s); k = Boltzmann constant (1.3806503 x 102 m? kg
s? K™): T = absolute temperature (Kelvin); r = hydrodynamic diameter (nm) and; n =

viscosity of water at 25°C (0.89 centipoise).

4.3.3 Total Internal Reflection Fluorescence (TIRF)

Quartz (silica) slides were cleaned through immersion in chromic acid (80 g K,Cr,0;
per litre 96-98% sulphuric acid) for 1 hour followed by thorough rinsing with
deionised water. Slides were left in deionised water overnight and dried (Pereira et

al., 2008).

The width of the flow chamber (1.6 cm) and the gasket thickness (0.01 cm) of the
TIRF cell were maintained throughout (TIRF Flow System, TIRF Technologies Inc.,
Harrisburg, USA), and fluorescence was measured with a Varian Cary Eclipse
spectrofluorometer (Agilent Technologies, Berkshire, UK). The fluidic block was set
up as shown in Figure 4-3. Blank runs of FITC and unlabelled protein in PBS pH 7.4
and Alexa Fluor® 488 5-SDP in L-histidine pH 5.5 were carried out to confirm their

contribution to the fluorescent signal was negligible.
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Figure 4-3. Fluidic block set up (adapted from Tirf technologies).

4.3.3.1 Confirmation of transport limited adsorption
MADb-1 surface adsorption must be transport limited to satisfy the Leveque equation

(Equation 4-7) for the conversion of fluorescence data to mAb-1 surface coverage.

1 2
E = (0.538 x (Z)§ xD3xC Equation 4-7
dt L

dI'/dt — rate of surface adsorption; L — distance from point of entry to measurement
point (cm); D — mAb-1 diffusion coefficient (calculated using the Stokes-Einstein

equation, (Equation 4-6) and; C — concentration (mg/mL).

The transport limited nature of mAb-1 surface adsorption was confirmed through
alteration of shear rate (s) (Equation 4-8) and mAb-1 concentration while
measuring the change in fluorescence (A excitation 450 nm/emission 520 nm). To
investigate the effect of shear rate, a mAb-1 concentration of 0.01 mg/mL was used

with the shear rate varied from 6 s™ to 84 s, which was controlled using a syringe
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pump driver (KDS Scientific, UK). The effect of mAb-1 concentration on surface
adsorption was studied using a shear rate of 6 s* and a mAb-1 concentration range

from 5 pg/mL to 0.5 mg/mL.

6V
= — Equation 4-8
b2
w

y — shear rate (s); V — flow rate (mL/h); w — width of flow chamber (mm); b =

gasket thickness (mm) (Lok et al., 1983a).

PBS (pH 7.4) or L-histidine buffer (pH 5.5) was injected for 180 seconds prior to
sample injection to ensure a smooth baseline was obtained. Sample time for all TIRF

experiments was 3600 seconds (1 hour) with n=5.

A shear rate of 6s™ was found to produce reproducible adsorption profiles for mAb-1
at a range of concentrations from 5 pg/mL to 0.5 mg/mL in PBS pH 7.4 and so it was
selected for all future TIRF experiments. Calibration of the raw fluorescence data

generated by the TIRF experiments is discussed in 4.5.2.

4.3.3.2 Effect of pH on mAb-1 surface adsorption

The pH of a solution can affect the charge present on the surface of a protein and also
the surface to which it is adsorbing (Behrens and Grier, 2001, Mathes and Friess,

2011). Surface adsorption of mAb-1 was investigated at pH 5.5 in L-histidine buffer
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(labelled using Alexa Fluor® 488 5-SDP) and at pH 7.4 in PBS (labelled using
FITC) at a concentration of 0.01 mg/mL. A hydrophilic surface was used at both pH

values for comparison.

4.3.3.3 Effect of surface energy on mAb-1 adsorption

As shown in section 3.4.3.1 Figure 3-18 mAb-1 loses a degree of its native secondary
structure upon adsorption to hydrophobic surfaces. Silica slides were coated with
OTS to produce a hydrophobic surface and mimic adsorption to plastic surfaces. The
slides were prepared by immersion in a solution of 0.14 g OTS in 180 mL of n-
hexadecane for 2 h under stirring at room temperature, as described by Pereira et al
(2008). The hydrophobic OTS-coated silica surface and a hydrophilic silica surface
were then used to investigate the effect of surface energy on mAb-1 surface
adsorption. TIRF experiments were carried out in L-histidine buffer pH 5.5 with the

remaining parameters as for studies at neutral pH.

The surface characteristics of both the silica and OTS-coated silica surfaces have

been determined previously in 3.4.1.

4.3.3.4 Effect of Tween 20 and Tween 80 injection time on mAb-1 surface

adsorption

The effect of Tween on mAb-1 surface adsorption to silica was investigated using a

shear rate of 65 and a concentration of 0.01 mg/mL. The investigation was carried
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out at pH 5.5 (using Alexa Fluor® 488 5-SDP Aex/em 495/519 nm) and pH 7.4
(using FITC Aex/em 450/520 nm). Tween 20 and Tween 80 concentrations below
and above their CMC were used: 0.05 and 1 mM for Tween 20; and 5 uM and 1 mM
for Tween 80. These are the same concentrations as those which were used to study
the effect of Tween on mAb-1 stability, structure and force of adhesion in section
2.4.2, 3.4.2.2 and 3.4.3.3. The effect of Tween on mAb-1 surface adsorption was

investigated under three conditions:

1- co-dissolved with mAb-1;

2- injection into the flow chamber (over 1800 s) prior to mAb-1 injection (over 3600

s);

3- injection into the flow chamber (over 1800 s) after injection of mAb-1 (over 1800

S).
The same set of experiments was undertaken at pH 5.5 in L-histidine buffer using an
OTS-coated silica surface to investigate the effect of Tween on mAb-1 surface

adsorption to a hydrophobic surface.

4.3.3.5 Effect of storage in pre-filled syringes on mAb-1 surface adsorption

Therapeutic proteins for subcutaneous injection are commonly distributed in pre-
filled syringes. The formulations would most likely be stored for a period of time
prior to administration. For this reason, mAb-1 labelled with FITC at a concentration
of 28 mg/mL was stored at 4°C for 2 months in a CZ staked syringe, a BD syringe

shown in Figure 4-4 (both kindly provided by MedImmune, Cambridge, UK) and in
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a glass vial to investigate the effect of storage on mAb-1 surface adsorption to silica.
A shear rate of 6s™ and a concentration of 0.01 mg/mL were used during as for the

previous TIRF experiments.

Figure 4-4. Image of (left) a CZ staked syringe and (right) a BD syringe.

4.3.4 Neutron reflectometry — surface adsorption at the molecular level

Silicon <1 1 1> substrates 10 cm in diameter and with a thickness of 1 cm were
washed with Decon 90 (Decon Laboratories Limited, Hove, UK), thoroughly rinsed
with deionised water and dried using nitrogen. The hydrophobic silicon wafer was
prepared by immersion in OTS in n-hexadecane for 1 h to allow self-assembly of the
silane monolayer (Lu et al., 1998). The surface was rinsed with dichloromethane,
ethanol and water sequentially. The cleaned substrate (either silicone or OTS-coated
silicone) was then clamped to a silicon trough which had a void volume of
approximately 3 mL. The experiments were carried out at mADb-1 concentrations
from 50 to 5000 mg/L in acetate buffer pH 5.5 and phosphate buffer 7.4 for the
silicon surface, and in acetate buffer pH 5.5 for the OTS-coated silicon surface. The

neutron reflectometry experiments were performed using the INTER instrument at
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ISIS (Didcot, UK) with assistance from Dr Max Skoda (ISIS). The sample was
analysed at fixed incident angles of 0.7 and 2.3° to achieve a reduced data set
producing a single reflectivity profile with Q values (momentum transfer; which is
the change in momentum of the neutron after reflection) of up to 0.3 A™. The
neutrons used had a wavelength range from 1.0 to 15.0 A. A flat background, which
was determined by extrapolation to high values of momentum transfer Q (Q =
4msinB/A, where 0 is the glancing angle of incidence and A the wavelength) was
subtracted. All the experiments were carried out at 25 °C. Blank silicon-acetate
buffer (pH 5.5), silicon-phosphate buffer (pH 7.4) and OTS silicon-acetate buffer

were undertaken in order to characterise the substrate.

MADb-1 was injected into the trough at a controlled rate (2 mL/h at 50 mg/L) using a
high performance liquid chromatography (HPLC) pump. MAb-1 was allowed to
adsorb to the surface for 30 minutes after injection into the sample chamber before
commencement of the NR experiment to allow an equilibrium between the surface
and the bulk solution to form. Solutions containing mAb-1 at increasing
concentration were subsequently injected. The reflectivity profile at each
concentration was generated using a time of 30 seconds per period (a period is the
duration of time the neutron beam is shone onto the surface) and a total of 120
periods. The sample was analysed at fixed incident angles of 0.7 and 2.3° to achieve

a reduced data set producing a single reflectivity profile with Q values of up to 0.3 A"

1

To investigate if mAb-1 adsorption to the substrate surfaces was reversible and to
determine if Tween could desorb mAb-1 the following experiments were carried out.

After the final mAb-1 sample (5000 mg/L), the surface was rinsed with five volumes
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of D,0 to remove the mAb-1 bulk solution prior to injection of buffer or Tween. Post
mADb-1 adsorption to the silicon substrate at pH 5.5, acetate buffer was injected
followed by a 1 mM Tween 20 solution. Due to time constraints only 0.05 mM
Tween 20 was injected into the trough after adsorption of the final mAb-1 sample
(5000 mg/L) to the silicon substrate at pH 7.4 and to the OTS-coated silicon substrate
at pH 5.5. NR data were fitted using a Global MOTOFIT analysis (Nelson, 2006)

described in section 4.3.6.

4.3.5 MAD-1 adsorption kinetics studied using NR

NR produces data on the molecular nature of layers formed on a surface which
would improve the understanding of the adsorption/desorption of mAb-1 under the
three Tween injection scenarios. Adsorption of mAb-1 (at a concentration of 0.1
mg/mL) in the presence of Tween (at a concentration of 0.05 mM) to a SiO, surface
at pH 7.4 was investigated. MADb-1 was injected at a flow rate of 2.0 mL/h (to
achieve a shear rate equivalent to that used in the TIRF experiments), with 30
seconds per period and a total of 120 periods. A short period duration was used in
order to investigate the transient adsorption which was rapid in the TIRF
experiments. All other parameters were the same as for investigation of layer

formation.

For investigation of Tween injection after adsorption of mAb-1 to the SiO, surface, a
concentration of 0.5 mg/mL and a Tween 20 concentration of 0.05 mM were
selected. The time per period was increased to 60 seconds with a subsequent
reduction in the number of periods to 40 as the TIRF data showed desorption did not

take place as rapidly as the transient profile observed.
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4.3.6 NR Data Fitting

A theoretical calculation of the SLD of mAb-1 in H,O pH 7 was required to fit the
experimental data. A spreadsheet method developed by Dr R. May, Institut Laue-
Langevin, was used which involved summing the scattering lengths for each amino
acid. For the calculation of the SLD of mAb-1 in D,0, it was necessary to make an
assumption of the fraction exchange of the non-hydrogen bonded N-H protons. A 70
% fraction exchange was assumed based on data for lysozyme adsorbed to silica
particles (Larsericsdotter et al., 2004). A calculation of hydrogen-deuterium
exchange could not be made based on a known hydrogen bonding pattern as the 3-
dimensional structure of mAb-1 has not been determined. The protein fraction of the
layer covering a surface (a) from the fitted SLD (p) made up from contributions of

the protein and subphase (D,0) was calculated using Equation 4-9.

Pritted = (1—a).pp2o + - Peaic Equation 4-9

NR data were fitted at the university (by myself) using a Global MOTOFIT analysis
(Nelson, 2006). The parameters fitted to the NR data were SLD, layer thickness and
interfacial roughness. For each silicon substrate (SiO;) used and the OTS-coated
silicon substrate, the parameters were first fitted for the bare surface in D,O. These
parameters were then kept fixed during fitting of the reflectivity profiles for the
adsorbed mAb-1 layers from buffer prepared using D,O. Maintaining the values for
the bare surface throughout the subsequent fitting process for the adsorbed proteins
layers ensures that any changes which took place were as a result of the protein
layer(s) alone. The SLD value of the silicon substrate was constrained to 2.07 x 10
A2, The SLD values for H,O and DO used during MOTOFIT analysis were -0.56

and 6.36 (x 10° A) respectively with a deviation of 5 % from this value allowed.
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The value for the parameters investigated for the bare substrates in buffer alone are

shown in Table 4-1.

Substrate Background SiO, layer SLD (A9
value (A?) thickness (A)

Silicon 5.0-6.0x10° 3 3.47 x 10°

OTS-coated silicon 3.0 x 10 7 3.47x10°

Table 4-1. Parameter values for the bare substrates in buffer which were used in the neutron

reflectivity experiments.

The SiO, layer of the OTS coated substrate was found to be 17 A thick and had a
SLD of 3.55 x 10° A The SiO, layer which formed on the surface of the substrate
was more porous on the OTS coated surface than the bare silicon and the layer was
thicker. The surface roughness of the silicon and SiO, layers ranged from 2 to 11 A.
The higher roughness values were fitted for the layers which had an interface with a

protein layer; these were in the range of 4 to 7 A.

To assess the strength of the models used to fit the NR data, analysis using the N-
sigma (No) qualifier was undertaken (Equation 4-10) (Thringer 1995). The x* value
for each model generated from the NR data was weighted against the number of data
points and parameters studied. For two models which could reasonably have a
different number of layers fitted to the data this analysis is of particular importance.
The parameters for the Silicon/SiO, layers of two models when being analysed were
fixed resulting in the number of degrees of freedom being three for a model with a

single layer and six for a two layer model.

-V
No = X\/ZV Equation 4-10
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where, y* is the error-weighted least-squares sum and v = n — p is the effective
number of degrees of freedom, n is the number of data points used in the fit and p is
the number of fitting parameters. A small No value is illustrative of a high

probability that the assumed model is correct.
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4.4 Results

441 MAD-1 labelling

MADb-1 concentration and mAb-1 to label ratio for FITC and Alexa Fluor® 488 5-
SDP were calculated using Equation 4-2 to Equation 4-5. The final concentration of
labelled mAb-1 was dependent on the initial concentration used but ranged from 20
to 30 mg/mL. The labelling ratio of label to mAb-1 was approximately 1:1 for FITC

and 3:1 for Alexa Fluor® 488 5-SDP.

4.4.2 Confirmation of transport limited adsorption

The surface adsorption of mAb-1 must be transport limited for the conversion of
fluorescence intensity (a.u.) data to mAb-1 surface adsorption (mg/m?) using the
Leveque equation (Equation 4-7). Therefore, the transport limited nature of the
surface adsorption had to first be confirmed to allow the above conversion of raw
data. Two parameters of the Leveque equation can be altered, shear rate (y) and
concentration (C), while the additional parameters remain constant. Therefore, in
order to confirm the transport limited nature of the adsorption the effect of shear rate
and concentration were investigated. The change in fluorescence over time was
plotted against concentration, and shear rate to the power of 1/3 (as the Leveque
equation states that for transport limited adsorption the initial rate of adsorption will
be proportional to shear rate to the 1/3 power). A linear fitting with an R? value close

to the unit will indicate transport limited adsorption.

It was important to establish that the transport of mAb-1 to the surface was not
driven by the fluorophore and that intrinsic fluorescence from the protein did not

contribute to the signal. The fluorescent signal detected upon injection of FITC or
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Alexa Fluor 488 5-SDP was not above the background of the buffer alone as was the

case with unlabelled mAb-1.

The effect of mAb-1 concentration on surface adsorption was investigated using a
shear rate of 6s™ (flow rate 0.6 mL/h) and a concentration range from 5 pug/mL to 0.5
mg/mL. In Figure 4-5 a linear increase in fluorescence intensity for mAb-1
concentrations from 5 pg/mL to 0.25 mg/mL at a shear rate of 6s™ is evident.
Adsorption above 0.25 mg/mL is no longer transport limited as demonstrated by the
deviation from linearity at a concentration of 0.5 mg/mL. The raw fluorescence data

from which the values were obtained is shown in Figure 4-6.
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Figure 4-5. MAb-1 surface adsorption is transport limited up to a concentration of 0.25
mg/mL at pH 7.4, FITC label: blue diamond (¢) — 5 to 250 mg/L; red square (8 — 500 mg/L.
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Figure 4-6. Raw fluorescence data showing the effect of mAb-1 concentration on surface
adsorption using a shear rate of 6s™ (flow rate 0.6 mL/h).

Analysis of the effect of shear rate showed that mAb-1 adsorption (at a concentration
of 0.01 mg/mL) was transport limited for shear rates of 42 s™ and below (Figure 4-7).
The increase in fluorescence intensity observed at a shear rate of 84 s™ demonstrated
that surface adsorption was no longer transport limited as shown by the shift from
linearity. (The raw fluorescence intensity values from which the data was plotted is

shown in Figure 4-8.)
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Figure 4-7. MADb-1 surface adsorption is transport limited up to a shear rate of 42s™, pH 7.4,
FITC label: blue diamond ( - 6 to 42 s™*; red square ( )84 s™.
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Figure 4-8. Raw fluorescence intensity data showing the effect of shear rate on mAb-1

surface adsorption using a concentration of 0.01 mg/mL.
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MADb-1 surface adsorption is transport limited at concentrations up to 0.25 mg/mL
when a shear rate of 42 s™ or below is used. The conversion of fluorescence intensity
data to surface adsorption using the Leveque equation is therefore valid providing
these parameters are adhered to; the converted data is shown in Figure 4-9 and
Figure 4-10. The raw fluorescence data was calibrated through previously acquired
data for an immunoglobulin domain pair which was known to adsorb in an almost
irreversible manner to bare silica at surface saturation (Pereira et al., 2008) and
which was characterised against neutron reflectivity data for the same protein
(Kreiner et al., 2009) (discussed in section 4.5.2). A mAb-1 concentration of 0.01
mg/mL and shear rate of 6s™ were selected to investigate the effect of pH, surface

and surfactant on mAb-1 surface adsorption.
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Figure 4-9. Effect of mAb-1 concentration on surface adsorption using a shear rate of 6s™
(flow rate 0.6 mL/h).
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Figure 4-10. Effect of shear rate on mAb-1 surface adsorption using a concentration of 0.01

mg/mL.

4.4.3 Effect of pH on MADb-1 surface adsorption

Adsorption of mAb-1 at pH 7.4 was approximately 3 times that observed at pH 5.5:
11.72 mg/m? at pH 7.4 compared to 4.28 mg/m? at pH 5.5 (Figure 4-11). The
electrostatic interaction between a protein (mAb-1) and the surface (in this case
silica) which is known to play a key role in adsorption (Mathes and Friess, 2011) will
differ depending upon the pH. The charge on the surface of mAb-1 would be
expected to be positive at both pH 5.5 and 7.4, as the pl of mAb-1 is given as 8.99.
This would facilitate the formation of electrostatic interactions with the net
negatively charged silica surface. The difference in mAb-1 surface adsorption at the
two pH values may be due to small local changes in the charged state of the amino

acid residues.

The useable pH range of Alexa Fluor 488 5-SDP stated by the manufacturer is pH
6.5-8.5 although it is stable from pH 4 to 10. The pH used in this study is therefore

not within the stated manufacurer’s useable range and therefore the acid sensitivity
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of the dye cannot be discounted as a cause of the difference in fluorescence intensity

detected.
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Figure 4-11. Adsorption of mAb-1 to a silica surface at a concentration of 0.01 mg/mL using

a shear rate of 6s™* was found to be affected by solution pH.

4.4.4 Effect of Tween on mADb-1 surface adsorption

Prior to investigation of the effect of Tween on mAb-1 surface adsorption it was
necessary to determine if an interaction took place between them. The ITC data in
section 2.4.1.1 showed that an interaction did not take place between either Tween
20 or 80 and mAb-1. This allowed the conclusion that surface adsorption was driven
by mAb-1 alone and not by a specific interaction with Tween. DSC and CD data
showed that Tween inclusion did not affect the structure of mAb-1 and therefore
perturbations in secondary structure were assumed not to be a cause of differences
observed (section 2.4, Table 2-4, Figure 2-20 and Figure 2-21). This led to the
assumption that the surface adsorption investigated using TIRF would take place

with mADb-1 in its native state.
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4.4.4.1 Injection condition 1 - Effect of co-dissolved Tween on mAb-1 surface
adsorption
MADb-1 surface adsorption in the presence of Tween 20 or Tween 80 was strongly
dependent on concentration at both pH 5.5 and 7.4. At a concentration of Tween
above its CMC, it was expected that mAb-1 surface adsorption would be minimally
affected as Tween would be present as micelles in solution and so energy would be
required to disrupt these and drive the individual Tween molecules onto the surface.
However, this was not found to be the case when co-dissolved with mAb-1 at pH 5.5.
The co-dissolved Tween 20 and 80 above their CMC reduced surface adsorption by
> 50 % — 2.16 and 2.42 mg/m? compared to 5.46 mg/m? for the control (Figure 4-12).
Relatively noisy TIRF signals were observed for mAb-1 co-dissolved with Tween
20/80 above their respective CMC values. This may be due to large changes in the
quantity of mAb-1 entering into the range in which the evanescent wave will excite
before leaving this region. In addition, the mAb-1 layer is not assumed to be static
and so there will be a constant fluctuation with competition for the surface between
the surfactant and mAb-1. Below the CMC, Tween 20/80 would exist in solution as
individual molecules which is thermodynamically less favourable and so the
monomers would be driven towards surface adsorption. The adsorption data showed
that both Tweens studied initially drove mAb-1 onto the surface before causing
desorption. Tween 80 below its CMC (5 uM) demonstrated a small transient curve
which proceeded to decrease resulting in mAb-1 surface adsorption being the lowest
of four formulations investigated at pH 5.5 (Table 4-2). The most notable adsorption
curve was for co-dissolved Tween 20 below its CMC. In this scenario, a large

transient curve was observed in which mAb-1 adsorption was more rapid and
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extensive than the control before it decreased to a level similar to that of Tween

above its CMC (2.24 mg/m?).

No Tween

(.05 mM Tween 20
(0.001% w/v)

1 mM Tween 20
(0.018% w/v)

e 5 uM Tween 80 (0.1 x
10-3 % w/v)

=1 mM Tween 80 (0.02%
w/v)

MADb-1 surface coverage (mg/m?)

[i) 1000 2000 3000 4000

Time (s)

Figure 4-12. Effect of co-dissolved Tween on mAb-1 surface adsorption to a silica surface at

pH 5.5.

In contrast to pH 5.5, co-dissolved Tween 20 or 80 above their CMC at pH 7.4
increased mAb-1 surface adsorption to ~25-30 mg/m? compared to ~12 mg/m?
(Figure 4-13 and Table 4-2) although the initial rate of surface adsorption did not
differ. As observed in the TIRF profiles at pH 5.5, the signals were noisy which

could be due to the reasons discussed previously.

Similar to pH 5.5, mAb-1 surface adsorption was decreased by both Tween 20 and
80 below their CMC. A clear switch from increased to decreased mAb-1 surface
adsorption is caused by differences in Tween concentration. The differences in the

effect of Tween concentration suggests that non-specific binding sites on mAb-1
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become saturated with Tween, and adsorption caused by the Tween under the
circumstances investigated are important in understanding the switch observed. The
transient curve was larger in the case of Tween 80 than Tween 20 which is most
likely to be due to the 10-fold difference in concentration, or it could be due to the

Tween 80 affinity for silica being reduced compared to Tween 20.
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Figure 4-13. Effect of co-dissolved Tween on mAb-1 surface adsorption to a silica surface at

pH 7.4,

Formulation MADb-1 adsorption at MADb-1 adsorption at
pH 5.5 (mg/m?) pH 7.4 (mg/m?)

Control (No Tween) 5.46 12.12

0.05mM Tween20 2.24 1.08

1 mM Tween 20 2.16 29.84

5 uM Tween 80 0.69 1.48

1 mM Tween 80 242 24.95

Table 4-2. MADb-1 surface adsorption to a hydrophilic silica surface at pH 5.5 and pH 7.4

when co-dissolved with Tween 20 and 80 at concentrations below and above their CMC.
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4.4.4.2 Injection condition 2 - Effect of pre-coating silica with Tween on mAb-1
surface adsorption
To investigate the apparent competition for the silica surface between mAb-1 and
Tween the effect of pre-injected Tween 20 and 80 on adsorption was investigated.
The level of surface saturation was dependent on the affinity of the Tween for the
silica surface. The pre-coated Tween surfaces were established to be hydrophilic
(section 3.4.2.2, Table 3-6). MADb-1 adhesion to the 1 mM Tween 80 surface was the
highest (of the Tween surfaces) and found to be lowest for 5 uM Tween 80. It was
anticipated that mAb-1 adsorption to a 1 mM Tween 80 surface would be the highest

of those investigated and lowest when 5 uM Tween 80 was analysed.

The surfactants were injected at a constant rate over a period of time to achieve
saturation with the remaining bulk solution washed out upon injection of mAb-1. The
data show that a surface pre-coated with Tween reduced mAb-1 surface adsorption
(Figure 4-14). MAb-1 does not displace Tween 20 or 80 from the silica surface; if
this had been the case the profiles would have been the same as that for silica (Figure
4-14). The concentration of Tween 20 did not affect the quantity of mAb-1 adsorbed
while for Tween 80 at concentrations below and above its CMC only a small
difference was observed (Table 4-3). Therefore a surface which had first been

exposed to Tween at pH 5.5 was effective at preventing adsorption.
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Figure 4-14.

Effect of injecting Tween before mAb-1 on surface adsorption at pH 5.5.

A surface pre-coated with Tween at pH 7.4 had a very different effect on mAb-1

adsorption than observed at pH 5.5 (Table 4-3). MAb-1 adsorption to a pre-coated

Tween 80 surface was almost equivalent at near plateau to bare silica (approximately

12-14 mg/m?) (Figure 4-15). The profiles for Tween 80 suggest the surfactant is

largely displaced by mAb-1. This was in stark contrast to the effect of Tween 20

which led to an increase in mAb-1 adsorption from ca. 12 mg/m? to 20-22 mg/m?

(Figure 4-15). These data suggest that Tween 80 adsorbs weakly to the silica surface

compared to Tween 20 which has a higher affinity, which is consistent to those of

co-dissolved Tween.
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Figure 4-15. Effect of injecting Tween before mAb-1 on surface adsorption at pH 7.4.

Formulation MADb-1 adsorption at MADb-1 adsorption at
pH 5.5 (mg/m?) pH 7.4 (mg/m?)

Control (No Tween) 5.46 12.12

0.05mM Tween20 1.80 21.15

1 mM Tween 20 1.79 21.51

5 uM Tween 80 2.32 13.05

1 mM Tween 80 1.89 13.97

Table 4-3. MADb-1 surface adsorption to a hydrophilic silica surface at pH 5.5 and pH 7.4
which had been pre-coated with Tween 20 and 80 at concentrations below and above their
CMC.

4.4.4.3 Injection condition 3 - Effect of Tween injection after adsorption of mAb-
1

The third Tween injection scenario investigated was injection of Tween after mAb-1

had been allowed to flow through the TIRF cell for 1800 s (30 minutes). The surface

adsorption of the control and the curves for the 4 different Tween solution injections
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were expected to overlap until 1800 s when Tween was injected. However, as Figure
4-16 shows, this was not the case when adsorption took place at pH 5.5.
Nevertheless, overlapping of the curves was observed at pH 7.4 (Figure 4-17).
Possible explanations for this discrepancy at pH 5.5 are discussed in section 4.5.6.
The effect of Tween injection on adsorption will be discussed in terms of the

individual profiles obtained for each Tween solution.

The injection of Tween after mADb-1 had adsorbed to the surface resulted in mAb-1
desorption and a decrease in the final mAb-1 surface adsorption value (Figure 4-16
and Table 4-4). Tween 20 at 0.05 mM (0.001 % w/v) and 1 mM Tween 80 (0.02 %
w/v) were more effective at desorbing mAb-1 with surface adsorption levels
returning to near baseline (Figure 4-16); desorption was rapid in both these cases.
Desorption of mAb-1 by Tween 80 below its CMC (5 uM) caused a steady decrease

in mAb-1 adsorption with desorption still taking place at the termination of the run.

6
o~ 3
‘Eﬂ No Tween
E 4
Eﬂ =—0.05 mM Tween 20
53 (0.001% w/v)
3 1 mM Tween 20
S 2 (0.018% W)
£
; ——35 uM Tween 80 (0.1 x
E 1 10-3 % w/v)
- === 1 mM Tween 80
=) (0.02% wiv)

1000 2000 3000 4000
-1 )
Time (5)

Figure 4-16. Effect of injecting Tween after mAb-1 on surface adsorption to a silica surface
at pH 5.5.
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The TIRF technique shows good reproducibility in measuring mAb-1 behaviour at
the surface at pH 7.4 as demonstrated by overlap of the profiles which represent the
adsorption phase, up to the point at which Tween was injected (Figure 4-17). The
exception to this was the profile for 1 mM Tween 80 which was displaced upward by
approximately 1 mg/m?. Rapid desorption of mAb-1 from the silica surface was
observed apart from Tween 80 below its CMC (Figure 4-17). MAb-1 displacement
by Tween 20 was almost complete for both below and above the CMC as
demonstrated by approximately 1 mg/m? mAb-1 remaining compared to ~12 mg/m?
for bare silica at the plateau (Table 4-4). The quantity of mAb-1 desorbed by Tween
80 was less with adsorption values of 7 and 2 mg/m? for below and above the CMC
respectively. These data show that with respect to mAb-1 desorption, Tween 20

affinity for the silica surface was greater than that of Tween 80.

No Tween
—().05 mM Tween 20
1mM Tween 20

il =5 UM Tween 80

o

[‘J 1000 2000 3000 4000

1 mM Tween 80

MADb-1 surface coverage (mg/m32)
(=]

Time (s)

Figure 4-17. Effect of injecting Tween after mAb-1 on surface adsorption to a silica surface
atpH 7.4.
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Formulation MADb-1 adsorption at MADb-1 adsorption at

pH 5.5 (mg/m?) pH 7.4 (mg/m?)
Control (No Tween) 5.46 12.12
0.05 mM Tween 20  0.23 1.07
1 mM Tween 20 1.05 0.94
5 uM Tween 80 1.39 7.24
1 mM Tween 80 0.19 2.32

Table 4-4. The effect of injecting Tween 20 and 80 at concentrations below and above their

CMC on mAb-1 surface adsorption to a hydrophilic silica surface at pH 5.5 and pH 7.4.

4.4.4.4 Investigation of mAb-1 adsorption to a hydrophobic surface

In order to mimic immunoglobulin adsorption to hydrophobic plastic surfaces, silica
was silanised with OTS from n-hexane to produce an octadecyl monolayer
(McGovern et al., 1994). The kinetics of mAb-1 adsorption were investigated at pH
5.5 with adsorption observed on the silica surface to be approximately double that on
the OTS-coated silica surface (ca. 4 mg/m? compared to ca. 2mg/m?) (Figure 4-18).
This suggests a reduced number of mAb-1 molecules per unit area which would
result in a decreased fluorescent signal. TIRF does not provide layer formation data
which was investigated using NR. The ‘solid-state’ CD and AFM data showed that
mADb-1 secondary structure was lost on an OTS surface and had a low level of
adhesion (section 3.4, Figure 3-12 and Figure 3-18) which corroborates the reduced
adsorption determined from the TIRF data. MAb-1 retained its native state on silica
(section 3.4.3.1, Figure 3-17) and therefore would be able to pack tighter resulting in

the observed increase in fluorescent signal.
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Figure 4-18. MADb-1 surface adsorption (at a concentration of 0.01 mg/mL and a shear rate

of 6s™) from a buffer at pH 5.5 was found to be influenced by surface energy.

4.4.45 Injection condition 1 — Effect of co-dissolved Tween on mAb-1 adsorption
to a hydrophobic surface
The presence of co-dissolved Tween on mAb-1 adsorption to a simulated plastic
surface was investigated. Tween 80 had a minimal effect on mAb-1 surface
adsorption with no difference in concentration observed (Figure 4-19). This is in
contrast to the effect observed for Tween 20, for which concentration had a clear
influence on the extent of mAb-1 surface adsorption. Below the CMC of Tween 20,
mADb-1 surface adsorption increased from the point at which adsorption to bare silica
was beginning to plateau. The increase in adsorption was approximately linear with
no plateau being reached in the duration of the experiment. On the other hand,
Tween 20 above its CMC decreased adsorption by ~ 0.5 mg/m? compared to the

control.
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Figure 4-19. Co-dissolved Tween affects mAb-1 surface adsorption, at a concentration of
0.01 mg/mL, to an OTS-coated silica surface at pH 5.5 using a shear rate of 6s™. Surface
adsorption values were: No Tween (control) - 1.90 mg/m?% 0.05 mM Tween 20 — 2.43
mg/m?;, 1 mM Tween 20 — 1.41 mg/m?; 5 uM Tween 80 — 1.76 mg/m?; and 1 mM Tween 80
—1.77 mg/m?.

4.4.4.6 Injection condition 2 — Effect of Tween injection prior to mAb-1 on
surface adsorption to a hydrophobic surface
MADb-1 adsorption to the hydrophobic OTS surface was dependent on the
concentration of Tween used during the pre-coating step. Above the CMC, both
Tween 20 and 80 pre-coated surfaces reduced mAb-1 adsorption compared to the
control by approximately 50 % (Figure 4-20). Adsorption had reached a near steady
state as for the control to the OTS surface pre-coated with Tween 20/80 above their
CMC. The opposite was the case for Tween 20/80 below their CMC, which
increased mAb-1 adsorption by 1-2 mg/m? although adsorption had not ceased

increasing (Figure 4-20). However, as with adsorption under the two alternative
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Tween injection scenarios, the absolute change in mAb-1 adsorption was small

compared to that observed for the silica surface. This is discussed further in section

45.7.
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Figure 4-20. The concentration of Tween used to pre-coat an OTS-coated silica surface has
a large influence on immunoglobulin surface adsorption at pH 5.5. Surface adsorption values
were: No Tween (control) - 1.90 mg/m?; 0.05 mM Tween 20 — 3.23 mg/m* 1 mM Tween 20
—1.14 mg/m?; 5 uM Tween 80 — 2.58 mg/m?; and 1 mM Tween 80 — 1.26 mg/m®.

4.4.4.7 Injection condition 3 — Effect of Tween injection after mAb-1 adsorption
to a hydrophobic surface

Injection of Tween through the TIRF flow cell at a constant rate after mAb-1 resulted

in antibody desorption from the surface, the degree of which was dependent on

surfactant concentration (Figure 4-21). In contrast to desorption from the silica

surface (Figure 4-16), Tween 80 below its CMC rapidly desorbed mAb-1 before

reaching a near steady state of ca. 0.5 mg/m>. Above the CMC, rapid desorption by

Tween 80 was also observed however, the final adsorption level was less than that
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seen below the CMC. At the end of the data collection period, desorption by Tween
20 was not complete as shown by the adsorption values still decreasing. These
findings are in contrast to those observed for desorption of mAb-1 from the silica
surface, where Tween 20 desorption was more rapid and to a greater extent than
Tween 80. Desorption of mAb-1 from the surface is determined by the affinity of the
two Tween surfactants for the specific surface which supports the explanation made

for the silica surface data.

The TIRF profiles for adsorption of mAb-1 prior to Tween injection showed a large
variability (Figure 4-21). The surface of the octadecyl monolayer is likely to be less
consistent than bare, cleaned silica slides despite the formation of the self-assembled
monolayer overnight which aids the formation of a homogenous layer. The scale of
the y-axis for mAb-1 adsorption to the OTS-coated surface is over a smaller range
than for silica. Thus any minor deficiency in the OTS layer may result in larger
observed changes in the fluorescence profile despite the numerical difference being
small. The profile of Tween 20 below its CMC was the most similar to the control
during the adsorption phase compared to the remaining 3 solution profiles which

were displaced downward.
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Figure 4-21. Injection of Tween after mAb-1 led to desorption from an
octadecyltrichlorosilane (OTS)-coated silica surface at pH 5.5. Surface adsorption values
were: No Tween (control) - 1.90 mg/m?; 0.05 mM Tween 20 — 0.53 mg/m% 1 mM Tween 20
—0.25 mg/m?; 5 uM Tween 80 — 0.46 mg/m?; and 1 mM Tween 80 — 0.30 mg/m®.

4.4.4.8 Effect of storage in a pre-filled syringe on mAb-1 surface adsorption

Formulations for subcutaneous injection are typically stored in pre-filled syringes for
ease of delivery. The effect of storage at 4 °C for 2 months was investigated using 2
types of syringe, CZ staked syringe and a BD syringe, and a glass vial (control).
MADb-1 was stored at a concentration of 28 mg/mL in pH 7.4 buffer then diluted to a
concentration of 0.01 mg/mL which satisfied the Leveque equation. Figure 4-22
shows that storage of mAb-1 at a concentration of 28 mg/mL in a CZ staked syringe
or a BD syringe had no effect upon immunoglobulin surface adsorption. Although
the data may indicate that mAb-1 is stable during storage in the syringes, the
concentration used in the study was below that used for subcutaneous injection and

so it may not be fully representative of the effect on a formulation. Due to the sample
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volume and concentration required for TIRF analysis (as required for maintenance of
the transport-limited model), it was not possible to use a high concentration as is

typical in protein formulations.
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Figure 4-22. Effect of mAb-1 storage at a concentration of 28 mg/mL in CZ staked

syringe or BD syringe on surface coverage.

4.45 Characterisation of mAb-1 surface fraction and orientation using
neutron reflectivity (NR)
In order to gain a better understanding of the nature of the mAb-1 layer(s) adsorbed
to the silica and OTS-coated silica surfaces during the TIRF experiments, and
therefore improve interpretation, NR was used. Reflectivity profiles produced by the
NR experiments allow possible models of how mAb-1 adsorbed to the silica and
OTS surfaces as a result of a change in mAb-1 concentration and pH. In general, a
theoretical SLD value of a protein is calculated for an assumed H/D exchange of 70

%. However, for the mAb-1 layer in D,O the theoretical SLD value calculated for
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H/D exchange of 70 % had to be changed to be able to fit the data to the parameters
and obtain the best agreement (as determined by the x* value). Using a 70 % H/D
exchange, the surface fraction for the mADb-1 layer was greater than 1.0 which is not
possible. Fitting of the NR data suggested that the mAb-1 layer was saturated (the
surface fraction was 1.0), and so from the data fitting a theoretical SLD value was
calculated using an H/D exchange of 50 %. Using this exchange rate, a theoretical
SLD of 2.57 x 10° A? was generated which was used to calculate the surface
fraction for all subsequent protein layers. Although the SLD value for mAb-1 has
been calculated using a lower H/D exchange than is usual, a reduced H/D exchange
has been found for lysozyme adsorbed to a silica surface compared to in bulk
solution (Larsericsdotter et al., 2004). In a saturated layer, mAb-1 would be tightly
packed thus reducing exposure to the solvent phase and the subsequent H/D

exchange.

In contrast to the requirements for the TIRF experiments in which low concentrations
had to be used to satisfy the Leveque equation, NR did not have this constraint.
Concentrations which could realistically be used in protein formulations could be
studied (50 to 150 mg/mL), however, due to sample concentration and volume

restrictions the concentration was limited to a maximum of 5 mg/mL.

Over the range of mAb-1 concentrations investigated, a distinct difference in
adsorption to the hydrophilic (SiO, which is the equivalent of the bare silica in the

TIRF experiments) and hydrophobic (OTS-coated SiO,) surfaces was apparent.

A clear fringe at a Q value of 0.09 A was evident in the reflectivity profiles for

mADb-1 adsorbed to the SiO, substrate from pH 5.5 buffer (Figure 4-23). Two
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additional fringes could also be seen, one at a Q value higher and one lower than the
main fringe. The same features were observed for all mAb-1 concentrations
investigated. A similar result was found in the profiles for adsorption from buffer at
pH 7.4 (Figure 4-24). In fitting of the reflectivity data for the bare SiO; substrate in
D,0, a very thin layer was included with a thickness of 1.5 to 3.5 A and an SLD of
0.35 t0 0.61 x 10°® A% as this improved the fitting process in terms of the ¥ values.
This layer suggested the presence of a sporadic hydrogenous layer which was
assumed to have been left as a result of the cleaning process (using Piranha solution)

(Marsh et al., 1999, Kreiner et al., 2009).

Log Reflectivity

Figure 4-23. Reflectivity profile for MADb-1 adsorbed to a SiO, surface at bulk
concentrations of 50 (black), 200 (grey), 500 (red), 2000 (green) and 5000 (blue) mg/mL in
acetate buffer pH 5.5 (prepared using D,0). Data points are shown as empty circles, with the
fitted reflectivity profiles shown as solid lines in the same colour. For clarity, reflectivity
profiles for increasing bulk concentrations are sequentially offset in the ordinate by a factor

of 10g100.5.
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Figure 4-24. Reflectivity profile for MAb-1 adsorbed to a SiO, surface at bulk
concentrations of 50 (black), 200 (grey), 500 (red), 2000 (green) and 5000 (blue) mg/mL in
acetate buffer pH 7.4 (prepared using D,0). Data points are shown as empty circles, with the
fitted reflectivity profiles shown as solid lines in the same colour. For clarity, reflectivity
profiles for increasing bulk concentrations are sequentially offset in the ordinate by a factor
of 10g100.5.

At both pH 55 and 7.4, the SLD profiles showed a bilayer model up to a
concentration of 2000 mg/L (Figure 4-28). N-sigma analysis for bilayer and trilayer
models was statistically in favour of bilayer formation for both pH values studied

(Table 4-5 and Table 4-6).
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[mAb] 1 layer Degrees of N_sigma 2 layer Degrees N_sigma Additional

mg/L 2 freedom 1 layer x2 of 2 layers  layer
freedom

50 7.46 3 51.51 1.98 6 8.27 Yes

200 6.95 3 47.42 1.87 6 7.37 Yes

500 1050 3 75.66 2.47 6 12.21 Yes

2000 8.85 3 62.51 2.15 6 9.66 Yes

5000 1186 3 86.41 551 6 36.67 Yes

Table 4-5. N_sigma analysis of mAb-1 adsorption to a SiO, substrate at pH 5.5.

[mAb] 1 layer Degrees of N_sigma 2 layer Degrees  N_sigma Additional

mg/L 2 freedom 1 layer 12 of 2 layers  layer
freedom

50 8.39 3 58.86 3.67 6 21.89 Yes

200 7.24 3 49.70 3.28 6 18.70 Yes

500 9.36 3 66.57 3.08 6 17.11 Yes

2000 9.94 3 71.17 6.82 6 47.20 Yes

5000 1264 3 92.62 5.70 6 38.16 Yes

Table 4-6. N_sigma analysis of mAb-1 adsorption to a SiO, substrate at pH 7.4.

The pH of the buffer from which mAb-1 was adsorbing to the surface and the
solution concentration was shown from the SLD profiles to determine both
orientation and surface fraction (Figure 4-23 and Figure 4-24; Table 4-7 and Table
4-8). At pH 5.5, the protein fraction of the layer in direct contact with the SiO,
surface (the inner layer) was approximately 1.0 compared to the calculated fraction at
pH 7.4 which ranged from 0.82 to 0.94. The layer thickness was greater at pH 7.4
which shows that the orientation of mAb-1 is different at the two pH values studied.

The crystal structure of mAb-1 used here is not known, however, based on the
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dimensions determined for an immunoglobulin by Silverton et al., (1977) and Harris
et al., (1998) it is likely that at pH 5.5 mAb-1 adsorbed in a side-on manner when
present at a low concentration which underwent a transition to end on upon an
increase in concentration (Figure 4-25). The thickness of the layer was 95 A at 50
mg/L which became 130 A at 5000 mg/L which approximately correspond to the

length and width dimensions of a mADb.

low bulk concentration mAb-1  ====seesssssssseanenees P high bulk concentration mAb-1

Figure 4-25. Cartoon depicting mAb-1 orientation on the SiO, surface at pH 5.5 and pH 7.4

and the change in orientation with the increase in bulk solution concentration.

The protein surface fraction of mAb-1 adsorbed at pH 5.5 was higher than at pH 7.4
with no increase observed as the concentration increased. The thickness of the inner
mADb-1 layer when adsorbed from buffer at pH 7.4 increased from 130 to 207 A as
the solution concentration increased (Table 4-8). At pH 5.5, the outer layer remained
in a side on orientation up to the highest concentration studied with the protein
fraction indicating the layer to be sparse (Table 4-7). The most notable re-orientation

of the mADb-1 layers took place at pH 7.4 when the highest concentration of 5000
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mg/L was investigated. Up to this concentration, the inner layer was adsorbed in an
end on orientation and the outer layer in a side on manner. At 5000 mg/L a sparse
third layer formed on the SiO, surface with all three layers becoming oriented in an
end-on manner (depicted in Figure 4-25). The protein surface fraction at pH 7.4 is
reduced compared to pH 5.5 which would be expected for mAb-1 adsorbed end-on
as the footprint would be less. The fraction increased with mAb-1 concentration from
2000 to 5000 mg/L which indicated that additional molecules adsorbed during the

bilayer to trilayer transition.

[mADb] Layer 1 Layer 2 Layer 1 protein Layer 2 protein
mg/L thickness (A) thickness (&) fraction fraction

50 95 60 0.99 0.22

200 102 62 1.00 0.24

500 115 63 1.00 0.27

2000 117 66 1.01 0.29

5000 130 70 1.01 0.31

Table 4-7. MADb-1 layer thickness and protein fraction when adsorbed to SiO, from buffer at
pH 5.5 prepared using D,0.

[mADb] Layer 1 Layer 2 Layer 3 Layer1 Layer 2 Layer 3

mg/L thickness thickness  thickness  protein  protein  protein
(A) (A) (A) fraction fraction fraction

50 131 68 - 0.90 0.17 -

200 133 68 - 0.88 0.26 -

500 141 67 - 0.85 0.15 -

2000 160 69 - 0.82 0.14 -

5000 207 145 178 0.94 0.25 0.15

Table 4-8. MAD-1 layer thickness and protein fraction when adsorbed to SiO, from buffer at
pH 7.4 prepared using D,0.

214



The reflectivity profile for mAb-1 adsorbed to the OTS-coated SiO; surface showed
a single fringe at Q of 0.1 A™ (Figure 4-26 and Figure 4-28). The OTS layer was
found to be 17 A thick with a negative SLD of ~0.76 x 10 A which is similar to
previously fitted data for an OTS substrate (thickness of 16 A and SLD -0.5 + 0.3 x
10° A (Lu et al., 1998)).

Log Reflectivity

Figure 4-26. Reflectivity profile for MAb-1 adsorbed to OTS-coated SiO, surface at bulk
concentrations of 50 (black), 200 (grey), 500 (red), 2000 (green) and 5000 (blue) mg/mL in
acetate buffer pH 5.5 (prepared using D,0). Data points are shown as empty circles, with the
fitted reflectivity profiles shown as solid lines in the same colour. For clarity, reflectivity
profiles for increasing bulk concentrations are sequentially offset in the ordinate by a factor

of logy00.5.

The surface fraction and layer thickness increased upon the transition from low to
high mAb-1 concentration (Table 4-9). These data suggest reorientation of mAb-1 on
the OTS surface (Figure 4-27). Analysis of 1-layer and 2-layer protein models at the
OTS-coated surface using N-sigma was statistically in favour of a mAb-1 monolayer

as shown by smaller y° values (Table 4-10).
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[mAD] Layer 1 Layer 1 protein
mg/L thickness (A) fraction

50 99 0.12
200 107 0.15
500 113 0.19
2000 119 0.21
5000 125 0.23

Table 4-9. Layer thickness and protein fraction of mAb-1 adsorbed to an OTS-coated SiO,
substrate from buffer at pH 5.5 prepared with D0.

pH 5.5

SiOg layer

Figure 4-27. Cartoon depicting mAb-1 orientation on the OTS-coated SiO, surface at pH 5.5

and the change in orientation as a result of the concentration increase in bulk solution.

[mAb] 1layer Degrees N _sigma 2 layer Degrees N_sigma Additional

mg/L 2 of 1 layer x2 of 2 layers  layer
freedom freedom

50 506.82 3 3161.63 2.34 6 9.08 Yes

200 501.91 3 313094 1.66 6 4.71 Yes

500 535.64 3 3341.76  3.58 6 19.98 Yes

2000 52941 3 3302.82 1.95 6 6.54 Yes

5000 500.67 3 3123.18 3.86 6 18.76 Yes

Table 4-10. N_sigma analysis of mAb-1 adsorption to an OTS-coated SiO, substrate at pH
5.5.
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Figure 4-28. Fitted SLD profiles for reflectivity data for mAb-1 adsorbed to SiO, from
solutions in acetate pH 5.5 (A) or PBS pH 7.4 (B), and to OTS-coated SiO, from solutions in
acetate pH 5.5 (C) prepared with D,O. Profiles are shown as the distance from the silicon-

SiO; interface and labels are used as a guide for the SLD of each layer.
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4.5 Discussion

4.5.1 Fluorescent labelling and contribution to the signal intensity

The ratio of FITC label to mAb-1 in these studies was approximately 1:1 with a
minimal difference in the precise ratio being calculated between each labelled protein
batch. However, this was not of great concern as different labelling densities have
been shown to produce the same protein surface adsorption kinetics (Wertz and
Santore, 1999). Fluorescein undergoes self-quenching due to Forster resonance
energy transfer between nearby fluorescein molecules and it has been reported that
due to this process an increase in labelling ratio does not correspond to an increase in
fluorescence (Lakowicz et al., 2003). Adsorption of a labelled 1gG-like domain pair
with FITC has been observed to occur with no bleaching of the fluorophores (Pereira
et al., 2008) and thus bleaching was not expected to take place in this study. The
Alexa Fluor 488 5-SDP label has previously been used to label three proteins (1gG,
HSA, and fibrinogen) for the investigation of adsorption using TIRF (Ding and

Hlady, 2011) demonstrating its suitability in this study.

The FITC and Alexa Fluor 488 5-SDP labels were not found to adsorb to the silica
surface which is similar to a previous study of adsorption of FITC to a
hexadecyltrichlorosilane self-assembled monolayer (Wertz and Santore, 1999). The
presence of a label was therefore assumed not to influence the kinetics of mAb-1
adsorption as has been shown previously for proteins labelled with FITC (Malmsten
et al., 1997). The contribution of labelled protein in the bulk solution was found to be
minimal as a sharp drop off in signal was not observed when labelled mAb-1 was

removed from the flow channel (Figure 4-8).

218



Relaxation of labelled protein at the surface could also influence the fluorescent
signal. At near steady state fluorescence, a drift in the signal would signify relaxation
of the protein and changes in the fluorescence. The TIRF profile of mAb-1 at near
steady state in the absence of surfactant (Figure 4-6) did not demonstrate a drift in the
fluorescent signal. This suggests that over the duration of the run, any relaxation of
the adsorbed mADb-1 layer does not affect the fluorescent signal. This is supported by
the relaxation of albumin and fibrinogen at the surface also having been found not to
alter the fluorescent signal (Wertz and Santore, 1999). The ‘solid-state’ CD data in
section 3.4.3 showed mADb-1 to largely retain its native structure upon adsorption to a
silica surface, and it was therefore assumed that adsorption during the TIRF

experiments would take place with mAb-1 in its native state.

4.5.2 Calibration of raw fluorescence data

The calibration of raw fluorescence data to allow the conversion from arbitrary units
(AU) into a quantitative adsorption unit would ideally be undertaken by obtaining
radioactive measurements of the amount of adsorbed radio labelled protein. This
method has previously been used for BSA labelled with FITC and tritium to quantify
the adsorption observed in the TIRF experiments. It was found that a linear increase
in fluorescence intensity of a labelled protein adsorbed to a surface corresponded to a
linear increase in the protein concentration on the surface (Lok et al., 1983a, Lok et
al., 1983b). However, this method was not used in this study for a number of reasons:
(1) it would be required for each slide surface tested; (2) a standard curve would be
required to relate radioactivity to protein quantity and decay would have to be taken
into account; (3) it would require a suitable non-denaturing radio labelling procedure

and; (4) radioactivity is avoided if at all possible due to safety concerns.
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To avoid the use of a radioactive label, a secondary technique such as Brewster angle
microscopy can be used to calibrate a TIRF system. For example, the increase in the
fluorescent signal of a labelled polymer investigated using TIRF has been found to
be linear and proportional to the quantity of adsorbed polymer (Fu and Santore,
1998). The TIRF data produced in the experiment by Fu and Santore (1998) was
externally calibrated using a near Brewster internal reflection optical reflectometer.
This calibration data was then used in further experiments by the authors. It was
found that the fluorescence intensity produced as a result of adsorption of albumin
and fibrinogen to a surface could be converted to a quantitative measure of protein
adsorption providing the diffusion coefficient was known. The quantity of the two
proteins determined to be adsorbed to the surface were consistent with previous
findings supporting the validity of conversion of fluorescence data to protein surface
adsorption using the Leveque equation (Lok et al., 1983a, Nygren and Stenberg,

1988).

An alternative TIRF calibration method has been used for the proteins lysozyme and
chymotrypsin A. Through initial measurement of fluorescence under conditions
during which adsorption was not expected to occur, any subsequent increase in
fluorescence detected upon addition of protein solution was inferred to be due to
adsorption to the surface. It was found that a linear increase in fluorescence
corresponded to a linear increase in lysozyme surface adsorption, a similar result was
also observed for chymotrypsin A (Shibata and Lenhoff, 1992b). A further study by
the same authors identified transport limited adsorption for lysozyme and
chymotrypsin A using TIRF (Shibata and Lenhoff, 1992a). Thus, by knowing the

protein concentration and diffusion coefficient, the quantity of protein adsorbed to
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the surface can be derived from the rate change of fluorescence intensity using the
Leveque equation. This holds under the condition that the increase in fluorescence
intensity detected using TIRF is transport limited, shown by a linear increase in

fluorescence with increasing protein concentration.

Calibration of the raw fluorescence data using the TIRF set-up in this study had been
accomplished in a previous investigation which compared TIRF data for an
immunoglobulin domain pair known to adsorb to bare silica in an irreversible
manner at surface saturation (Pereira et al., 2008) to neutron reflectivity data for the
same protein (Kreiner et al.,, 2009). A range of bulk concentrations of the
immunoglobulin domain pair were injected into the TIRF cell and the fluorescence
signal measured. The signal at the point a steady state had been reached following
protein adsorption and rinsing with a buffer was then calibrated against the neutron
reflectivity data which had been fitted for the domain pair adsorbed to the surface
over the same concentration range and following a buffer rinse. As the same TIRF
set-up was used in these experiments, which meant that calibration of the raw
fluorescence data had been carried out, the fluorescence units (AU) were converted

to surface coverage for the non-identical but related immunoglobulin protein.

4.5.3 Confirmation of transport limited adsorption

For mAb-1, surface adsorption was transport limited (which is necessary to satisfy
the Leveque equation) up to a concentration of 0.25 mg/mL (Figure 4-5). The
requirement of transport limited adsorption is necessary to ensure laminar flow of
mADb-1 to the surface and not a turbulent flow. Consequently, TIRF is not a suitable
technique for the investigation of concentrations typically used in protein

formulations. In addition to this, the maximum shear rate which could be selected
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was 42 st (4.0 mL/h) and thus the concentration of mAb-1 and shear rate used
during the TIRF experiments was restricted. Similar to the findings for mAb-1,
adsorption of BSA and fibrinogen has been shown to no longer be transport limited
at high concentration (> 100 mg/L) or shear rate (above 41 s™) (Wertz and Santore,

1999, Lok et al., 1983a).

At high shear strain rates, aggregation and precipitation of an 1gG4 (Biddlecombe et
al., 2007) and recombinant human growth hormone (Maa and Hsu, 1997) have been
shown to occur, however, at the low shear rate used in this study aggregation and
precipitation of mAb-1 due to shear is not expected. In the absence of an air/liquid
interface, two factors were identified as being important in the formation of large
soluble 1gG4 aggregates: pH and nanometer-scale surface roughness (Biddlecombe
et al., 2009). The TIRF system used in this study was closed and therefore
aggregation induced by exposure to an air-liquid interface is unlikely to be a factor in

mAb-1 surface adsorption.

45.4 MAD-1 adsorption is affected by co-dissolved Tween

Adsorption of mAb-1 in the presence of Tween 20 and 80 was found to be strongly
dependent on both Tween concentration and pH. Above the CMC, Tween 20 and 80
presence reduced mAb-1 surface adsorption to silica at pH 5.5 (Figure 4-12) which
was in contrast to the increased adsorption observed at pH 7.4 (Figure 4-13). The
increase in adsorption at pH 7.4 was unforeseen as the higher concentration of
Tween would be expected to compete with mAb-1 for surface binding sites.
However, it is likely that the co-dissolved Tween above its CMC saturated the silica
surface and non-specific binding sites on mAb-1. MAb-1 will remain in its native

state in this scenario, as shown by the CD data (section 2.4.3, Figure 2-21), although
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in a non-specific complex with the Tween. The retention of native structure is
predicted from calorimetry data in this study for Tween interaction with mAb-1 and
previously calorimetry data for a recombinant human 1gG (Hoffmann et al., 2009a).
In this situation the mAb-1-Tween complex would approach the silica surface which
Is also saturated with Tween. It would therefore be possible for self-assembly of
Tween chains at the silica and mAb-1 surfaces to occur thus driving the observed
increase in mAb-1 surface coverage at pH 7.4. This increase could result from a
change in protein packing and/or the formation of multiple mAb-1 layers which
would both be demonstrated in the TIRF profiles simply as an increase in the
quantity of protein adsorbed. The length of the alkyl chain of the Tween molecules
(section 1.5.4, Figure 1-6) was anticipated to affect affinity for the silica surface. The
shorter C12 alkyl chain of Tween 20 was expected to show an increased affinity for
the silica surface compared to the C18 alkyl chain of Tween 80, the opposite being
the case for the OTS-coated surface. However, the TIRF profiles showed their effect

in reducing mAb-1 adsorption on the silica surface to be similar at pH 5.5.

At a concentration above the CMC (1 mM in this study), Tween would be in the
form of micelles and expected to remain so when present in the TIRF cell. In this
scenario there will also be monomers which will likely fill the non-specific binding
sites on mAb-1 and adsorb to the surfaces investigated. An increase in the entropy of
the system would be required for the micelles to dis-assemble and drive them onto
the silica surface which would be thermodynamically unfavourable. However,
Tween 80 micelles are known to be highly dynamic and readily dis-assemble (Amani

et al., 2011). Individual Tween monomers would therefore become present in the
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solution, and thus be free to compete with mAb-1 for surface binding sites which

would account for the decreased adsorption observed at pH 5.5 (Figure 4-12).

Co-dissolved Tween below the CMC decreased mAb-1 surface adsorption at both pH
5.5 and 7.4 (Figure 4-12 and Figure 4-13). The data suggest that the affinity of the
Tween molecules for the silica surface is greater than that for the mAb-1 surface
which led to a reduction in protein adsorption. The greater affinity for the silica
surface may be as a result of the interaction of the silica surface hydroxyl groups
with the polyethylene glycol (PEG) head groups of the Tween. The TIRF adsorption
profiles were characterised by a transient peak upon co-injection. Initial adsorption
of mADb-1 at pH 5.5 when co-dissolved with 0.05 mM Tween 20 increased to a level
greater than that of the control (~7 mg/m? compared to ca. 5.5 mg/m?); however,
adsorption was of a similar level to that observed for co-dissolved Tween 80 below
its CMC at pH 7.4 (~7.3 mg/m?). The transient peak is indicative of competition
between free mAb-1 and Tween molecules in solution with the latter competing with
mADb-1 for surface sites. It is most probable that this is due to the difference in the
diffusion coefficients, the value for Tween 80 is five-orders of magnitude smaller
than that of mAb-1: 1.8 x 10™® cm?/s compared to 1.99 x 10™** cm?/s calculated using
the Stokes-Einstein equation as described in 4.3.2. Inclusion of 0.01 % (w/v) Tween
80 has been found to reduce IgG1 surface adsorption to nylon (from ~1920 to ca.
170 pg/17 cm? filter surface) and cellulose acetate surfaces by approximately 76
ng/17 cm? filter surface (from 90 to 12 pg/17 cm? filter surface) (Mahler et al.,
2010). The finding in this study and that by Mahler et al., (2010) are in contrast to
findings for lysozyme, in which Tween 80 co-dissolved with lysozyme at 80 ppm did

not affect lysozyme adsorption (Joshi and McGuire, 2009).
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A kinetic experiment using NR was undertaken using co-dissolved Tween 20 (at a
concentration of 0.05 mM) in order to attempt to gain a better understanding of the
processes taking place during the transient adsorption phase. However, transient
immunoglobulin adsorption was not observed and due to time constraints no further

Kinetic experiments with co-dissolved Tween were carried out.

45.5 MAD-1 adsorption to pre-coated Tween surfaces

The second injection scenario was the flow of Tween through the TIRF cell prior to
injection of mADb-1 to investigate adsorption to pre-coated Tween surfaces. Pre-
coating of the silica surface with Tween was expected to change the functional group
present on the surface to which mAb-1 would be exposed (from —OH (Zhuravlev,
1993) to a PEG group). Characterisation of the Tween surfaces demonstrated a
change from the silica control surface with data showing the surface to be more
hydrophilic and have a greater level of adhesion for mAb-1 (section 3.4, Table 3-6
and Figure 3-13). As discussed in 3.5.2 Tween 20/80 were not expected to form a
densely packed ordered ‘brush border’ on the surface in this study which is in
contrast to tri(ethylene glycol) which has been shown to form a brush border which
repels proteins (Skoda et al., 2009). The Tween surfaces were therefore assumed not
to be protein repellent, which was found to be the case in this study as demonstrated
by the increased mAb-1 adsorption observed on a hydrophilic surface at pH 7.4
(Figure 4-15) and to a hydrophobic surface coated with Tween below its CMC
(Figure 4-20). The observed mAb-1 adsorption to the Tween coated surfaces is
consistent with findings in the literature which showed a PEG surface facilitated
protein adsorption (Sheth and Leckband, 1997a, Efremova et al., 2001). It has been

suggested that protein adsorption to PEG surfaces is due to rearrangement of the
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PEG backbone and interaction with the ethylene oxide unit (Sheth and Leckband,
1997a, Efremova et al., 2001). This explanation could similarly be correlated with
the data obtained in this study which showed mAb-1 adsorption to the Tween coated
surfaces.

The ‘solid-state’ CD spectra showed the native structure of mAb-1 to be retained
upon adsorption to Tween coated silica beads (3.4.3.3, Figure 3-21), however,
Dichroweb analysis showed that the quantity of B-sheet loss and increase in a-helical
content in mADb-1 was greater on the Tween coated surfaces than on silica. These
data demonstrate that structural changes in mAb-1 are highly likely upon adsorption
to the Tween coated surfaces in the TIRF experiments here, but extensive unfolding
is unlikely. Tween 20 was found to generate a more hydrophilic surface than Tween
80 (3.4.2.2, Table 3-6), and therefore would better maintain adsorbed mAb-1 in its
native state thus permit tighter packing on the surface. As a result of tighter packing
there would be an increase in the number of mAb-1 molecules per unit area and
consequently an increase in the fluorescent signal detected during the TIRF
experiments. The hydrophilicity of the Tween 80 coated surface increased to a lesser
extent (3.4.2.2, Table 3-6) and correspondingly the signal was expected to increase
by a smaller degree (compared to silica control).

However, the hydrophilicity of the Tween coated surfaces was not found to
determine mAb-1 adsorption at pH 5.5 as shown by decreased mAb-1 adsorption to
all four pre-coated Tween surfaces (Figure 4-14). The differences in adsorption data
at pH 5.5 corresponded to the increased loss of mAb-1 structure on the pre-coated
surfaces with Tween above its CMC as suggested by Dichroweb analysis (section

3.4.4.3, Table 3-18). The nrmsd value was high for surfaces coated with Tween
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below the CMC and so the calculated percentages of mAb-1 secondary structure may
not be accurate (section 3.4.4.3, Table 3-18). The reduced mAb-1 adsorption to the
Tween coated surfaces at pH 5.5 (Figure 4-14) is similar to findings for a surfactant
coated silica surface which likewise did not inhibit protein adsorption but led to a

reduction in the quantity adsorbed (Lichtenbelt et al., 1993).

In contrast to mAb-1 adsorption at pH 5.5 (Figure 4-14), the hydrophilicity of the
Tween coated surfaces influenced mAb-1 adsorption at pH 7.4 (Figure 4-15). The
water contact angle of a Tween 20 coated surface was approximately 10° less than
that of a Tween 80 coated surface. The TIRF data showed that the level of mAb-1
adsorption was greater on Tween 20 coated surfaces than on surfaces which had been
coated with Tween 80. Therefore, the TIRF data obtained for adsorption of mAb-1 to

the silica surface coated with Tween at pH 7.4 agrees with the Dichroweb data.

It has been suggested that PEG chains exist either in a protein repellent or a protein
attractive state (Efremova et al., 2001). The TIRF profiles for mAb-1 adsorption to
the Tween surfaces in this study at pH 7.4 agree with this suggestion, as adsorption
was increased by the presence of Tween 20 on a surface compared to Tween 80
which caused a decrease in mAb-1 adsorption (Figure 4-15). The ability of a Tween
coated surface to repel mAb-1 will be also be affected by packing of the surfactant
molecules and therefore access to non-specific binding sites. Tighter packing of
Tween 20 than Tween 80 at the air-liquid interface has been found with the
difference attributed to the difference in their structures (Ruiz-Pena et al., 2010)

(Tween structures are shown in section 1.5.4, Figure 1-6).
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The interaction between a hydrophilic surface and Tween has previously been found
to be weaker than that with a hydrophobic surface owing to the lack of hydrophobic
interactions (Joshi and McGuire, 2009). In the investigation by Joshi and McGuire
(2009) injection of the protein lysozyme onto a surface which had been pre-coated
with Tween 80 (similar to the experiment in this study) desorbed the Tween from the
surface. Lysozyme was subsequently found to adsorb to the surface to a similar
extent to that observed on bare silica (Joshi and McGuire, 2009). In the study here,
mAb-1 adsorption at pH 7.4 on surfaces which had been pre-coated with Tween 80
was similar to that of bare silica which corroborates the findings by Joshi and
McGuire (2009). However, this was not found to be the case in this study for Tween
20 coated surfaces at pH 7.4 (on which mAb-1 adsorption increased) or pre-coated

Tween surfaces at pH 5.5 (to which mAb-1 adsorption decreased).

45.6 Tween desorption of mAb-1 from a hydrophilic surface

The third and final Tween injection condition investigated was injection of mAb-1
followed by Tween. MADb-1 was desorbed from the silica surface by injection of both
Tween 20 and 80 at concentrations below and above their CMC at the two pHs (pH
5.5 and 7.4) investigated (Figure 4-16 and Figure 4-17). The extent of mAb-1
desorption was dependent on the type of Tween and concentration injected. The
kinetics of Tween adsorption and displacement of mAb-1 must be rapid as
desorption of mAb-1 by Tween took place almost immediately upon injection. MAb-
1 desorption was only slow for Tween 80 below its CMC, which could be a result of
the concentration being 10-fold less than that for Tween 20 (this was necessary to
achieve concentrations below the CMCs of Tween and 20 and 80). Under the flow

conditions, continuous ‘arrival’ of Tween molecules at the surface can be envisioned.
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It consequently appears that the absolute concentration of Tween is of more
relevance than concentration with regard to the CMC. The concentration of Tween
20 in a wash solution has been shown to affect the degree of protein adsorption, as
evidenced by a concentration of 0.5 % w/v being more effective than 0.005 % wi/v
(Feng et al., 1995). This was also found to be the case in this study, with 5 pM
Tween 80 being the least effective at desorbing mADb-1 from the silica surface. The
process of mAb-1 desorption from the surface most likely takes place via the
phenomenon termed orogenic displacement. Orogenic displacement is a three step
mechanism: (1) adsorption of the surfactant to defects in the protein layer on the
surface; (2) expansion of the surfactant sites and compression of the protein film
which increases in thickness and; (3) displacement of the protein from the surface
(Mackie et al., 1999, Mackie et al., 2000b). This process of protein displacement by
surfactants has been shown for the globular proteins B-casein and B-lactoglobulin
from the air/water and oil/water interface by various surfactants including Tween and
sodium dodecyl sulphate (SDS) (Mackie et al., 1999, Mackie et al., 2000a, Gunning

etal., 2004).

Nevertheless, mAb-1 was not desorbed fully by Tween 20/80 below or above their
CMC as the initial baseline value did not return to that prior to mAb-1 injection into
the cell upon completion of the run. This finding suggested that the adsorbed protein
population was heterogeneous. A similar result has been observed with residual
adsorbed antibody detected on a hydrophilic (You and Lowe, 1996) and hydrophobic
surface (Oom et al., 2012) post desorption by surfactant. The finding indicates that
mADb in direct contact with the surface adsorbs irreversibly and the subsequent layers

are reversibly bound. In contrast to these studies, only a small decrease in the layer
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thickness of a mAb on a silica surface has been observed after injection of Tween 20
(Lichtenbelt et al., 1993). Similar to the study by Lichtenbelt et al., (1993) desorption
of the protein lysozyme from a silica surface was largely unaffected by Tween 80

injection (Joshi and McGuire, 2009).

4.5.7 MAD-1 adsorption to a hydrophobic surface and the effect of Tween

Comparison of mAb-1 adsorption to the silica and OTS-coated silica surface was
proposed as a means of mimicking adsorption to plastics such as
polypropylene/polystyrene which may be encountered during processing. MADb-1
adsorption to the hydrophobic OTS surface was reduced compared to that on the
hydrophilic (silica) surface to ~2 mg/m? compared to ~5.5 to 12 mg/m? (Figure 4-18
and Figure 4-11). This result is consistent with that of previous data showing reduced
antibody adsorption to surfaces with a range of wettabilities (Zangmeister, 2012).
The mAb-1 surface loading of ~2 mg/m? determined from the TIRF profile is similar
to that observed for lysozyme on a hydrophobic surface, although there will be
differences in the size and architecture of the two proteins (Joshi and McGuire,
2009). The lower mAb-1 surface loading on the OTS-coated silica following surface
adsorption can be explained by protein relaxation. Surface relaxation of a protein has
been suggested to occur via a two-step process: first, an interaction takes place
between the protein surface and the interface which has rapid kinetics (seconds) and;
secondly, the hydrophobic core of the protein becomes exposed to the interface the
kinetics of which are slower and dependent on both the interface and protein (Xu and
Siedlecki, 2007a). In the scenario where there is extensive protein relaxation and a
large loss of protein tertiary structure, the layer formed will be much thinner thus

reducing surface loading as a result of the protein footprint being increased.

230



The extent of mAb-1 adsorption to a hydrophobic surface from a co-dissolved Tween
solution was dependent on the Tween. Adsorption in the presence of Tween 80 did
not differ from the control which was the opposite of that observed for Tween 20
(Figure 4-19). The percentage decrease in mAb-1 adsorption to the hydrophobic OTS
surface was, in general, less than that observed from the hydrophilic surface (silica)
when co-dissolved with Tween (a reduction of ~25 % compared to circa. 55-85 %).
In contrast to the findings in this study for mAb-1 adsorption to a hydrophobic
surface in the presence of Tween 80, adsorption of lysozyme to a hydrophobic
silanised surface in the presence of the same surfactant was reduced, with an
increasing Tween 80 concentration causing a greater decrease. The adsorption
kinetics of lysozyme-Tween 80 at the highest Tween concentration (80 ppm) was
similar to that of Tween 80 alone which suggested Tween was the dominant force
when present at high concentration (Joshi and McGuire, 2009). The adsorption of a
hydrophilic and hydrophobic mAb has been shown to have surface loadings very
similar to the results obtained in this study: surface loading of ~ 5 and 10 mg/m? to
bare silica, and ~ 2 mg/m? and negligible in the presence of Tween 80, for the
hydrophilic and hydrophobic mAb respectively (Oom et al., 2012).

The surface energy of the Tween coated OTS surfaces was found not to differ
significantly from that of OTS alone (section 3.4.2.3, Table 3-8) and it was therefore
anticipated that mAb-1 adsorption to the different surfaces would be similar. The
TIRF data showed that mAb-1 adsorption was decreased when surfaces were coated
with a Tween concentration above the CMC; on the other hand, mAb-1 adsorption to
OTS surfaces coated with Tween below the CMC increased (Figure 4-20). The

reduced mAb-1 adsorption indicates the binding interaction with surface coated with
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Tween above its CMC is not as favourable. This finding in agreement with that of
adsorption of the protein lysozyme to a hydrophobic surface pre-coated with Tween
80 which occurred but was reduced compared to a bare hydrophobic surface (Joshi
and McGuire, 2009). The increase in mAb-1 adsorption on the Tween coated
surfaces (below their CMC) suggested an decrease in the hydrophobicity of the
surface which is consistent with data for a polysorbate-coated octadecyl monolayer
(section 3.4.2.3, Table 3-8). The observed differences in the effect of Tween
concentration on mAb-1 adsorption are consistent with data in the literature which
found that the concentration of Tween 20 used to coat a modified silicon surface

determined the reduction in protein adsorption (Boxshall et al., 2006).

Surfactant molecules adsorbed at a hydrophobic solid/liquid interface have been
shown to partially orientate themselves with the ethylene glycol groups towards the
aqueous solution (Fragneto et al., 1996). This finding by Fragneto et al., (1996)
together with those of Sheth and Leckband (1997) and Efremova et al., (2001),
which show protein interaction with a PEG surface, could account for the increased

mADb-1 adsorption to the Tween coated OTS, and silica, surfaces in this study.

MADb-1 was largely desorbed from the hydrophobic OTS surface as a result of Tween
injection (Figure 4-21). Over the duration of the mAb-1 injection phase, irreversible
binding to the surface was low as demonstrated by desorption as a result of Tween
injection. This is in contrast to the minor desorption by Tween 20 of a mAb from a
polystyrene latex surface (Lichtenbelt et al., 1993). The concentration of Tween 80
injected has also been found to determine the extent of desorption of a different
protein, lysozyme, from a hydrophobic surface. At 20 ppm, Tween 80 did not desorb

lysozyme but at 80 ppm the adsorption values were comparable to that of Tween

232



alone which suggested the adsorbed protein had been replaced by Tween molecules
(Joshi and McGuire, 2009). The effect of Tween 80 concentration on mAb-1
desorption in this study was less dramatic as the quantity of mAb-1 adsorbed to the
surface at run completion was similar for both concentrations (Figure 4-21). A small
difference in the degree of mAb-1 desorption between the two Tween 20
concentrations was observed, however, it must be noted that a steady state plateau

had not been reached at the end of the run duration.

45.8 MAD-1 surface adsorption after storage in pre-filled syringes

MADb formulations for subcutaneous injection are frequently distributed in pre-filled
syringes. These syringes are coated with silicon oil as a lubricant for ease of
injection, however, silicon oil has been implicated in the aggregation of antibodies
(Jones et al., 2005). To establish if storage in pre-filled syringes affected adsorption
of mADb-1 two syringe types were investigated along with a control glass vial. MADb-1
surface adsorption after storage in the two syringe types did not differ from that of

the (control) glass vial (Figure 4-22).

Adsorption of mAbs to silicone oil has been identified previously with aggregation
being found to occur only if the sample is agitated (Thirumangalathu et al., 2009).
The mADb-1 storage samples (in CZ staked and BD syringes) in this study were static

and so the findings are in agreement with those of Thirumangalathu et al., (2009).

Proteins are known to adsorb to the surfaces of pharmaceutical containers (Burke et
al., 1992) and also at the silicone oil/water interface with adsorption found to be
largely irreversible (Dixit et al., 2012). In the present study it is therefore possible

that mAb-1 adsorbed to the syringe irreversibly and only antibody free in solution
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was investigated in the TIRF experiments. MADb adsorption to glass particles, which
was largely irreversible, has been identified (Bee et al., 2010) in addition to
adsorption to stainless steel needles of pre-filled syringes (Bee et al., 2010). These
findings support the suggestion that the TIRF experiments were most likely carried
out using mAb-1 which was free in solution and thus did not investigate the real

effect of adsorption to the syringe surfaces on subsequent surface adsorption to silica.

TIRF is not able to investigate adsorption of mAb-1 to the syringe and needle surface
in situ. A method does exist which is able to investigate adsorption of therapeutic
proteins to container surfaces which makes use of the binding capacity of gold
nanoparticles to proteins (Eu et al., 2011). Adsorption of a therapeutic protein (150
kDa) was found to preferentially take place on non-siliconised glass syringe surfaces
as shown by staining with gold nanoparticles. On the siliconised syringe surface, a
complete lack of gold nanoparticle staining was detected which showed the protein
did not adsorb to the siliconised surface. A hydrophobic plastic and hydrophilic glass
vial surface were also investigated. As for the siliconised syringe, adsorption of the
protein to the hydrophobic plastic surface was not detected compared to gold staining
over the entire surface of the glass vial indicating a large degree of protein adsorption

(Euetal., 2011).

4.5.9 MAD-1 adsorption at the molecular level

Surface adsorption of mAb-1 was investigated at two pH values, 5.5 and 7.4, and as
shown by the TIRF profiles, adsorption to the silica at pH 5.5 was less than at pH 7.4
by approximately 5.5 mg/m? (Figure 4-11). The pH of the solution therefore has a
clear effect on mAb-1 adsorption. The proximity of the buffer pH to the pl of a

protein has been previously shown to affect the degree of surface adsorption, with
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the adsorption of selected 1gGs reported to be higher at a pH close to their pl (Buijs
etal., 1996, Wang et al., 2008b). This was also the case for mAb-1 in this study (with
a pl of 8.9) as adsorption was found to be greater at pH 7.4. A monoclonal 1gG with
a pl of 5.8 adsorbed to silica and methylated silica surfaces to a greater extent at pH
4 and 6 than at pH 8 (Buijs et al., 1996). Adsorption of a mADb (type IgG1) with a pl
of 6 to a silica surface at pH 6 was higher than at either pH 4 or 8; > 3 mg/m? at pH 6

compared to ~2.5 and < 1 mg/m? at pH 4 and 8 respectively (Wang et al., 2008b).

The net surface charge on silica is known to alter with pH (Behrens and Grier, 2001),
although the difference in the zeta potential is small as shown by the range over pH 7
to 12 being between -60 and -70 mV (Mathes and Friess, 2011). A decrease in pH to
the mildly acidic conditions at pH 5.5 reduced the negative potential of the silica
surface to approximately -50 mV (Mathes and Friess, 2011). At pH 5.5 and 7.4 mAb-
1 is expected to have a net positive charge, and therefore electrostatic interactions
will be the dominant force in the surface interactions (Mathes and Friess, 2011). The
adsorption plateau of two IgGs and their Fy, fragments is dependent on electrostatic
interactions, when the net charge on the protein increased the quantity adsorbed to
the surface decreased (Buijs et al., 1995). In addition to electrostatic interactions, the
charges present on the surface and the protein can reduce adsorption through
electrostatic repulsion between individual molecules and between surface and protein
(Wang et al., 2008b, Buijs et al., 1996). These findings show that solution pH affects
the extent of protein surface adsorption. The structure of three mAbs (two IgG4, one
type 1gG1) has been shown to not be affected at pH 6, which is nearer to the pH used
in this study (Ejima et al., 2007). The pH of the buffer is therefore not expected to

affect the conformational stability of mAb-1 in this study.
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From the calculated surface loading for mAb-1 at pH 7.4, it is likely that adsorption
has taken place in the form of multiple layers. This is based on a theoretical
calculation of a packed antibody monolayer which would have a surface loading
range of 1.3-2.7 mg/m? for dimensions of 146 x 135 x 69 A (Harris et al., 1998), to
3.9 mg/m? for a sphere of 80 A (Oom et al., 2012). The values expected from these
two models are both less than the surface loading of approximately 10 mg/m?
obtained here for mAb-1 adsorbed to bare silica. It is therefore expected that mAb-1
adsorption took the form of at least a bilayer. Through interpretation of the neutron

reflectivity data the suitability of this model for adsorbed mAb-1 is discussed.

The reflectivity profiles generated by the NR experiments suggested that adsorption
of mAb-1 to the SiO, surfaces at pH 5.5 and 7.4 is a complex process dependent
upon pH and protein concentration. A mAb-1 bilayer was fitted to the NR data at
concentrations up to 2000 mg/L at both pH 5.5 and 7.4 (Table 4-7 and Table 4-8).
The inner and outer mAb-1 layers adsorbed to the SiO, surface at pH 7.4 were
thicker than at pH 5.5 but the surface fractions were marginally less. The differences
in layer thickness and SLD can be explained by modelling the NR profiles of the
adsorbed mAb-1 to different orientations at pH 5.5 and 7.4. The crystal structure of
mADb-1 is not known, however, the dimensions of mAbs has been suggested to be
between 142 x 85 x 38 A (Silverton et al., 1977) and 146 x 135 x 69 A (Harris et al.,
1998). At pH 5.5 mADb-1 adsorbed in an orientation between ‘side-on’ and ‘end-on’
at 50 mg/L as indicated by the layer thickness of 95 A. The surface fraction of mAb-
1 was near saturation at 50 mg/L, and so in order for additional molecules to adsorb
to the surface mADb-1 tilted into an ‘end-on’ orientation. The orientation of the inner

mADb-1 layer adsorbed to the SiO; surface from pH 7.4 buffer was ‘end-on’ from 50
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to 2000 mg/L (Table 4-8). Adsorption in the ‘end-on’ orientation may be due to the
charge on the silica surface repelling regions of mAb-1 which have a high number of
acidic amino acid residues. As the pH of the buffer increased it would have become
further away from the pK, of the side chains of Aspartic acid and Glutamic acid (pK,
3.9-4.3). The negative potential of these regions would increase thereby creating
electrostatic repulsion from the silica surface. The pKa of the basic residues Lysine
and Arginine side chains is 11.1 to 12.0 and so it would not be likely that the charge

present would differ significantly between pH 5.5 and 7.4.

The thickness of the outer layer at pH 5.5 for all concentrations studied and at pH 7.4
up to 2000 mg/L suggested that mAb-1 adsorbed in a ‘flat-on” orientation based on
the crystal structure of a mAb (Harris et al., 1998). The thickness and protein fraction
increased with concentration but the protein surface fraction calculated from the SLD
values implied that the outer layer was sparse (Table 4-7 and Table 4-8). The most
dramatic change in mAb-1 orientation and layer thickness took place at 5000 mg/L
when adsorbed from a buffer at pH 7.4. In addition to the re-orientation of the outer
layer to an ‘end-on’ position (thickness of 145 A), a second outer layer formed in
which mAb-1 was also in the ‘end-on’ orientation. The dimension of the inner layer
increased to 207 A which was greater than the dimension which should be possible
from the values established for the crystal structure of mAbs (Harris et al., 1998,
Silverton et al., 1977). It is unlikely that mAb-1 unfolded on the surface upon the
increase in bulk concentration to 5000 mg/L as the thickness of the layer suggests
mADb-1 was in an ‘end-on’ orientation. Unfolded protein would form a thin layer on
the surface which would be spread out as was found to be the case for lysozyme on a

hydrophobic surface (Lu et al., 1998). Adsorption of a murine mAb to a silica surface
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has been shown using AFM to form heterogeneous surface aggregates and NR
profiles demonstrated a three-layer model at higher concentrations which is in
agreement with the findings in this study (Xu et al., 2006b). Fitting of the NR data,
led to a model being suggested in which adsorption of mAb-1 to the surface took
place in the form of oligomers (soluble aggregates) which has previously been shown
for mADbs at high concentration (Kukrer et al., 2010). However, the N-sigma analysis
of the reflectivity profile of mAb-1 adsorbed to SiO; at a concentration of 5000 mg/L
(from buffer at pH 7.4) fitted to a three layer model compared to a two layer model

indicated a lower degree of confidence in the model being correct (Table 4-6).

There is a precedent for protein re-orientation upon an increase in concentration. An
IgG-like domain pair adsorbed to a SiO, surface as a monolayer oriented in a side-on
manner at low concentration, which re-orientated to become end-on with the
formation of an outer layer at high concentration (Kreiner et al., 2009). The process
of 1gG-like domain adsorption was comparable to the surface pressure area isotherm
of surfactants (Harvey et al., 2004). At low surfactant concentration at an air-liquid
interface the surfactant tail can adopt a wide range of conformations and there is little
interaction between neighbouring molecules. As the concentration is increased, the
area available to each molecule decreases resulting in the surfactant tails adopting a
vertical arrangement and interacting with the adjacent molecules. Adsorption of
mADb-1 to the SiO, surface in this study differed from this process as the protein
surface fraction was close to 1.0 at the lowest concentrations studied and therefore

indicated close packing regardless of the protein concentration used in this study.

The NR data demonstrated that mAb-1 formed a sparse monolayer adsorbed to the

OTS-coated SiO, surface in a side-on orientation at low concentration which moved
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toward end-on with increasing concentration (Table 4-9). These data argue against
unfolding of mAb-1, despite the ‘solid-state’ CD data showing it to take place on an
OTS-coated silica surface (3.4.3.1, Figure 3-18) and lysozyme being found to unfold
on an OTS-coated surface (Lu et al., 1998). Monolayer formation of a monoclonal
human 1gG1l on a hydrophobic self-assembled monolayer has been identified
previously using quartz crystal microbalance. At a low concentration the mAb was
oriented in a flat-on position with a low surface fraction, as the concentration was
increased the mAb bound to the surface in an end-on orientation and the surface
fraction increased (Wiseman and Frank, 2012). The authors suggested that as the
concentration was increased, the mAb adsorbed to available surface binding sites in
an end-on orientation or desorbed the mAb present on the surface in a flat-on
position replacing them with molecules in a side-on or end-on orientation. As for
mADb-1 in this study, the orientation of tropoelastin has been shown to be affected by
surface hydrophobicity. Tropoelastin formed a dense heterogeneous monolayer on
silica in an end-on manner compared to a hydrophobic OTS on which adsorption

took place along the length of tropoelastin (Le Brun et al., 2012).
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4.6 Conclusions

Through the use of TIRF and NR, adsorption of mAb-1 to hydrophilic silica from
buffer at pH 5.5 and 7.4 and to hydrophobic OTS-coated silica from pH 5.5 was
studied with changes in surface loading, layer number and antibody orientation

determined through data interpretation.

The affinity of Tween 20 and 80 for the surface, hydrophilic silica or hydrophobic
OTS, was responsible for the extent to which mAb-1 was desorbed. The
concentration of Tween and injection point was important in determining the extent
of mAb-1 adsorption. MAb-1 injected simultaneously (injection condition 1) or to a
silica surface pre-coated with Tween above its CMC (injection condition 2) did not
attenuate subsequent adsorption. A fraction of mAb-1 remained irreversibly adsorbed
to the surface after injection of Tween 20/80 (injection condition 3) which suggests a
multilayer system with irreversibly and reversibly adsorbed layers. Despite the
principle reason for polysorbate inclusion in protein formulation being to prevent
aggregation, the data in this study demonstrated a secondary effect of their inclusion

was the control of surface adsorption.

Adsorption of mAb-1 to hydrophobic surfaces was clearly reduced compared to that
observed for hydrophilic surfaces with no evidence of unfolding over the duration of
the TIRF or NR experiments. It was observed in the TIRF profile that mAb-1
adsorption to silica at pH 5.5 (away from the pl of 8.99) was reduced. The NR data
suggested the molecular arrangement at the surface at this pH (pH 5.5) was more
complex than simply electrostatic forces reducing adsorption. MAb-1 formed a
bilayer when adsorbed to a silicon substrate at pH 5.5 with a transition in its

orientation from side-on to end-on as the concentration increased. A change in buffer

240



pH resulted in extensive reorientation of the mAb-1 layer in direct contact with the
silica surface. An end-on orientation was favoured at pH 7.4 with adsorption taking
place in the form of soluble oligomers at the highest concentration and forming a

non-uniform triple layer.

241



Chapter 5.  Overall Summary

In this study the interaction between mAb-1 and polysorbates in the bulk solution
and at solid/liquid interfaces has been investigated. It was shown that a specific
binding interaction does not take place between mAb-1 and Tween 20/80 or the
Pluronic triblock copolymers. This does not however exclude the possibility that a
transient non-specific interaction does take place. The native secondary structure was
minimally affected by surfactant presence with the exception of Pluronic L61. In
addition to this, surfactant inclusion did not affect mAb-1 thermal transition
temperatures. MAb-1 solution stability is therefore not influenced by a direct
antibody-surfactant interaction or an increase in thermal stability. The
characterisation of the interaction in bulk solution was necessary for the investigation
of mAb-1 surface adsorption in the presence of surfactant. It was determined that
mADb-1 adsorption was due to the antibody interacting with the surface and was not

driven by an interaction with surfactant adsorbed to the surface.

MADb-1 was attracted to hydrophilic surfaces and weakly attracted to hydrophobic
surfaces as shown by AFM force of adhesion data. This suggested that selection of a
hydrophobic surface could reduce the degree of antibody loss from solution due to
surface adsorption. However, ‘solid-state’ CD spectra the data showed that in
general, mAb-1 secondary structure was maintained on a hydrophilic surface with a
varying degree of loss upon adsorption to a hydrophobic surface A correlation does
not exist between surface characteristics or force of adhesion and the loss of mAb-1

native secondary structure.
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A hydrophobic surface is effective at reducing mAb-1 adsorption as demonstrated by
both the TIRF data and neutron reflectivity profiles which showed a monolayer
formed on a hydrophobic surface compared to a bilayer or trilayer on a hydrophilic
surface. Re-orientation of the mAb-1 layers on the silicon surface occurred with
increasing bulk concentration. MAb-1 adsorption was greater at pH 7.4 than pH 5.5
which can be accounted for by the formation of a trilayer at pH 7.4. The
concentration of Tween and time of injection with respect to mADb-1 influenced the
degree of antibody adsorption. A proportion of mAb-1 remained adsorbed to the

surface which suggests that both reversible and irreversible adsorption took place.

The findings in this thesis add to the knowledge base in the area of protein
pharmaceutics. The interaction of a monoclonal antibody with the commonly used
polysorbate surfactants has been characterised in the bulk solution and at solid/liquid
interfaces with the effect of their presence on antibody adsorption being found to
differ. It has been shown that the choice of surfactant, concentration and the time of
injection with respect to the protein all influence the degree to which adsorption is
attenuated. This study has also shown that TIRF and ‘solid-state’ CD are bench top
techniques which could easily be incorporated into the formulation process. A
drawback of TIRF is the inability to investigate surface adsorption of a protein at a
pharmaceutically relevant concentration. ‘Solid-state’ CD is able to investigate the
effect surface hydrophobicity on protein structure and could therefore be utilised
during processing for the selection of surface materials which prevent or reduce the
loss of native structure and the potential for immunogenicity due to aggregate

formation.
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Chapter 6.  Future work

The surface energy and water contact angles of the silanised surfaces in this study
could approximately be arranged into two groups based on the values obtained; those
which were hydrophilic (water contact angle ca. 45° and vy of ca. 42) and those which
were hydrophobic (water contact angle ca. 100° and y of ca. 25). It would therefore
be informative to study surfaces which have a hydrophilicity between those of the
two groups identified in this study to further investigate the effect of surface on both
protein adhesion and structure. Additionally, the structure of mAb-1 on surfaces
which had been coated with TCPS and TCOS was comparable to that of the native
structure in solution and thus could potentially reduce surface adsorption without
causing protein unfolding. A more detailed characterisation of these two surfaces
through the use of techniques such as AFM, ellipsometry, Raman spectroscopy, and
NR could provide information on the thickness and homogeneity of the layer.
Analysis using both TIRF and NR as in this study to investigate mAb-1 adsorption to
these surfaces would increase the understanding of how these surfaces repel mAb-1
but do not affect structure. These findings would determine if the surfaces could

indeed be utilised during processing and storage to reduce protein adsorption.

As shown in this study TIRF cannot be used to investigate protein adsorption at
concentrations typically used in therapeutic formulations. However, further
investigation of adsorption using this technique could be undertaken with the
additional excipients used in formulations (e.g. non-reducing sugars such as trehalose

and sucrose) to more closely mimic the anticipated adsorption which would take
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place. This would enable conclusions on potential loss of protein concentration from

formulations to be made.

The transient adsorption curve observed in the TIRF profiles for mAb-1 adsorption
when co-dissolved with Tween 20 and 80 below their CMC requires further
investigation to establish the nature of this finding. This transient adsorption was not
detected during the NR experiments, however, this technique could provide a greater
understanding of this process through optimisation of the parameters such as protein
and surfactant concentrations and the time frame of each data collection period.
Ellipsometry could also be used to investigate this process as it would provide
information on the layer thickness during the adsorption and desorption phases
(Wang et al., 2008b). AFM has been used previously to investigate protein
desorption by surfactant via orogenic displacement using Langmuir-Blodgett films
(Mackie et al., 1999, Mackie et al., 2000a). It would be possible to image the surface
as the co-dissolved mAb-1-Tween solution flowed over the surface which would

generate images of the adsorption/desorption process.

As each isotype and subclass of immunoglobulin differs it would not be possible
from the data produced in this study to draw conclusions on the effect of surfactant
on surface adsorption of different immunoglobulins. By investigating the surface
adsorption of an immunoglobulin in each isotype it would provide information on
any differences in adsorption between isotypes and act as a guide as to potential
adsorption which could be expected from formulations. In addition to this, analysis
of immunoglobulin fragment surface adsorption in the presence/absence of surfactant
would also be of benefit to the pharmaceutical industry as this type of therapeutic

protein is now available on the market (Elvin et al., 2013).
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A number of mADb fragment are available to treat conditions such as
ischaemia/angina and wet age-related macular degeneration (Elvin et al., 2013). The
effect of hydrophobicity on F,, and F, structure has been shown to differ (Vermeer et
al., 2001) and so it would be informative to separate mAb-1 into its individual
domains and investigate the effect adsorption on the structure and stability of each
individual domain. The F, fragments are known to differ between immunoglobulins
(Tetin et al., 2003) and thus surface hydrophobicity may affect the Fab fragment of mAb-1

differently. Additionally, as mAb-1 is of one immunoglobulin isotype it would be of
interest to investigate the effect of adsorption of a member of the four other
immunoglobulin isotypes to the silanised surfaces. The hydrophobicity of the surface
may affect the immunoglobulins to a different extent as a result of the differences in

monomer number and structure between the isotypes.
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Chapter 8.  Appendices

8.1 Appendix A — Differential scanning calorimetry (DSC) thermograms
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Figure 8-1. The differential scanning calorimetry (DSC) thermogram illustrating the effect

of Tween 20 inclusion on mAb-1 thermal stability.
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Figure 8-2. The differential scanning calorimetry (DSC) thermogram illustrating the effect

of Tween 80 inclusion on mAb-1 thermal stability.
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Figure 8-3. The differential scanning calorimetry (DSC) thermogram illustrating the effect
of Pluronic P103 inclusion on mAb-1 thermal stability.
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Figure 8-4. The differential scanning calorimetry (DSC) thermogram illustrating the effect

of Pluronic P123 inclusion on mAb-1 thermal stability.
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Figure 8-5. The differential scanning calorimetry (DSC) thermogram illustrating the effect

of Pluronic L43 inclusion on mAb-1 thermal stability.
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Figure 8-6. The differential scanning calorimetry (DSC) thermogram illustrating the effect

of Pluronic L61 inclusion on mAb-1 thermal stability.
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8.2 Appendix B — Plots of circular dichroism peak ratio against water contact

angle and surface energy
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Figure 8-7. Water contact angle against ‘solid-state’ CD peak ratio (195:218 nm) for mAb-1.
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Figure 8-8. Surface energy against the ‘solid-state” CD peak ratio (195:218 nm) for mAb-1.
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