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Abstract

The interaction of proteins with surfaces is fundamentally important to their function.
Within the biopharmaceutical industry, the interfacial interaction during the manufacture
and delivery can influence the stability of the protein, causing the proteins to unfold and
aggregate. The removal or suppression of protein aggregation from biopharmaceuticals is
desired as it has been linked with immunogenic reactions within the human body of the
patient. Building on previous studies [1–3], using an extensional flow device mimicking the
hydrodynamic forces that the biopharmaceuticals are encountered throughout their produc-
tion, the current work simultaneously investigates the e�ects of surface wettability/protein
formulation, and hydrodynamic flow on the aggregation of several biopharmaceutical
molecules. The aim of the project is to understand how protein stability can be enhanced
under the exposure of biopharmaceuticals to flow. The work, therefore, addresses the
investigation of the extensional flow on the aggregation of antibodies by considering its
application combined with other biophysical methods to study aggregation. Surprisingly,
protein aggregation was found to show a complex dependence on surface wettability:
surfaces with contact angles of 58° and 80° were able to suppress protein aggregation under
flow while more hydrophobic surfaces (94°) yielded aggregation similar to borosilicate
glass (47°). The protective e�ect of intermediate contact angle is compared to the use
of formulation excipients, including surfactants, which appear to minimise aggregation
via distinct surface and protein-mediated e�ects, respectively. The outcome of this work
can shed light into understanding the science of biopharmaceutical aggregation, as well
as the application of flow-based tools that can used during the development of protein-
based medicines. The aim of the final form of these developed medicine molecules is to
exhibit formulation properties which can withstand the fluid forces encountered during
manufacture. Together, the data collected in the current work, could lead to the design of
bioprocessing equipment and formulations which minimise flow induced aggregation of
pharmaceutical proteins and further underlines the importance of both flow and surfaces
in protein aggregation during manufacture.
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Chapter 1

Introduction

Therapeutic proteins, including monoclonal antibodies (mAbs), correspond to key products
among biopharmaceuticals through the advancement of recombinant DNA technology [13].
Presently, mAbs, represent the most important class of biologics, with 27 new antibody-
based drugs approved (out of 127 biologics) between 2016 and 2018 [34] with a market
projection of $300 billion by 2025 [35]. mAbs are used in the treatment of a diverse range
of diseases from rheumatoid arthritis to cancer [36]. Protein aggregation can have a critical
e�ect on therapeutic e�cacy and has been implicated in immunogenic reactions [37–39]
and in delivery to the patient, for example through clogging of constrictions found in auto-
injection devices [40]. Alongside the biopharmaceutical challenges that can be encountered
due to the protein aggregation of pharmaceuticals, protein aggregation has been also
associated with various human disorders. Specifically, the aggregation of proteins has been
reported as a common molecular mechanism found in several neurodegenerative diseases
including Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD),
amyotrophic lateral sclerosis (ALS) and prion diseases [41].

During manufacture, and given the number of processing steps (up to 5000 [42], compared
to 100s for a small molecule drug [43]), both understanding and controlling aggregation
is vital in achieving e�cient and viable manufacturing processes. Aggregation can take
place at many stages in the overall process including fermentation, pumping [44, 45] freeze-
thawing, purification by chromatography [46], fill-finish and storage [13, 47–50]. Proteins
can accumulate at surfaces [51] at all the stages, the extent of which depends on surface
characteristics such as hydrophobicity, charge and roughness [52, 53]. In the presence
of hydrophobic interfaces, protein denaturation can be encountered by the exposure of
protein’s hydrophobic core, which can result in self-association and finally aggregation [51].
In addition to the adsorption of therapeutic proteins to surfaces a�ecting delivery into
patients [12] (including pre-filled syringes [54–56]), such interactions may cause aggregation
of proteins [57].

The interaction of proteins with multiple interfaces, in combination with the mechanical
disruption of the interfaces under the application of mechanical stress throughout the
production line, can be conducive to causing protein aggregation [12]. The association
of proteins with several interfaces is also reported to be linked with the promotion and
amplification of protein aggregation [24, 54, 58, 59]. Protein surface adsorption is an
important phenomenon in biology, enabling their interaction with membrane surfaces [60]
and the ability of a variety of organisms to resist hydrodynamic flow [61–63]. Conversely,
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the fouling of surfaces with proteins is problematic both in vivo and in vitro. In the context
of the biotechnology industry, the unfavourable interaction of pharmaceutical proteins
with surfaces during and post-manufacture is of particular interest. Alongside the changes
in surface, the nature of the hydrodynamic forces that biopharmaceuticals encounter,
changes throughout their manufacturing process [58]. These include shear and extensional
flows [1, 2, 58, 64], as well as cavitation and air-water interfaces [65, 66]. The specific
interfacial stresses can be encountered throughout the stages of ultrafiltration/diafiltration
(air/liquid interface, shear, cavitation), formulation/mixing (air/liquid interface, shear),
filtration (filter/liquid interface, extensional flow), filling (air/liquid, solid/liquid, shear,
cavitation), transportation (agitation, air/liquid interface) and storage (container/liquid
interface) as summarised in [12].

Therefore, the stability of these biopharmaceuticals, is a desired attribute, and is a
constant challenge, particularly considering the chemical modifications that the molecules
can encounter throughout their complex steps involved during their manufacturing process
[67]. Stability is also an important property during the formation of bispecific molecules,
which are artificially engineered through the application of sophisticated molecular design
and genetic engineering [68].

The type of hydrodynamic flow which is responsible for contributing to the promotion
of protein aggregation is a controversial subject within the literature. Therefore, the
understanding of the mechanisms under which the proteins can aggregate is crucial for
developing and employing analytical methods that can be used to measure and identify
the formation and presence of aggregation. Many previous studies have implicated the
role of surface in flow-induced aggregation [12, 24, 58, 69–71]. An extensional and shear
flow device (EFD), which subjects proteins to controlled flow environments which mimic
those found in bioprocessing [58], has been previously developed in Leeds. Extensional
flow has the ability to induce protein aggregation [1], with mAb biopharmaceuticals being
particularly sensitive to these hydrodynamic forces [1–3].

In this work, the simultaneous role of surface, by modifying the surface of the EFD,
and hydrodynamic flow is evaluated on the aggregation of four IgGs, mAbs and a bispe-
cific molecule, corresponding to a total of five model proteins. Molecules include WFL
(MEDI1912) which is a potent inhibitor of nerve growth factor (NGF) and is a mAb with
known poor biophysical properties, including a propensity to aggregate under manufactur-
ing [72]. mAb1 is a generic IgG1 of not known target and has been previously characterised,
exhibiting moderate aggregation stability under flow, whereas STT (MEDI1912_STT)
is a mAb with known stability properties against aggregation). MEDI8852 and a fifth
bispecific molecule, MEDI3549, where both MEDI8852 and MEDI3549 have unknown
aggregation propensity profiles under flow. Modifying the solid interfaces of the EFD to
have a range of surface energies (interpreted through contact angle) allows the systematic
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study into the interaction of hydrodynamic forces and surfaces on mAbs. Alongside the
role of solid interfaces, the e�ect of liquid interfaces, using excipients, is corroborated
through further formulation studies.

1.1 Aims

The work, presented here, investigates the aggregation propensity of protein-based pharma-
ceutical products using flow-based tools. Such devices enable the detection of parameters
and conditions that a�ect the aggregation of proteins, which is crucial for the development
of safe and cost-e�ective biopharmaceutical materials. Using flow-based devices, an under-
standing of the flow induced aggregation can be developed, along with understanding the
e�ects of manufacturing conditions on proteins.

The aim of the project is to understand how protein stability can be enhanced under the
exposure of biopharmaceuticals to flow, by employing strategies including the incorporation
of interfaces. The incorporation of interfaces refers to the modification of equipment
surfaces, as well as the formulation conditions of proteins. The current study builds on
the work presented in previous studies [1, 2] in terms of the shear and extensional flow
and by implementing new parameters and particularly the incorporation of interfaces and
measurement techniques for studying the phenomenon of flow induce aggregation in the
presence of interfaces. To achieve a deeper understanding of the aggregation propensity
path, a set of objectives determines the strategy which will be followed in the present
work.

1.2 Objectives

1. Use of Computational fluid dynamics (CFD) to simulate the shear and extensional
flow which is expected to be applied on proteins within the extensional flow device
(EFD) and microfluidic flow channels. Characterise the regions of low shear flow,
extensional flow and high shear flow, understanding the forces applied from flow and
evaluate the performance against literature and experiments.

2. Conduct experiments on the currently developed extensional flow device by intro-
ducing surface treatment on the components of the device. Select test proteins and
suitable biophysical methods to determine aggregation propensity.

3. Expand the investigation to go beyond extensional and shear flows to include surface
interactions.

4. Investigate the enhancement of stability of molecules using formulation strategies
under flow, using excipients including arginine, sucrose, and surfactant molecules.
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1.3 Contributions

The contributions of this thesis in the field of biopharmaceutical aggregation are:

1. The computational flow characterisation of the molecules within flow channels and the
development of a microfluidic device which can be integrated in a current biophysical
method to study the e�ects of shear and extensional flow on early unfolding events
of proteins in a detailed level, which can identify the building blocks of proteins
which are responsible for initiating the aggregation process (chapters 4 & 5).
Outcome: The underpinning flow descriptions on which to build a more complex
investigation into surface and flow (and used in contributions 2-4).

2. The investigation of the e�ects of a surface library and its role in the aggregation
propensity of proteins during flow conditions, which are relevant to pharmaceutical
manufacturing conditions (chapter 6).
Outcome: Unpick mechanism of role of surface in aggregation.

3. The investigation of the e�ect of novel surfactant molecules and the characterisation
of their e�ects on aggregation within a range of analytical techniques investigating
their e�ects during the stages of manufacture and shipping of protein-based pharma-
ceuticals (chapter 7).
Outcome: Insights into the role of surfactant molecules within the mechanism of flow
induced aggregation.

4. The development of proof-of-concept studies that can be expanded in further work.
The application of microfluidic devices that can be advantageous in the study of
highly aggregation resistant molecules under flow as well as the further investigation
of the role of interfaces in systems which can represent the action of sliding interfaces
which can represent plungers and pistons, which are typically found throughout the
production line of protein pharmaceuticals (chapter 8).
Outcome: A road-map for extending the studies to include sliding interfaces in a
way they can be "unpicked" from extensional flow.

1.4 Thesis structure

The current thesis consists of 9 chapters, which will be described briefly here. Chapter 1,
introduces the reader to the motivations of the current work and the area of biopharma-
ceutical aggregation, along with the work’s aims, objectives and contributions to the field.
Chapter 2 introduces the area of biopharmaceutical aggregation by the presentation of
methodologies and techniques that are typically employed in the field, as well as the studies
which concern on the application of hydrodynamic flow and interfaces on the aggregation
of various proteins. In chapter 3, a theoretical background around the mathematical
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expressions that are employed to characterise the flow environment of protein within a
range of devices is presented, which is then followed by the computational characterisation
of the flow fields by the application of the theoretical expressions in chapter 4.

Next, in chapter 5, the experimental methods and materials are described, which are
then followed by the surface e�ects on aggregation which are presented in chapter 6. The
surface chapter is then followed by the surfactant chapter, presenting the e�ects of various
surfactant formulations on the aggregation of molecules in chapter 7, followed by the
proof-of-concept studies in chapter 8 presenting studies which can be further developed in
the future. Lastly, the conclusions’ chapter is then followed in chapter 9.
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Chapter 2

Literature Review

In this chapter, a review of literature is presented, including the current studies conducted
in the area of protein aggregation. The aggregation of biopharmaceuticals is a topic of
interest, since it has been found to be linked with the immunogenic reactions in vivo,
which results into a bad drug candidate in the biopharmaceuticals [10, 39]. Parameters
that can be denoted as physical and chemical, are linked with the induction of aggregation.
Hydrodynamic forces are considered to physically induce the aggregation of drugs during
the manufacturing or administration process. Filtration and transportation leading to
sample shaking can lead to the generation of hydrodynamic forces that initiate the
aggregation [39]. The literature review summarises the manufacturing process along with
the parameters that a�ect the formation of aggregates and highlights some of the studies
found to examine the relation of hydrodynamic forces on various areas, including the
interaction of a variation of interfaces.

Literature review structure

Analytically, an overview of the main topics which are covered within the literature review
chapter is shown in figure 2.1. The motivation of this chapter is firstly to give an overview
of the structure of an antibody which is the model protein investigated in this project
in section 2.1, followed by the process in which aggregation is suggested to be induced
in bulk conditions in section 2.2. The next section, 2.3, refers to the stages involved
in the manufacturing process of biopharmaceuticals and the steps which are critical for
potential aggregation. Then the factors that are reported to have direct e�ects on the
formation of aggregation are introduced in 2.4, followed by the commonly used techniques
developed in the literature, to study the phenomenon in 2.5, and the strategies which are
followed in order to minimise or prevent aggregation in 2.6. Next, the review covers the
e�ects of hydrodynamic forces on the aggregation and a variation of methods in which the
hydrodynamic forces can be developed in 2.7, followed by the e�ect of interfaces present
during their application in 2.8. Lastly, a summary of the literature is described, addressing
the main focus of the current literature in section 2.9.

2.1 Antibody structure

The unique attributes of antibodies have led to their successful development as therapeutic
molecules due to their properties. The high binding a�nity, long circulation times in
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2.1 Antibody structure

2.2 Protein folding, misfolding
and aggregation

2.3 Monoclonal antibody
manufacturing process

2.4 What drives aggregation?

2.5 Biophysical methods
to study aggregation

2.6 Strategies to
minimise aggregation

2.7 Hydrodynamic forces on
biopharmaceutical aggregation

2.9 Summary

2.8 E�ect of surface in
flow induced aggregation

Figure 2.1: Overview of the main sections covered in the literature review chapter.
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the blood stream, the well established methods for their identification, and the non-toxic
nature of their building blocks, amino acids, make antibodies attractive molecules for
treating disorders in the range of arthritis to cancer [73, 74].

A generic mAb structure consists of 12 domains, in four polypeptide chains, including
two heavy chains consisting of four domains each and two light chains consisting of two
domains that are connected via multiple disulfide bonds [9]. A folded monoclonal antibody
(mAb), as shown in figure 2.2, consists of two antigen binding domains (Fab), containing
the amino acid sequences that provide the specificity and a�nity of a given mAb to a
given epitope [10]. They also consist of one conserved domain (Fc). The Fab domains,
which are referred to as antigen-binding fragments, correspond to the antibody "arms"
and contain the variable domain of the heavy chain (VH), first constant domain of the
heavy chain adjacent to the VH domain (CH1), variable domain of the light chain (VL)
and constant domain of the light chain (CL) domains [9, 75]. The Fc domain, corresponds
to the "base" of the antibody, containing two second constant domain of the heavy chain
adjacent to the VH domain (CH2) and two third constant domain of the heavy chain
adjacent to the VH domain (CH3) domains and is referred to as the crystallisable domain
[9, 75]. A flexible hinge region connects the two domains, facilitating target binding
providing conformational flexibility [76]. Complementarity-determining regions, (CDRs)
mediate the antibody binding and are found in each variable domain, each containing
three CDRs [75]. The variation of VH and VL domains determine most sequence di�erences
between antibodies [75]. Depending on structure and function, antibodies are divided
into five isotypes such as IgG, IgA, IgM, IgE, and IgD. Based on the number of disulfide
bonds, especially in the hinge region, the IgG isotope can be divided into further four IgG
subclasses [9]. The most commonly used subtype is IgG1 although IgG2, IgG3 and IgG4
may be found, with IgG4 having di�erent anti-inflammatory mechanisms to be used for
the design of immunotherapies [9, 75, 77]. The four IgG subtypes are functionally distinct
because of di�erent heavy chain genes, di�er in their ability to fix complement (IgG3>
IgG1> IgG2> IgG4) and bind Fc receptors [78]. The most dominant subclass corresponds
to IgG1, up to 60-70% of the total IgG, followed by IgG2 (20-30%), IgG3 (5-8%) and IgG4
corresponds to the least frequent subclass (5%) [78].

2.2 Protein folding, misfolding and aggregation

When pharmaceutical products are under the stage of manufacture, it is expected to have
the development of net irreversible aggregates in most of the therapeutic proteins and over
time as products are stored, transported and/or administered to patients [10]. During the
manufacturing process, proteins are exposed into many chemical and physical e�ects which
can cause denaturation leading to aggregation. The aggregated proteins resulted from the
conformational changes can have an impact on the patient where the final pharmaceutical
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Figure 2.2: Antibody general structure. Fc, crystallisable fragment; Fab, antigen binding
fragment; V, variable domain; C, constant domain; L, light chain; H, heavy chain; S-S,
disulfide bond. Adapted from [9].

product is delivered to. Serious health issues such as adverse immunological responses
can be caused to the patient if even a small protein aggregate is within the delivery
system [79]. Therefore, the molecular nature of how di�erent aggregates form as well as
which aspects of the proteins and their sample environments alleviate this process and
whether the aggregation can be prevented is crucial. This could significantly reduce the
cost to the patient and the market in general, as well as reducing and preventing potential
immunogenicity of the future therapeutic products.

Protein aggregation can be defined as a term denoting the process by which protein
molecules can be assembled and stick to each other, composing stable complexes consisting
of two or more proteins [79]. The individual proteins, which can be denoted as the
monomers, could be composed of a single folded chain, multiple protein chains that are
disulfide bonded to one another such as with monoclonal antibodies (mAbs), or a natively
multimeric complex [79]. There are several pathways in which a protein can aggregate,
which can di�er depending on the environmental conditions, including di�erent types of
applied stress. The representation of various types of aggregates formed by therapeutic
proteins such as mAbs are illustrated in figure 2.3.

Monomers are composed of strong non-covalent bonds that require a degree of confor-
mational change to distort in to unfolding or misfolding so as the amino acids can be
stretched forming strong contacts that make up an aggregate between monomers as it can
be seen in figure 2.3.
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Figure 2.3: Schematic diagram illustrating multiple non-native aggregation pathways
for a multi-domain protein such as a monoclonal antibody (mAb) composed of a single
Fc fragment and two identical Fab fragments. Red strands denote hot spot sequences
that are prone to form strong, e�ectively irreversible inter-protein contacts that stabilise
aggregates, but are primarily hidden or buried in fully folded monomers. Double-arrows
denote e�ectively reversible steps. Single arrows denote irreversible steps. Adapted from
[10].

2.3 Monoclonal antibody manufacturing process

A typical manufacturing procedure is illustrated in figure 2.4. The production of bio-
pharmaceuticals can be separated into two main processes, known as the upstream and
downstream process. The manufacturing process of antibodies begins from the growth of
mammalian cells in suspension culture in large bioreactors. The majority of antibodies is
produced in eukaryotic cells such as Chinese Hamster Ovary (CHO) which is the most
dominant growth choice [80]. Aggregation can happen during cell culture, where the
aggregation process can be occurred within the cell and once the protein is secreted into
the cell culture medium [39, 48]. The aggregation at this stage can be limited by the
modification of cell culture conditions, such as the temperature and pH (among others)
[39].

The manufacturing procedure corresponds to a process with multiple steps, in which the
molecules are exposed to various interfacial stresses. Briefly, as reviewed in [11], the cell
culture corresponds to the first step of the upstream process, which is expanded from a
cell bank to a series of batch bioreactors of larger volume for cell expansion, and finally the
production bioreactor for protein expression. This step is then followed by the centrifugation
step required for the cell and cell debris removal, which is then followed by the depth
and membrane filtration. The purification process is then followed, which corresponds
to the downstream process of the manufacturing process as illustrated in figure 2.4. The
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purification of mAbs is then conducted by protein A a�nity chromatography, which
provides >98% purity in a single step [11]. The next step, which is the viral inactivation
step at low pH, inactivates viruses by the elution of the products from the adsorbents at
low pH. Further removal of impurities is then conducted by two chromatography steps,
cation exchange (CEX) chromatography and anion exchange (AEX) chromatography. The
last step of the process corresponds to the subsequent step of ultrafiltration/diafiltration
(UF/DF) which formulates and concentrates the final product.

Cell Culture Centrifugation Depth and Membrane
Filtration

Protein A
Chromatography

Low pH
Viral
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Cation Exchange
Chromatography

Anion Exchange
Chromatography Viral Filtration Ultrafiltration
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Figure 2.4: Flow diagram of the outline steps involved in a typical mAb manufacturing
process. Adapted from [11].

As the manufacturing process is quite complex, the molecules are exposed to various
types of interfacial stress that can be encountered throughout the stages of development,
manufacturing and clinical administration [12]. Analytically, the interaction of the in-
terfacial stress that can be found throughout the di�erent stages of biopharmaceutical
manufacturing is shown in figure 2.5. As reviewed in [12], during the drug substance
process, the molecules are exposed to a range of solid/liquid interfaces such as columns,
filters, processing equipment, container surface and ice during storage, involved in the
steps of the protein isolation and purification. The interaction of molecules with air/liquid
interface can be also found in the process of mixing and mechanical pumping operations.
Moving to the drug substance manufacturing process, the steps of thawing and mixing with
additional excipients induced the interaction of proteins with ice/liquid interface during
thawing, air/water interface during mixing exposing the molecules to shear flow conditions
before the filling process. In the steps of packing, transportation and administration,
air/liquid interfacial stress is found within the container’s headspace, agitation during
transportation and stress during clinical administration. In the final stage of clinical use,
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a range of solid/liquid interfaces are present from a range of surfaces and materials such
as plastics of IV bags, infusion sets, in-line filters, silicone oil and metals.
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Figure 2.5: Flow diagram displaying the types of interfacial stress occurring during unit
operations for drug substance, drug product manufacture, transportation and storage.
Adapted from [12].

2.4 What drives aggregation?

The rate of aggregation has been found to be settled by several factors in vivo and ex
vivo. Temperature, mechanical stress, pumping, freezing and formulation are some of the
parameters which are found to induce aggregation [13]. Particularly, biopharmaceutical
therapeutic proteins are exposed to a variation of stress conditions during the manufac-
turing, storage and shipping stages and their simultaneous interaction with flow-interface
environments as shown schematically in figure 2.6, and have been described previously in
section 2.3. Aggregation of biopharmaceuticals can be induced by process steps such as
fermentation, purification, filling, shipment and storage [13]. Additionally, formulation
parameters such as protein concentration, protein structure, temperature, pH and ionic
strength can control the aggregation rate [13, 81]. Therefore, the parameters that are
found to be related to inducing protein aggregation can be used as control means for
monitoring the aggregation.
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Figure 2.6: Interaction of biopharmaceuticals with flow-interface environments dur-
ing equipment interaction under bioprocessing (2.6a), filtration (2.6b), storage (2.6c),
transportation (2.6d), and administration conditions (2.6e).

2.4.1 Classification of protein aggregates

In literature, the classification of aggregates is commonly found since no precise under-
standing and definition of aggregates exist. The classification can be based according to
the environment where aggregates can be formed based in broad categories such as in vivo
versus in vitro [82] while the separation of aggregates is divided among others into soluble
and insoluble categories [83, 84]. However, these terminologies according to authors are
not clear and standard for everyone, therefore a more precise determination of the protein
aggregate classification has been defined. The classification of aggregates has been found
to be mostly based on the following categories [13]:

(a) by the type of bond: non-covalent aggregates versus covalent aggregates;

(b) by the reversibility: reversible versus irreversible aggregates [84];

(c) by size: small soluble aggregates (oligomers) versus large;

(d) by protein conformation: aggregates with predominantly native structure vs non-
native structure (partially unfolded species)

2.4.2 Factors favouring aggregation

Temperature is a common parameter used to accelerate protein aggregation since the
chemical reactions such as oxidation of biopharmaceuticals are accelerated under an
increase in temperature. The temperature increase is related, having e�ects including an
increase in protein di�usion and also enhancing the hydrophobic interactions which are
necessary for the occurrence of physical protein aggregation [85].

pH parameter can impact the behaviour of protein aggregation. This is due to the fact
that pH precepts the type and distribution of surface charges on proteins, a�ecting both
the intramolecular folding and intermolecular protein-protein interactions [85]. Related to
pH, ionic strength is also an important factor for monitoring protein aggregation. Di�erent
conformational states can be induced by the interactions between positive and negative
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ions, which bind or interact electrostatically with proteins, as they can be a�ected by the
ionic strength. This can lead to the generation of di�erent aggregation behaviours and
morphologies [85]. Protein concentration has also been reported in literature for having an
e�ect by enhancing the formation of protein aggregates. As it is referred in [85] increased
aggregation and precipitation due to solubility limit is induced by the increase in protein
concentration.

Protein denaturation which implies the low conformational stabilities of protein can be
prone to aggregate and can be achieved under the addition of chaotropic agents (among
other conditions and substances) such as guanidinium ion and urea [86]. Chaotropic
agents are reported to alter the stability of proteins by either direct binding to them or
modifying the solvent properties [87]. Guanidinium ion and urea, are the most commonly
used protein denaturants, as their association with denaturation lies in the increase in the
solubility of nonpolar substances in water. The ability to disrupt hydrophobic interactions
is stemmed from the e�ectiveness of the denaturants [86].

The phenomenon of aggregation can be also found during the manufacturing process of
biopharmaceutical products as a part of purification, formulation, shipment and storage
[13]. The fluid drag which is associated with the shear flow resulting from the mechanical
agitation of proteins, is linked with the denaturation and subsequent aggregation due
to the destabilised native structure of protein molecules [17]. This implies that the
understanding of the influence of fluid forces on the structural integrity of aqueous protein
systems, is important, as the shear flow is commonly found to be associated with protein
denaturation/aggregation, which simultaneously accompanied by the molecule interaction
with multiple interfaces.

2.5 Biophysical methods to study aggregation

The analysis of protein aggregation is an increasing challenge in the biopharmaceutical
industry. Since the morphology and structure of proteins vary from protein to protein,
there is no single analytical method that can be used for analysing the entire range
of pharmaceutical proteins. The encounter of artefacts between methods can be also
observed, as samples may be prone to stick to column membranes. Therefore, combination
of analytical methods can be applied for the aggregation detection. The detectable size
range of aggregates using a range of techniques is summarised in figure 2.7.

2.5.1 High Performance Size Exclusion Chromatography, HPSEC

The detection and quantification of protein aggregates (particularly used for monoclonal
antibodies), can be achieved using one of the most common analytical methods, which is the
size exclusion chromatography [88]. This method is used in literature to separate proteins
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Figure 2.7: Schematic representation of the approximate range of detectable protein
sizes (diameter) of various analytical methods [13].
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by their hydrodynamic volume, and its primary application is the protein monitoring and
aggregation [13]. Protein aggregates can be separated via a column material based on
their shape and size as they travel through a solid phase (gel) matrix. The separation
is achieved as a molecule enters a pore in the stationary phase; hence, bigger molecules
will elute first, having the shortest time to pass through the chromatography column.
The coupling of SEC with multi-angle laser light scattering (SEC-MALS), has been used
for the characterisation of the extent of aggregation and degradation (among others) by
the increase or reduction in molecular weight and the change in monomer amount [88].
The combination of the two methods can be done since the amount of light scattered is
proportional to the weight molar mass, and macromolecule concentration [88]. A major
drawback of this technique is that it does not provide an exact estimation of molecular
mass [88]. Additionally, in [13] it has been reported that insoluble aggregates cannot be
detected using SEC because of a possible removal using filtration by the column or by the
sample preparation using centrifugation

2.5.2 SDS-PAGE

The estimation of protein size, identification of protein, sample purity can be achieved by
the gel electrophoresis chromatography. This method is a traditional technique for the
separation of di�erent proteins based on their size and charge [13]. However, the detection
of protein aggregates is limited with a weight range of 5 and 500 kDa. Nevertheless, the
SDS technique is a method which has been considered by the authors to be useful for
analysing small size aggregates and di�erentiating reducible from non-reducible aggregates
[13, 89].

2.5.3 Dynamic light scattering, DLS

The size distribution of protein aggregates can be estimated using dynamic light scattering.
In particular, particles with a size distribution in the diameter range of 1-2 nm to 3-5 µm
can be detected (figure 2.7). In the DLS method, the fluctuations of the concentration of
molecules, particles or aggregates which are suspended in a tested solution, scatter light
which is recorded during the measurement [90]. The rate of di�usion of the scattered
species in the sample is indicated by the rate of decay of the fluctuations of scattered
light [90]. The major advantage of this method is the re-use of the sample for further
characterisation of protein solutions, since it is a non-destructive technique [91]. Moreover,
the volume required for conducting a DLS analysis can be very low as a few µL [91].
However, it has been reported that large particles or samples with contamination may
cause the divergence of the laser beam before the sample passes through, leading to results
that are imprecise [13]. Therefore, the output results can be determined to be qualitative
and not quantitative [91].
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2.5.4 Analytical Ultracentrifugation, AUC

Analytical ultracentrifugation is commonly used for the determination of aggregates‘
presence in solution. Among the advances of this method is that protein aggregates can be
detected without the need of sample manipulation in their formulation bu�er [91]. AUC
depends on the property of mass, size and shape and the fundamental laws of gravitation
and the results obtained using this method do not depend on the comparison of those
with standard values/results [13]. Nevertheless, the reproducibility of the results has been
highlighted in literature to be relatively poor, where determining a threshold of detection
for aggregates is di�cult mainly due to the cell(mis)alignment and quality of centrepieces
[91]. Moreover, in terms of cost, it has been determined in [13] as a method which requires
expensive and specialised equipment. In general, due to the di�culty of reproduction of
the results, this method could be recommended to be used as a qualitative and not as an
absolute quantitative method [91].

2.5.5 Fast Photochemical oxidation of proteins, FPOP

Fast photochemical oxidation of proteins, FPOP, is a method which has multiple uses
around the assessment of protein structure, folding and aggregation. This method provides
information into biomolecular structures and interactions and the extent of the modification
of proteins at peptide and amino-acid levels [92]. The modification level resulted from
the chemical reactions can determine the level of hydrophobicity of the peptide bonds.
This method is a type of hydroxyl-radical based protein footprinting which makes use
of a pulsed KrF laser (248 nm) to allow the hydrolysis of hydrogen peroxide, producing
hydroxyl radicals which can then modify the proteins in situ as it shown in figure 2.8.
Authors highlight the high sensitivity of this method detecting the alterations in protein
structures. A flow system consisting of a capillary placed perpendicular to the laser beam
is used where the protein is mixed with hydrogen peroxide and a radical scavenger and
then the solution is irradiated by the laser which produces the hydroxyl radicals [14].
The flexibility of this method is that it can be combined with flow-based tools such as
microfluidics to further investigate in deeper level the aggregation propensity.

2.5.6 Fluorescence Spectroscopy

The detection of structural changes of proteins during the aggregation process can be
determined using fluorescence spectroscopy. The high sensitivity of the technique to the
local environment makes it a commonly used tool to observe protein conformational events
[93]. The detection of fluorescence is achieved throughout the contribution of three amino
acids found in proteins, which are phenylalanine (Phe), tyrosine (Tyr) and tryptophan
(Trp). Due to its higher extinction coe�cient and quantum yield, Trp is the most valuable
probe used to investigate protein conformation [93]. Excitation at the wavelength of 295
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Figure 2.8: Schematic illustration of an FPOP experimental setup, adapted from [14].

nm allows the emission of Trp to be detected specifically from the contribution of the
Trp amino acid. The detection of unfolding events can be achieved by emission intensity
spectra of Trp which as a hydrophobic aromatic residue is found to be fully or partially
buried inside a protein core [93]. During an unfolding event caused by a conformation
disruption, Trp becomes exposed to the surrounding environment [93], leading to its
emission at longer wavelengths [94]. Therefore, the variation of Trp emission spectra arise
from the structure of the protein, and it can also be used to investigate the binding events
of surfactants to proteins as shown in [95].

During the process of misfolding and self-assembly of protein leading to the formation of
aggregates, the use of a range of fluorescence probes such as 8-Anilinonaphthalene-1-sulfonic
acid (ANS), 4-4-Bis-1-phenylamino-8-naphthalene sulfonate (Bis-ANS), 4-(Dicyanovinyl)-
julolidine (DCVJ), and Thioflavin T (ThT), allows the detection and characterisation
of the di�erent states involved within the aggregation pathway [96]. The binding of
surfactants to a range of fluorescent probes including N-phenyl-1-naphlhylamine (PNA),
2-(p-Toluidino)- naphthalene-6-sulfonic acid (TNS), ANS, 5-Dimethylaminonaphthalene-1-
sulfonamidoethyl] trimethyl ammoniumperchlorate (DASP) [97] and pyrene [98] can be
used to determine their critical micelle concentration (CMC) which can be determined by
the enhancement in the emission spectra as investigated in [97].

2.5.7 Sub-visible particle analysis

The aggregation characterisation in terms of particle analysis can be employed using
sub-visible particle analysis as the presence of micron or nanometer-sized protein molecule
aggregates (particulates) is considered as critical quality attribute as they impose e�ects on
the e�cacy and safety of biopharmaceuticals. To ensure safety and control for clinical use,
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a microscopic particle counting and light obscuration method for injectables is described
in United States Pharmacopeia, USP<788> (Particulate Matter in Injections general
chapter) and European Pharmacopoeia as suitable for subvisible particle measurements
[99]. A variation of techniques has been explored within the area of sub-visible particle
analysis including light obscuration, microflow imaging and more recently background
membrane imaging (among others). Firstly, light obscuration (LO) is a technique where
as the particles flow through a beam of light, the loss of light intensity which occurs
through their exposure to the beam, is measured and related to the cross-sectional area of
the particle [99]. However, there are several drawbacks reported, including the inability
of the technique for accurate particle counting in high viscosity formulations as well as
assessing particle morphological information [99, 100]. Alternative to LO, the detection
and characterisation of particles is well studied using micro-flow imaging (MFI) which was
shown to provide high sensitivity in particle detection using image filtering [101]. The
technique is based on a flow microscopy setup where samples continuously pass through a
flow cell and bright field images are captured in successive frames [101].

Background membrane imaging (BMI), which is a recently developed technique, is based
on image subtraction of a reference from the measurement image [99]. Using an image
analysis software, a background membrane image before loading the samples is aligned
and subtracted from the actual measurement images which are created with the final
image showing the isolation of the actual particles [102]. With the vacuum suction applied
after the samples are loaded on the membrane rings, the liquid phase is removed from the
samples with the particles left on the membrane to be analysed, eliminating the inclusion
of air bubbles that artificially increase particulate concentrations in flow microscopy and
LO techniques. The low sample volume requirements, with the minimum sample volume at
20 µL, and the ease of handling, make the technique a valuable alternative for formulation
screening. The comparison between a variation of subvisible particle imaging techniques
have been conduced in investigating the performance of MFI, BMI, LO on protein particles
generated through freeze-thaw stress, indicating that control and stressed samples analysed
using BMI, were either not significantly di�erent from MFI [99].

2.6 Strategies to minimise aggregation

The formulation aspect of protein-based pharmaceuticals is crucial for developing molecule
stability. Apart from stability, formulation aims in manufacture of the dosage form, control
or target the delivery in the body or provide tonicity (predicting changes in cell volume at
equilibrium after exposure of the cell to a solution [103]) minimising patient’s pain upon
injection [4]. The addition of excipients/additives in the protein preparation is a commonly
applied method to provide the inhibition of protein aggregation by changing proteins’
environmental properties. As shown in table 2.1, a variation of additives including bu�er
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agents, surfactants, salts, polymers and amino acids (among others) has been linked with
the protein stabilisation by preferential interactions [47, 104, 105]. The mechanism of
these formulation agents has been also reported to address increased rate of protein folding
[47, 106, 107], reduction of solvent accessibility and conformation mobility [47, 108] and
increase in solvent viscosities [47, 109].

Table 2.1: Overview of commonly used formulation agents of biologic drugs [4, 5].

Formulation agent Purpose of action Example
Bu�ers pH modulator Citrate, acetate, histidine, phosphate, tris
Surfactants Surface adsorption inhibitors

Interfacial stabilisers Polysorbate-20 and 80, pluronic-188
Salts Tonicifiers

Stabilisers/destabilisers Sodium chloride, potassium chloride, sodium sulfate
Preservatives Inhibitors of microbial growth Phenol, m-cresol
Antioxidants/chelators Free radical scavengers

Inhibitors of metal-induced degradation EDTA, DTPA, methionine, ascorbic acid
Osmolytes/sugars Tonicifiers

Cryoprotectants
Stabilisers (preferential hydration) Sucrose, trehalose, sorbitol, TMAO

L-amino acids Stabilisers
Antioxidants
Tonicifiers
Rheology modulators Arginine, glycine, proline, lysine, methionine, histidine

Bio-/polymers Sustained release/extended half-life,
Surface adsorption inhibitor,
Bulking agents HSA, PLGA, PEG, cyclodextrins

Polycations Condensing agents for nucleic acids Cationic lipids, spermidine, tetra-arginine
Metal ions Viscosity modifiers, cofactors, cell stabilisers Calcium, magnesium, manganese

2.6.1 Surfactants

Surfactants can be described as amphiphilic compounds consisting of a hydrophobic tail
which is insoluble in water and a hydrophilic head which is water-soluble. Due to the
nature of their structure, and having water di�using properties, interacting with interfaces
and o�er solubilisation to hydrophobic compounds in water, they are used within a range
of industrial applications such as agrochemical, agriculture, food, pharmaceutical and
cosmetic industries as well as therapeutic and oral-health related applications [110]. The
potential mechanisms of surfactants are reported in literature with two possible descriptions.
One suggesting the tendency of surfactant through displacement during their competition
with protein to adsorb at interfaces, with their protective e�ect commonly correlated with
the critical concentration in which they form micelles (CMC) [4]. As shown in figure 2.9,
from their micelle aggregate state they can release monomers to an air-water interface in
the absence of protein, that they dissociate from the aggregate and migrate through the
liquid in order to adsorb [15].

The other description is their direct interaction and potential binding to hydrophobic
patches of proteins, o�ering coverage and protection by preventing their interaction
with other protein molecules and interfaces [4]. The protein can promote the micelle
aggregate disruption, increasing the concentration of surfactant monomers promoting
the adsorption or forming stable surfactant-protein complexes with little or no e�ect on
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surfactant adsorption rate [15].

In regard to the pharmaceutical sector, and particularly the biological manufacture of
protein-based pharmaceuticals, the molecule stability can be a�ected by a range of inter-
faces present during the complex manufacturing steps. As their name suggests, surfactants,
which correspond to surface-active agents, can interact with interfaces which could corre-
spond to molecule interfaces such as proteins, air-liquid and solid-liquid interfaces. The
most commonly used surfactants as shown in table 2.2 are polysorbates and particularly
polysorbates 20 (PS20) and 80 (PS80) promoting protein stability. However, it has been
reported that the chemical structure of polysorbates can lead to degradation through
autoxidation and hydrolysis pathways which can be encountered due to their storage con-
ditions involving increased temperatures and parameters including solution pH, presence
of oxygen, peroxides, heat, UV light and metal ions [111].

Their ability to o�er stability against protein unfolding and aggregation has been reported
in literature and attributed to correspond to their competitive adsorption properties
at interfaces, as summarised in table 2.2 . The interaction of surfactants with protein
interfaces is well studied in literature by employing surface tension experiments. The
common observation among authors, is the tendency of surfactants to interact with proteins
indicating suppression in the surface tension, presenting their interaction with protein
interfaces [15, 112–114]. Alongside the interaction of surfactants with protein molecules,
authors suggest the competition of protein-surfactants for interfacial area, which is an
important parameter leading to the protein molecules to be controlled between their
interactions. The e�ect of surfactants has been also identified in terms of the protein
aggregation propensity in their presence in protein formulations during flow conditions.
Particularly in [89, 112, 115] agitation induced aggregation, studies have determined
the e�ciency of surfactants to suppress the aggregation formation when compared to
protein formulations alone. In these studies, the agitation has been induced via shear flow
configurations.

2.6.2 Other excipients

Alternative excipients, such as sugars including sucrose and thehalose, are employed
as formulation additives as they are preferentially excluded from the protein’s surface,
promoting conformational stability [119]. The suggested protection mechanism of sugars
is reported, as they can stabilise the native protein structure and reduce the extent of
denaturation by preferential hydration of the unfolded state [119, 120]. Their protection
mechanisms have been also shown under mechanical agitation, where sucrose and trehalose
(among others), stabilised therapeutic proteins during agitation using an orbital shaker
when combined with surfactant in the sucrose formulation bu�er [121] and exposed to
high shear using a capillary rheometer [58]. Interestingly, in the studies conducted in
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Figure 2.9: Schematic illustration of surfactant and surfactant-protein interactions in
the presence of an air-water interface. Surfactants consist of hydrophobic and hydrophilic
components, a hydrophobic tail and a hydrophilic head. The hydrophobic components
drive an interaction with air-water interfaces as well as between the surfactant molecules
themselves in solution, driving the assembly of micelles at concentrations above the critical
micelle concentration, CMC (i). In the absence of protein (ii), surfactant monomers must
dissociate and migrate through the liquid in order to adsorb. The presence of protein may
facilitate aggregate disruption, leading either to an increased concentration of surfactant
monomers thus enhancing adsorption (iii), or to the formation of stable, surfactant-protein
complexes having little or no e�ect on surfactant adsorption rate (iv). Adapted from
[6, 15].
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Table 2.2: Example of surfactants used to research surfactant-protein interactions,
adapted from [6].
Non-ionic surfactant investigated Model protein Interaction proposed
16-Doxyl stearic acid, Brij, PS20, PS40, PS80 rhGH, rhIFN-� N/A
PS20, Brij 35, Brij 78 ↵ and �-lactoglobulin N/A
C12E8 rhTF220, rhTF243 N/A
PS20 and PS80 Albutropin Interaction leading to increase of free energy of unfolding
PS80 LDH PS competes with protein at interface
PS20 and PS80 IgG and HSA Negligible binding with IgG
PS20, PS40, PS80 LDH Competitive displacement mechanism driven by surface pressure
Dodecyl dimethyl phosphine oxide �-Casein Competitive displacement at interface
PS20, PS40, PS80 LDH Weak hydrophobic interaction
PS20 and PS80 BSA Binding model for BSAsurfactant binding
PS20 and PS40 Lysozyme Hydrophobicity driven preferential tween adsorption
PS80 Recombinant factor VIII Competitive displacement at the interface
PS20 and PS40 Fibrinogen Adsorption and packing phenomenon
PS80 BSA Aggregation inhibition of partially or fully denatured monomer
P188, PS20, PS80 Recombinant factor VIII Colloidal stabilisation and competitive interfacial adsorption
P188, PS20, PS80 Lysozyme, GCSF Disruption of surfactant aggregates
PS80 HSA Hydrophobic interactions
P188, PS20, PS80 Fc-fusion Competitive adsorption but, poor displacement of protein
P188, PS80 Fc-fusion Competitive adsorption
PS20, PS80 BSA Hydrogen bonding, van der Waals, and hydrophobic interactions
PS20 IgG PS20 above CMC protects the air-water interface from mAb adsorption [113]
PS20, P188 IgG Competitive adsorption at interfaces [116]
P188 IgG Competitive adsorption of mAb and P188 from solution [117]
PS20 IgG, lysozyme PS20 adsorption on interface [118]

[52, 121], sucrose formulation showed enhanced aggregation under mechanical agitation.
Authors suggested that the enhanced aggregation levels were due to the sucrose e�ect
in increasing the free energy of unfolding of protein molecules in the bulk solution, but
apparently decreased the protein’s conformational stability at the air-water interface [52].
Additionally, the enhanced aggregation levels in the presence of sucrose indicated the
formation of a strong interfacial gel formed at the air-water interface [121].

Some amino acids, including arginine, are added as excipients influencing mAb stability. It
has been shown that arginine can increase protein solubility, protecting the molecule from
photo-induced and thermal-induced aggregation alongside unfolding protection [122]. The
stabilising e�ects of arginine as a formulation agent, have been investigated under flow
condition experiments, where the aggregation has been suppressed from 86% with bu�er
formulations including histidine, acetate, succinate, and phosphate to 20% in arginine
succinate formulation bu�er [2].

2.6.3 Syringe lubrication

Syringe lubrication, as a part of the fill-finish process of biopharmaceutical production,
aims to improve e�ciency in the administration process. The use of prefilled syringes
(PFS) as an alternative administration mean, can be used to provide accuracy and
safety compared to traditional parenteral administration [123]. With the use of PFS
increased accuracy and safety can be achieved as the dosing can be direct as well as
reduced contamination risks [124]. A typical pre-filled syringe system consists of various
interfaces including syringe needle, syringe barrel and plunger head. Silicone oil is used
as a lubricant, to facilitate smooth movement of plungers within the barrel as well as on
exterior surfaces of hypodermic needles to reduce the frictional drug and pain during the
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administration process through the tissue [54]. However, silicone oil among other syringe
components (adhesives, leachables from rubber stoppers and tip caps) has been evaluated
and identified as a potential source of incompatibility for biologics, as reported in [125].
The interaction of biopharmaceuticals with silicone oil interfaces has been investigated in
various studies, highlighting the formation of aggregates during agitation [54, 126, 127].
To overcome this phenomenon, other studies suggest alternative approaches, implying
into the surface modification of PFS. Particularly, in the study conducted in [125] a
novel cross-linked silicone coating was shown to improve the stability of the mAb samples
compared to lubricated syringes, resulting in fewer silicone oil droplets sloughing o� into
the solution.

2.7 Hydrodynamic forces on protein aggregation

The term of ‘shear flow’ has been extensively used in literature, describing all the forces
applied to a fluid. However, this term is usually defined with a generic meaning where
its definition has multiple meanings as it is used by the authors in literature. Therefore,
there is a need for di�erentiating the stress arising from mechanical shear with the stress
causing damage to proteins arising from changes in protein’s secondary structure through
unfolding, or by disruption of the quaternary structure of a protein [128]. ‘Shear’ in the
fluid mechanical sense can be determined to be caused by velocity gradients in moving
liquids [128]. The term is also used to describe extensional flow events; therefore, this
leads to the extensive use of the term shear rather than extensional flow, which is not
clearly defined in literature. In this chapter, the development and e�ect of hydrodynamic
flow will be described alongside studies focusing on monoclonal antibodies as well as on
other proteins.

2.7.1 Development of hydrodynamic flow

The development of hydrodynamic flow can be found in studies in the literature by
employing devices with geometric configurations to allow e�ects in fluid’s velocity, allowing
the flow phenomena of shear, extension and rotation to be developed. The direction of
velocity streamlines for each flow configuration is shown in figure 2.10.
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Figure 2.10: Streamline schematics of stagnation point flow fields. (i) Extensional flow,
(ii) Shear flow, (iii) Rotational flow. Adapted from [16].
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A range of di�erent devices as summarised in table 2.3 have been used in the literature
for generating hydrodynamic flow and investigating the aggregation propensity of various
proteins.

Table 2.3: Studies of the shear stability of protein system using a variety of shear devices.

Device Protein model Result Reference
Four roll mill Lysozyme, BSA, Alcohol dehydrogenase Aggregation [129]
Capillary Cytochrome c, BSA no change, aggregation [18]
Couette insulin, von Willebrand factor unfolding and aggregation, unfolding [130]
Microfluidic cell Von Willebrand factor unfolding, aggregation [131, 132]
Miniature reactor Human growth hormone (hGH) aggregation [133]
Miniaturised cone and plate shear cell Von Willebrand factor Unfolding [134]

In experimental studies, the shear flow can be generated by subjecting protein solutions
under velocity gradients, which can be uniform or heterogeneous. Heterogeneous velocity
fields can be generated by stirring or shaking [17]. However, the authors suggest that
heterogeneous velocity gradients provided poorly controlled shear conditions. Protein
studies found in literature have been conducted using capillary and rotational devices,
which are the two main device categories for experimental analysis of proteins. Such
devices are ideal for studying the protein aggregation since they can be used to create
velocity gradients which can provide well-controlled stress conditions. A capillary flow
within a capillary/microfluidic device (figure 2.11) is where a fluid is forced through a
channel by applying a pressure di�erence between the inlet and outlet of the channel.
Rotational flow devices that are commonly used for shear controlled conditions on proteins
correspond to cone and plate, parallel plate and concentric cylinder viscometers as shown
in figure 2.12.

Pump

Capillary tube

Figure 2.11: Schematic of a simple extrusion glass capillary viscometer. The arrows
show the direction of flow. Adapted from [17].

Four roll mill apparatus

Four roll apparatus has been used previously as a means for generating shear flow by
generating di�erent flow defined configurations to investigate protein aggregation. The
apparatus consists of four cylindrical rollers which can rotate either in opposing or parallel
pairs as shown in figure 2.13. The particular configuration allows the development of a
two-dimensional laminar flow, which can be used to create extensional flow regions to
"stretch" protein molecules. Particularly, in [129] protein aggregation has been investigated
using the four mill apparatus using experimental and computational methods. Using the
particular device and computational fluid dynamics simulations, the authors predicted
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iii iii

Figure 2.12: Common rotational flow devices: Concentric cylinder (i), cone and plate
rheometers (ii), parallel plate (iii). Adapted from [17].

the generation of elongation and shear stress with increasing the roller speed and also
observing the maximum shear arising at the rotating roller walls. It was found that with
an increase in rotational speed, the light absorbance of the protein solution increases,
indicating the formation of higher amount of aggregates and larger particles [129]. Using
the four roll mill, di�erent velocity profiles can be generated for elongation, hybrid and
rotational flow configuration. The development of elongation/extensional flow was found
to have a higher e�ect on the formation of larger aggregate molecules within the device
compared to the rest of the flow profiles generated.

Rollers Rollers

RollersRollers

Stagnation
point

Figure 2.13: Schematic illustration of the four-roll mill flow configuration for fluidic
applications. Adapted from [16].

Cross slot

Cross slot geometry, as shown schematically in figure 2.14, is a method which is used
extensively in literature for generating extensional flow for various applications. A cross
slot geometry involves multiple channels which intersect at the centre of the configuration.
A stagnation point at the centre of the geometry can be developed, where a pure elongation
flow is created under equal flow rates [16]. Cell damage to mammalian cells was investigated
using a cross slot geometry which was implemented in a microfluidic device, to characterise
mechanical cell damage by an extensional stress field [135].
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The implementation of the particular configuration has been previously used for stretching
DNA molecules using planar extensional flow [136]. The stagnation point, which is created
using the particular configuration, is used to trap and elongate the molecule along the
extensional axis. The interest in trapping and controlling particles using cross slot geometry
can be used as method for developing aggregates where their aggregation performance can
be correlated with the variation of micro particles sizes and shapes. This can be useful for
the development of new biological assemblies [16].
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Figure 2.14: Microfluidic cross slot geometry setup, adapted from [16].

Opposed Jets

This method, as shown in figure 2.15, is used to create a stagnation point by the configura-
tion of the device in which two co-axial, counter flowing streams impinge against each other
at relatively high relative velocities [137]. This apparatus geometry can be used to generate
compressional and extensional flows. The particular arrangement of flow can be useful and
it can be considered to be advantageous in terms of its ability to generate relatively large
velocity gradients. Its implementation in literature has been done for studies concerning
the stability of di�usion flames, producing a flame at the junction between them [16].
Additionally, the application of the generated flow has been used in the production of
very thin solid films, studying the purely homogeneous kinetics of endothermic reactions.
The application of the stagnation point generated by either extensional or compressional
flow has been found to be used in studying polythene birefringence in xylene solution
as a function of temperature. This setup has also been expanded upon doing viscosity
measurements showing the dependence of extensional viscosity to strain rate [138] and
polymer solution [139].
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Solution

Stagnation
point

Figure 2.15: Schematic illustration of an opposed-jets apparatus in "push mode", gen-
erating an uniaxial compressional flow along the stagnation point axis. Adapted from
[16].

2.7.2 Shear and extensional flow e�ects on aggregation

Extensional and shear flow describe the common flow fields found in "shear" studies. The
extensional flow is also called elongation flow or stretching flow, and can be characterised
by a linear velocity gradient along the direction of flow (figure 2.16a). Simple shear flow
can be characterised by a velocity gradient which is perpendicular to the direction of flow.
Shear flow can de determined as the velocity gradient perpendicular to the direction of
flow, inducing rotational events (figure 2.16b).

(a) Extensional Flow (b) Shear Flow

Figure 2.16: Representation of extensional fow (2.16a) indicating protein stretching at
the point of the contraction and shear flow indicating protein molecule rotation (2.16b).

The fluid flow pattern of shear flow was examined in the study conducted in [129] using
computational fluid dynamics in a four roll apparatus under steady state conditions.
Using the specific four-roll mill device, di�erent well-defined flow configurations (shear,
elongation and hybrid) have been developed, investigating their e�ects on the aggregation
of lysozyme. From the particular work, authors highlighted the significant role of elongation
flow configuration which is defined by the roller direction (figure 2.13) among shear and
hybrid, for partial protein unfolding of lysozyme, which is indicated by the highest content
of lysozyme aggregates formed.

There are various experimental studies concerning the flow e�ects on protein structures
using shear flow. The magnitude and type of hydrodynamic flow is debated in the
literature, with multiple studies investigating the flow induced aggregation of various
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proteins. Authors have identified several hydrodynamic magnitude values, which are
typically termed as shear rate and strain rate, and they have identified the flow magnitudes
in which they can induce conformational changes to protein structure leading to protein
aggregation.

Jaspe and Hagen [18], investigated the protein aggregation of a small globular protein,
cytochrome C, under shear of up to 2 ⇥105 s�1 where they observed no changes in protein
conformation. The authors developed a theoretical model suggesting that only in high
levels of shear in the order of 107 s

�1 the configuration of small globular proteins can
be destabilised. In the same study, the authors have conducted the theoretical model by
which the protein denaturation under extensional flow is proposed by the approximation of
protein molecules as a necklace of N spherical beads, as shown schematically in figure 2.17.
Under elongational flow, the protein denaturation is encountered by the division into two
roughly spherical clusters of radius a, with the clusters separated by a linker of n beads.
The resulting di�erence in the viscous force on the two clusters creates a tension in the
linker which is shown to be related with the viscosity of the solution, which is proportional
to the tension applied on the linker as given by the equation 2.1. The viscosity parameter
is shown to be correlated with the unfolding force as a part of the unfolding pathway.

v

2↵2↵

⇠nd

Figure 2.17: Shear denaturation model of a protein by an elongational flow, where
a protein of N residues (small spheres, with centre to centre separation d) divides into
two clusters of residues, separated by a linker of ⇠ n residues and length ⇠ nd. The
heterogeneity of the velocity field v leads to a tension in the linker, as shown from equation
2.1. Adapted from [18].

T ⇡ 6⇡⌘↵(v2 � v1)/2 = 3⇡⌘↵�̇nd (2.1)

where:

T = tension resulted from viscous force di�erence

⌘ = dynamic viscosity of the fluid

↵ = radius of spherical cluster

(v2 � v1) = di�erence in flow velocities at the two clusters
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d = centre to centre distance between consecutive beads

�̇ = elongational flow

n = number of linker beads

Similar observation has been made in the study carried out by Szymczak and Cieplak [140],
where the conformational dynamics of a single protein molecule (considering two proteins:
ubiquitin and integrin) is studied using Brownian dynamics simulations. Partially and fully
unfolding of proteins happen at shear rates in the order of 107 s

�1 in agreement with the
proposed order of shear rates suggested by the authors in [18]. In the study conducted by
Duerkop et al. [66], a computational method has been developed, to predict the maximum
shear rate under which the aggregation of HSA (human serum albumin) was investigated.
Even higher shear rate has been reported by the particular study, calculating a maximum
and average shear rate values in the orders of 108 s�1 and 1.2 ⇥106 s�1 respectively, where
the authors support that the aggregation was caused by the increased surface area due to
cavitation-mediated bubble growth, and not mechanical stress.

On the other hand, lower order of magnitudes of shear rates, in the order of ⇠101 and
⇠102 s�1, have been linked with shear-induced structural changes of lysozyme, using a flow
cell, as investigated by Ashton et al. [141]. These low range shear rates, are also reported
by Bekard and Dunstan [130], where structural disruption of bovine insulin protein was
detected for shear rates in the order of ⇠102 (200-600 s

�1). In other study, conducted
by Lippok et al. [134], shear unfolding of the recombinant fusion protein rVWF-eGFP
is defined by experimental and simulation studies, which is indicated at a shear rate
of 103 (⇠5,000 s

�1). Protein aggregation of a monoclonal antibody as investigated by
Kalonia et al. [59], it was shown that in extremely high shear rate values in the order
of 104 (⇠25,000 s

�1) there was severe sub-visible particle formation indicating protein
aggregation.

In the study conducted by Chantre et al. [142], it is found that extensional and shear rates,
which are distinguished as terms by the authors, generated in rotary jet spinning device
in the order of 1.2 ⇥105 s

�1 and 3 ⇥105 s
�1 respectively, are found to be important in

producing nanofibre sca�olds. The di�erentiation of the two flow configurations, has been
also acknowledged in the study conducted by Grigolato and Arosio [24], where the authors
indicated that both flow configurations are important in promoting protein aggregation
within a range of shear and elongational (strain) rates up to 2.6 ⇥105 s

�1 and 5 ⇥104

s
�1 respectively. From these studies, it can be observed that the extensional flow has

gained an increased interest from authors in literature who are starting to address both or
distinguish the types of shear and extensional flow.

As an overall observation, the magnitude of hydrodynamic flow in studies focusing on the
flow induced aggregation, is reported to be induced within a broad range with several
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orders of magnitude, with shear rate values reported from 101 up to 108 s
�1. The general

tendency from literature studies is to report both shear and extensional flows with the
term shear rate, whereas the term strain or elongational rate describes the extensional
flow configuration. The extensive use of shear rate as a generic term, to describe the
magnitude of hydrodynamic flow, corresponds to disorienting the clear e�ects of shear
and extensional flow. Therefore, this also contributes to a broader range of hydrodynamic
magnitude values, which are reported in inducing protein aggregation.

Additional to the generic use of the term, the broad range of hydrodynamic flow magni-
tudes, corresponds to the various types of proteins that have been studied, with di�erent
molecular weights and formulation conditions. Specifically, cytochrome c protein which
was studied as a model protein by Jaspe and Hagen [18] is a protein with a small molecular
weight (⇠12 kDa) compared to an intermediate molecular weight of HSA (⇠66 kDa),
which is also compared to molecules with even higher molecular weights of that of anti-
bodies (⇠150 kDa) and fibronectin (Fn) (⇠440 kDa). Alongside the di�erentiation of the
model proteins, the formulation conditions in which the experimental studies have been
conducted is another parameter which can contribute to the variation of the hydrodynamic
flow magnitudes responsible for unfolding. For example, in the study investigating the
aggregation of lysozyme by Ashton et al. [141], the authors have highlighted the di�erent
aggregation profiles of the molecules when lysozyme was studied in water and glycerol
formulations. Several bu�er formulations have also been used in the other studies, including
sodium phosphate and sodium chloride [66], histidine [59], sodium citrate dihydrate [24],
hydrochloric acid [130] (among others), with several pH values which is also a reported
parameter which drives protein aggregation [13].

The several studies have also employed di�erent equipment configurations and materials
(glass, aluminium, stainless steel) in which exposed the molecules to several magnitudes of
hydrodynamic flow and interfaces (solid-liquid, air-liquid) present. Moreover, the time in
which the samples were exposed to flow conditions in these studies is also a significant
parameter that defines the flow induced aggregation observed. The specific exposure
times to shear, and extensional flow configurations (for a single exposure/pass number),
vary between studies, as well as the duration of the total experiment including multiple
passes/sample recirculation. Single exposure times have been reported to 0.5 s for each
sample recirculation, as mentioned in [66], corresponding to a total time of 19.5 s for 39
sample circulations. In the study conducted in [18], exposure times to samples within two
di�erent sizes of capillary tubing, have been reported as residence times of 5.4 ⇥10�3 s
and 4.2 ⇥10�3 s. For a range of syringe setups as investigated in [24], the exposure times
to hydrodynamic flow have been reported to 0.71 s, 3.55 s and 4 ⇥10�3 s at the maximum
flow rate, with a total experimental time of 3, 6 and 12 hours. On the other hand, the
single exposure time for samples exposed to multiple passes has not been reported in [59],
whereas the total number of passes investigated has been reported (0-20 passage number),
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which makes the time parameter challenging for comparison between the studies.

Studies in microfluidics

Microfluidic devices can be an extremely useful tool for conducting experimental studies
within very small scales. Therefore, their use can be helpful in protein-based studies.
Among the advantages of microfluidics is the significantly reduced time and cost for
conducting experimental studies, where the amounts of sample and reagents needed are
also reduced. Consequently, there is an extensive interest in their implementation in
studies in a range of areas such as chemical technology and biotechnology. In the literature,
they have been widely used in studies considering the tumbling dynamics of DNA and
platelet aggregation. Microfluidic devices have been also used in the study conducted
in [143] for examining the parameter necessary for assembly of spider silk proteins. The
application of controlled mechanical stress has been also investigated using microfluidic
platforms, inducing the fibre formation from phase separated liquid condensates [144].
Moreover, the inducing of aggregation in microfluidic devices has been also studied (among
other studies) for the self-assembly of insulin monomers [145], analysing of Alzheimer’s �

amyloid aggregation [146] and for observing the conversion of amyloid growth to fibrillar
nanostructures [147]. However, in the latter three studies, the induction of aggregation has
been investigated without the application of extensional or shear flow. On the other hand,
the referred studies [143, 144, 148, 149] investigate the study of proteins in microfluidic
devices under shear and extensional flow, which is the main focus of the current review of
literature.

2.7.3 Other applications of hydrodynamic flow on proteins

The hydrodynamic flow has also been studied in literature including the stretch and
fragmentation of DNA molecules, investigating platelet aggregation as well it can be found
in nature during spider silk development. In the process of blood clotting, the unfolding
event of a force sensitive protein in the human body, von Willebrand Factor (vWF) is
crucial as it is found to cause bleeding disorder (von Willebrand syndrome). The overall
structure of vWF was shown to unfold under di�erent kinds of stresses. The encounter
of hydrodynamic flow can be developed in vessel stenosis as bleeding occurs as shown in
figure 2.18, inducing extensional flow events. The significance of extensional flow event into
platelet aggregation was investigated by mimicking the vessel stenosis in constricted flow
geometries adapted in microfluidic systems. As it is shown in [132], platelet aggregation
occurred immediately downstream of the stenosis and induced the conformation unfolding
of vWF under a strain and elongational stress of blood flow, reaching a peak strain rate
at 28,000 s

�1 as it was characterised computationally. The e�ect of stenosis was also
correlated with the application of rapid and extreme phases of shear acceleration, with
peak strain rates approaching 1 ⇥106 s

�1 leading to platelet aggregation [150]. The e�ect
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of stenosis level inducting extensional flow events as characterised computationally, it
was shown to play a significant role in the shear rate acceleration towards shear flow
development inducing the increase in shear rate 34.6 and 41.0-fold respectively as stenosis
level was increased from 30 to 95% [151].
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Figure 2.18: Platelet interaction during clot formation. Hydrodynamic forces and
the mechanical microenvironment a�ect each of these platelet-ligand interactions. vWF
regulation and vWF-dependent platelet aggregate formation at high shear rates. (i): Under
pathological high shear stress, at the site of stenosis, vWF multimers are unfolded by
hydrodynamic forces to switch to an extended conformation, thus causing platelets to
bind and form aggregate. (ii): Clot formation at the vessel injury site. vWF multimers
adhere to exposed collagen and adapt an unfolded conformation due to wall shear stress.
Adapted from [19].

The application of extensional flow can be found in nature under the production of silk
by spiders. The extreme toughness of spider silk given with its biological properties of
degradability and biocompatibility, make it a desired material for technical and medical
applications [152]. The spider silk is produced by a process-structure-function loop as
shown in figure 2.19, where the rapid reeling during silk formation induce the development
of mechanical forces promoting tiny crystalline domains, providing greater tensile strength
[20]. The orientation and dispersion of the �-sheet nanocrystal, embedded within its
domain, can control the silk strength over extensibility [20].

Due to the properties of natural silk, the mimicking of silk production is studied in literature
by investigating the variables incorporated into the process. During natural spinning,
parameters such as chemical changes, pH and mechanical stress have been identified to
be important as a part of the natural process. With flow being identified as the primary
energetic input for silk fibre formation [153], the e�ect of flow into silk fibre formation
has been extensively studied in literature. With the application of extensional flow in a
microfluidic geometry with gradual constricted flow path, silk suspensions have been highly
orientated along the fibre axis [154]. The authors are suggesting that during the flow
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process, molecules have been transformed to an oriented conformation of �-sheet structure.
Moreover, the suspension alignment was shown to be improved under increasing fluidic
flow. Constricted flow geometries allowing the mechanical elongation in the production of
artificial spider silk has been also applied in [155] using a straining flow spinning method
allowing the incorporation of other processing conditions.
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Figure 2.19: Process-structure-function. The silk production process of spiders involves
the transformation of unfolded proteins into ordered, beta-sheet nanocrystals through
shear and elongation. Adapted from [20].

The application of extensional flow can be implemented into studies involving the manipu-
lation of DNA involving DNA extension for DNA mapping and fragmentation for gene
sequencing [21]. DNA fragmentation is a critical step in part of gene analysis and can be
determined to be a useful tool for DNA microarray analysis. Hydrodynamic shearing is
defined to be among the most robust methods on fragmentation for the development of
small fragment length and low sheared length variation [149]. A microfluidic device was
developed as part of the study carried out in [149] investigating the DNA fragmentation on
a LOC (lab on chip) microfluidic system. The microfluidic channel consisting of constricted
regions was used to induce long DNA molecules. The DNA fragmentation can be achieved
by the extension of the DNA molecules through the channels’ constriction as indicated in
figure 2.20, under the extensional and shear flow developed by the contraction part. Other
studies implementing microfluidic platforms have identified that parameters including the
magnitude and the distribution of the extension rate were crucial for the DNA fragmenta-
tion, with the extension rate at the microscale being the dominant factor [21]. Similar
observation was made in the study conducted in [149] where shorter DNA fragments have
been achieved at increased flow rates correlated with increased hydrodynamic flow fields,
alongside the increase in exposure time to hydrodynamic flow fields. From this study, it
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has been concluded that the minimum fragmented DNA can be achieved using either long
constriction channels or recirculate DNA particles through shorter constrictions but for
multiple times. As a more e�cient method, the authors suggest to use smaller constrictions
for multiple times since the pressure requirements are lower compared to using longer
constrictions. This is suggested because the pressure requirement which will be responsible
for damaging the DNA is relatively low for shorter constrictions.

DNA extension and fragmentation

Figure 2.20: DNA extension and fragmentation induced by fluid force in a micro-funnel.
The flow heads from left to right. Adapted from [21].

The e�ect of constriction for stretching DNA molecules has been also conducted in [156].
In this study, the shape of constriction was altered for four di�erent contraction shapes by
changing the time where the DNA will experience shear and extensional flow. Particularly,
the influence of the strain rate profile on a DNA was determined by the shapes of the
funnel. The highest strain rate applied to protein has been achieved for the increasing
strain rate funnel, yielding a highly extended conformation on the DNA. The increasing
strain rate funnel corresponds to the shape among the four used in the study, having the
longest strain rate region between the low and high shear region (before and after the
constriction). It is also found that the e�ciency of stretching DNA has been improved by
increasing the strain rate [156]. Therefore, this finding suggests that the elongation flow
rather than shear flow is responsible for the conformation changes to the DNA, which is
then stretched and elongated through the sudden contraction. This is also shown in [157]
where shear flow rather of extensional flow is applied using rotational rheometers, where
authors could not observe severe DNA fragmentation under the application of this flow
configuration.

2.8 E�ect of surface in flow induced aggregation
The interaction of proteins with interfaces is extensively studied in the literature, with the
range of techniques employed to study antibody interaction on surfaces to be summarised on
table 2.4. Among this set of techniques, QCMD and AFM will be briefly described as they
have been employed in this work, with their further description as applied experimentally
to be followed and can be found in subsections 5.3.1 and 5.3.2 respectively. The e�ect of
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interfaces on protein aggregation under flow conditions, will be also presented in subsection
2.8.3 by literature review of studies focusing on the aggregation of antibody proteins.

Table 2.4: Literature overview of commonly used methods in surface analysis for investi-
gating antibody, adapted from [7].

Technique Input Output Information Reference
XPS Monochromatic x-rays Photoelectrons Elemental and chemical [158–162]
SE Elliptically polarised light Change in light phase or intensity Thickness, refractive index, sur-

face roughness
[163–168]

DPI Laser light Evanescent wave change Mass, film thickness, refractive in-
dex, density

[169–171]

SPR Monochromatic multiangle laser
light

Change in reflected and absorbed
light

Refractive index, film thickness [172–175]

NR Neutron beam Change in reflection of neutron
beam

Refractive index, film thickness,
surface roughness

[176–179]

AFM Feedback driven cantilevered tip z-height in 2D and tip/surface
force

Surface roughness, phase informa-
tion, imaging

[175, 180]

QCMD Resonance frequency of microbal-
ance

Change in frequency and ampli-
tude

Mass of adsorption, bioa�nity [181, 182]

ToF-SIMS Ionised metal clusters, primary-
ions

Ionised sample fragments,
secondary-ions

Semi-quantitative elemental,
chemical and molecular

[183–190]

XRR X-rays Intensity of reflected X-rays Growth behavior of thin films
(thickness, roughness, density)

[114, 191]

2.8.1 Quartz Crystal Microbalance with Dissipation, QCMD

For investigating protein interactions with surfaces, QCMD, which is a nanogram sensitive
technique, is a well established for the detection of small molecules to micro-sized objects,
including bacteria attached to surfaces [192]. It is also used to investigate protein adsorption,
lipids and membranes, cells, DNA and carbohydrates [192]. The working principle of
this method is the utilisation of acoustic waves generated by the oscillation of single
crystal quartz, which is related to quartz’s inherent property of piezoelectricity [193].
Piezoelectricity, as the name suggests, is the electricity generated by the pressure to
measure adsorbed mass. The application of alternating electric fields on the quartz induces
an alternating contraction and expansion to the quartz [193]. QCM quartz crystal consists
of the quartz which is sandwiched between two metal electrodes as indicated schematically
in figure 2.21a. The detection of mass information can be determined by the monitor of
frequency, (�f) of the crystal, which is decreased as mass is added to the oscillating sensor
[192]. Viscoelastic properties of the adsorbed layer can be extracted by the monitor of
the dissipation shifts, (�D) during the binding events, where the dissipation parameter
is correlated with the energy loss in the system [193]. Comparison studies, alongside a
commonly used technique in the field, surface plasmon resonance (SPR), indicated the
sensitivity of both techniques measuring peptide-antibody binding capacity [194]. However,
both techniques cannot be directly compared as they are based on di�erent operating
principles [194]. SPR measures the change in refractive index, which is proportional to
the concentration of the interacting molecules during their binding and dissociation with
the surface [194]. QCMD protein adsorption studies investigating the e�ect of material
surfaces [195], identifying adsorption types such as reversible or irreversible adsorption
[196], e�ect of increased protein concentrations [59] as well as surfactant e�ects on surface



2.8. EFFECT OF SURFACE IN FLOW INDUCED AGGREGATION 37

and proteins [197], are some of the application areas of the technique around protein
adsorption studies.

Quartz
Metal
coating

i

Contactelectrodes

ii

(a)

T ime

�f

�D

�D
�f

(b)

Figure 2.21: QCMD experimental components along with the raw data during the
experiment. 2.21a: Schematic illustration of quartz crystal with electrodes, top view (i)
and bottom view (ii). 6.26: Representation of raw experimental data during the conduction
of the experiment. Initially stable baselines of �f and �D are detected on a bare surface,
as molecules are introduced onto the surface the frequency decreases and dissipation
increases indicating the mass uptake and energy loss and the frequency and dissipation
responses are then stabilised when the surface uptake has been completed. Adapted from
Biolin Scientific (The working principles of QCM and QCM-D technology).

2.8.2 Atomic Force Microscopy, AFM

The topographical analysis of samples across a surface can be determined using, AFM which
performs surface scanning using a nanoscale tip as shown in figure 2.22. The flexibility
of the technique, to operate in liquid environments and at ambient temperature, makes
the technique a versatile tool with applications analysing biomolecules and cells at (sub-
)nanometre resolution [22]. Combined with other techniques, such as infrared spectroscopy
(IR), was also used to provide physical along chemical composition information of samples
[144].

The characterisation of solid substrates is commonly determined using contact mode AFM
(figure 2.22i), however its application on biological sensitive systems, must be careful by
adjusting the force applied to the tip scanning the surface. This direct contact with the
surface might impose surface damages and, referring to biological systems such as proteins,
that could cause reversible or even irreversible deformations [45]. Particularly, as reviewed
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in [198], forces within the range of ⇠15-300 pN were found to cause the unfolding of a
range of proteins. To minimise structure e�ects on samples during scanning, the tapping
mode AFM can be used by the cantilever oscillation as shown in figure 2.22ii, close to
the resonance, with the tip touching at the very end of its downward movement, also
minimising friction contributions [45]. The adsorbed orientation of proteins on surface is
well studied by their immobilisation on surface, as shown in various studies in literature
using antibodies as model proteins [175, 199].
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protein protein

Cantilever deflection

Figure 2.22: Schematic illustration of the basic principles of contact (i) and dynamic
(tapping) (ii) AFM imaging modes. In contact mode, the cantilever deflection is kept
constant (constant force) by adjusting the relative height between tip and sample. A
topographic height change alters the cantilever deflection. The dynamic mode oscillates
the cantilever close to or at resonance frequency. Adapted from [22].

2.8.3 Presence of interfaces

The structural perturbations of proteins along their interactions with the presence of an
interface is suggested to be consisted of a cascade of microscopic molecular events, as shown
schematically on figure 2.23a. The protein adsorption on the surface can induce possible
e�ects on the molecular conformation of proteins, promoting nucleation and growth of
aggregates and their eventual release from the surface to the bulk [23], (figure 2.23b). The
incorporation of hydrodynamic flow can trigger the aggregation by enhancing the mass
transport processes, as shown in figure 2.23c, which are related to the detachment and
renewal of surface-adsorbed protein films [23].

The enhancement of protein aggregation has also been correlated with the interaction of
proteins with interfaces under the simultaneous exposure of molecules to hydrodynamic
flow/mechanical stress. Mass transport phenomena relating to the detachment and
renewal of surfaces adsorbed protein films can be greatly enhanced under the interaction
of hydrodynamic flow [23]. In the study conducted by Zhou et al. [200], the hydrodynamic
mixing it was shown to highly promote amyloid aggregation by the formation of amyloid
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mSurface

mBulk

Adsorption
Increase in concentration:
mSurface >> mBulk

Mobility on the surface:

Lateral protein-protein
interactions:

(a)

Unfolding/Aggregation

Conformational change:

Nucleation:

(De)stabilization of
oligomers/intermediates,
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Figure 2.23: Schematic illustration of the set of microscopic molecular events underlying
surface-catalysed protein aggregation. 2.23a: the process involves protein adsorption on
surface, 2.23b: the subsequent possible change in their molecular conformation inducing
unfolding/aggregation, the nucleation and growth of aggregates and 2.23c: the eventual
release of the species from the surface to the bulk. The main focus of this work is
the synergistic e�ects of hydrodynamic flow and interfaces on protein aggregation. The
major challenge in protein aggregation studies is unpicking the exact molecular mecha-
nisms involved, including the potential presence of interfaces and mechanical agitation or
hydrodynamic flow. Adapted from [23].
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fibrils both in the presence and absence of an air-water interface, where in the presence
of a moving airwater interface, a further increase in the rate of primary nucleation was
observed. Similar observation was made in other studies by Zhou et al. [201], Adam et al.
[202], Maa and Hsu [203], supporting the enhancement of aggregation under increased
shear flows in the presence of air-water interface, triggering the aggregation of ↵-synuclein,
human insulin and recombinant human growth hormone (rhGH) respectively.

Apart from the presence of air-water interface, the e�ect of interfaces in the form of
nanoparticles was also investigated under the simultaneous interaction of hydrodynamic
flow, where it was shown that surfaces and mechanical agitation have a combined e�ect
on the aggregation of human insulin, as shown by Grigolato et al. [69]. On the contrary,
in the study conducted by Hoehne et al. [204], the authors showed the adsorption of
monoclonal antibodies in the presence of glass nanoparticles suspended in the formulation
bu�ers; however, the authors suggest that the adsorption to the nanoparticles had no
destabilisation e�ects to the native structure of the antibodies. This observation can
be explained by the type of shear flow configuration the authors used to conduct the
experiments, which was a gentle mixing by end-over-end rotation. The enhancement of
aggregation in the presence of stainless-steel microparticles was investigated by Bee et al.
[205] showing the mAb degradation due to their adsorption with the stainless-steel particle,
in the absence of any mechanical stress.

The e�ects of solid interface on the aggregation propensity of antibodies have been also
investigated in literature corresponding to the interaction of molecules with solid interfaces,
such as equipment and container surfaces. In the study conducted by Movafaghi et al.
[206], the e�ect of containers surfaces under a variation of mechanical stress flow conditions
was investigated. The particle concentration was shown to be enhanced among the
most hydrophobic surface, with PEG-treated surface showing the suppression of particle
formation. The authors suggest the particular surface as desirable; however, it should be
noted that in the particular study an air water interface was also present as the solutions
were stored in vials, inducing bubble formation leading to cavitation during mechanical
stress. Therefore, for a more clear understanding of the contributing e�ect of each surface,
the parameter space involved must be carefully controlled or limited.

The e�ect of aluminium and ceramic surfaces within pumps have been investigated by
Defante et al. [45] and shown to have distinct e�ects on particle concentration. Authors
have identified the ceramic piston surface as e�cient in suppressing the particle formation.
Stainless-steel e�ect on particle formation was also observed in the study conducted by
Kalonia et al. [59] where the authors observed substantial amount of particle formation
from stainless-steel surface than alumina with the formation to be pronounced under the
application of shear stress within a flow cell observing the synergistic e�ects of flow and
surface. To suppress the e�ect of stainless-steel surface, modification of the surface is
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investigated by Chang and Hsiao [207], using a polycaprolactone coating, where the coating
was shown to e�ectively suppress BSA adsorption compared to bare stainless-steel surface;
however, this study does not incorporate the introduction of shear flows, henceforth the
protective e�ect of this surface might also be depended on along its interaction with
flow. As reviewed in Grigolato and Arosio [24], the contribution e�ects of pure shear flow
has been investigated with its e�ect on a range of protein molecules with the authors
indicating that the surface parameter alongside flow incorporation have e�ect on the
aggregation as shown in figure 2.24. As the focus of the current work, is the aggregation
of biopharmaceutical proteins, table 2.5, summarises a selection of studies investigating
the aggregation of therapeutic proteins (mAbs) during their interaction with flow and
interfaces.

Figure 2.24: Overview of literature studies along with the author outcomes about the
e�ects of hydrodynamic flow on various proteins along the magnitude of hydrodynamic
flow applied in each study. Taken from [24].

The majority of studies investigates the aggregation of several proteins by the application
of shear flow by using instruments such as rheometers, pumps and shakers. The application
of extensional flow is less established for antibody aggregation studies. Additionally, the
incorporation of interface e�ects is mostly focused into the incorporation of the liquid
phase which in some studies is combined with air-liquid e�ects, with the actual e�ects of
each interface to be di�cult to be excluded in order to be identified. Studies investigating
the e�ects of solid interfaces are introducing shear flow environments with the study
conducted by Grigolato and Arosio [24] using extensional flow events to characterise
interfacial aggregation, highlighting the synergy between flow and interface. This implies
that the investigation of the simultaneous e�ects of extensional flow and interfaces is a
topic which is currently under investigation in the literature, as the study of aggregation
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Table 2.5: Overview of literature studies investigating the e�ects of flow and interfaces
on the aggregation of monoclonal antibodies (mAbs), along with the suggested study
outcomes by the authors.

Model protein Flow Interface Suggested outcome Reference
mAb Shear NPs, PS80 Protein destabilisation by inter-

faces is amplified by mechanical
agitation.

[71]

mAb Shear Stainless-steel,
alumina

mAb concentration and interface
material had a significant e�ect on
SVP formation.

[59]

IgG4 Shear PS80, stainless-
steel, aluminum
oxide

Amount of adsorbed protein plays
a role in surface-induced protein
aggregation at the solid-liquid in-
terface.

[45]

IgG1,IgG2 Entensional SiO2 NPs, glass,
polypropylene

Synergistic e�ects of hydrody-
namic flow and liquid-solid inter-
faces.

[24]

IgG1, IgG4 Shear Air, PS20, PS80,
silicone oil

Air/liquid interfacial stress gener-
ated sub-visible and visible aggre-
gates.

[127]

mAb Shear Silicone,
polypropylene,
PS20, PS80,
P188, Brij L-23

Substantial levels of particles in
the presence of surfactants and
from potential material shedding
from the tubing.

[208]

mAb Shear Stainless-steel,
ceramic

Aggregation is initiated by pro-
tein adsorption on pump surfaces
and the propagation by mechani-
cal and/or hydrodynamic disrup-
tion of the film.

[209]

mAb Shear Air, PS80 Synergistic e�ect of cavitation and
agitation.

[210]
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is currently conducted based mainly on the shear flow aspect.

For studies concerning the aggregation of monoclonal antibodies, the shear flow is mainly
applied to induce protein aggregation, followed by the incorporation of air, solid and
liquid interfaces. Overall, the synergy between the contributions of hydrodynamic flow
and interfaces is also acknowledged in other literature studies. In the study conducted by
Kopp et al. [71], the authors investigated the e�ects of shear flow and liquid interfaces
(nanoparticles) where the protein destabilisation was amplified by mechanical agitation.
The synergistic e�ect of cavitation and mechanical agitation was also shown by Torisu
et al. [210], with the same e�ect to also suggested by Sreenivasan et al. [127], where the
air liquid interfacial stress generated aggregates. The material shedding from equipment
tubing is also reported to contributing to the aggregation under hydrodynamic flow as
suggested by Sreenivasan et al. [127], even in the presence of surfactant molecules. The
material type in which molecules interact under their exposure to hydrodynamic flow is
also acknowledged to be important into the flow induced aggregation of the molecules in
the studies conducted by Grigolato and Arosio [24] (glass, polypropylene), Kalonia et al.
[59] (stainless-steel, alumina) and Ro� et al. [209] (stainless-steel, ceramic).

2.9 Summary

2.9.1 Literature emphasis and gaps

The majority of studies around biopharmaceutical aggregation are focused into the ap-
plication of shear flow and its impact on aggregation. Fewer studies address the e�ect
of extensional flow and its importance into a�ecting the aggregation pathway of samples
exposed to it. Apart from the nature of the flow field, samples throughout their produc-
tion, formulation transportation and administration, are exposed to and interact with
interfaces which happens simultaneously under these steps. The distinct e�ects of solid
interfaces where the samples are interacting with equipment and storage interfaces is less
addressed. Most studies investigate the presence of air and liquid interfaces with regard to
formulation additive interfaces present in the final formulation as well as storage interfaces
incorporating air-liquid interfaces. Studies also investigate the e�ects of interfaces by
addressing the incorporation of nanoparticle interfaces represented as liquid interfaces
[69, 71, 204, 211].

Overall, the aggregation phenomenon is quite complex from the perspective of parameter
space involved to a�ect the pathway of aggregation, the natural state and properties of
each independent molecule. This implies that the combination of the parameter space
with each independent molecule, makes aggregation studies challenging, but also useful to
identify the strategies suppressing aggregation and enhancing molecule stability. From
literature studies, a set of parameters have been identified to be crucial for ensuring
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molecule stability. The protein primary structure and molecular weight, magnitude of
hydrodynamic flow and the duration of its application [1] as well as formulation properties
have been identified as important factors contributing to aggregation propensity of the
molecules. The material of the solid surface in which the molecules are interacting with, is
also an important parameter which is currently addressed in the literature. Therefore, for
a complete understanding of the flow induced aggregation pathway, this set of parameters
needs to be considered during the design of biopharmaceutical process ensuring molecule
stability and functionality.
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Chapter 3

Theoretical background

Chapter structure

In this chapter, the flow characterisation equations, Navier-Stokes equations, employed to
describe and simulate the behaviour of proteins within flow-driven systems, are described,
with an overview of the main sections covered in the current chapter summarised in figure
3.1. Initially, as the project addresses the e�ect of shear flow environments on how proteins
can unfold and aggregate, shear flow equations describing shear and extensional flow fields
are presented in 3.1. It is important to acknowledge the distinct e�ects of shear and
extensional flow on protein’s orientation under the exposure to the respective flow fields.
Mathematically, shear flow can be described by the shear rate equations and extensional
flow by the strain rate tensor equation, which will be described in 3.2, followed by the
basic principle equations in microfluidics in section 3.3. Additional to the mathematical
equations to describe the fluid’s motion, analytical solutions to the Navier-Stokes equations,
are developed to validate the simulation results in 3.4, which will be presented in the
following chapters. The pressure drop along a geometry with a sudden contraction is
then described in 3.5. The sudden contraction geometry is the flow environment where
the experiments are conducted, inducing extensional flow events into proteins. Lastly, a
summary of the chapter is described in section 3.6.

3.1 Shear and extensional flow field

The shear in fluids can be developed when the fluid is in motion, where its molecular
particles move relative to each other having di�erent velocities. The di�erent velocities
of the fluid’s particles are responsible for causing a deformation of the original shape of
the fluid, which then becomes disordered [25]. As it is shown in figure 3.2, deformation of
the fluid occurs as the shear force, F has been applied tangentially to the fluid element.
Therefore, the shear stress, ⌧ , given by equation 3.1, can be defined mathematically as the
force (F ) per unit area, (A) causing the material to deform from ABCD to AB0C0D0.

⌧ =
F

A
(3.1)

The shear strain can be defined as the deformation of the fluid in terms of the angle of
deformation, � which is proportional to shear stress, and it keeps increasing with time
as the fluid flows. For a particle moving through a distance x in time t and if E is a
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3.1 Shear and extensional flow field

3.2 Strain rate tensor equation

3.3 Basic principles in microfluidics

3.4 Poiseuille flow

3.5 Pressure drop along a contraction

3.6 Summary

Figure 3.1: Overview of the main sections covered in the theoretical background chapter.
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Figure 3.2: Deformation caused by shear forces, adapted from [25].
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distance y from AD then for small angles shear strain and rate of shear strain can be
defined as:

� =
x

y
(3.2)

Rate of shear strain =
x

yt
=

u

y
(3.3)

Assuming that shear stress is proportional to shear strain then,

⌧ = constant · u
y

(3.4)

The proportionality constant of the fluid, known to be the dynamic viscosity of the fluid,
hence the final form of equation 3.4 becomes:

⌧ = µ · u
y

(3.5)

The shear flow field can be interpreted as the orientation change of the plane as shown
in figure 3.3, which acts perpendicular to the direction of flow over time, whereas the
extensional flow can be determined as the velocity gradient in the direction of travel
(figs. 3.3a and 3.3b).

(a) Shear Flow (b) Extensional Flow

Figure 3.3: Representation of shear (3.3a) and extensional flow (3.3b).

For a Newtonian fluid flowing through a straight tube, the velocity develops a parabolic
profile where it is greatest at the centre and decreases at the walls, as it is shown in figure
3.4. The slope of the line connecting the 0-velocity point at the wall and the tip of the near
wall velocity vector (arrow) illustrated in figure 3.4b is the wall shear rate. Mathematically,
it can be defined as the near wall velocity, v(y) divided by y, given by equation 3.6.

�̇ =
v(y)

y
(3.6)

In a Poiseuille flow, the wall shear rate is given by equation 3.7 [26].

�̇ =
32Q

⇡D3
(3.7)

where:

Q = Volumetric flow rate (m3/s)
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Figure 3.4: Shear rate. (A) Flow in a straight tube (Poiseuille Flow) characterised by a
parabolic velocity profile. The arrows indicate the velocity vector as a function of y across
the vessel.(B) Near the wall the velocity is > 0. The near wall velocity divided by the
distance from the wall defines shear rate, taken from [26].

D = Vessel diameter (m)

3.2 Strain rate tensor equation

Strain in general can be used for the determination of the change of a fluid’s element
configuration to another configuration under change of time [212]. The deformation of an
element, allows determining how material points close to each other change their relative
positions. This is important for understanding how the elements containing proteins
change their relative positions, leading to the deformation on the protein which is linked
with aggregation. The deformation of the neighbour of particle, P, can be characterised by
the strain tensor, which is given by equation 3.8.
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Unit elongations, i.e., normal strains, are given by the diagonal elements of E in the x1, x2

and x3 directions. The shear strain which corresponds to the decrease in angle between
elements, given by the o� diagonal elements of E. If r ~u is antisymmetric, then E=0, and
we have an infinitesimal rigid body rotation, ⌦, which is given by equation 3.9.

⌦ =
1

2
{(r~u)� (r~u)T} (3.9)

where:

r ~u = displacement gradient



3.2. STRAIN RATE TENSOR EQUATION 49

(r~u)ij =
@ui

@aj
(3.10)

Because of the symmetric strain tensor E, there exist at least three mutually perpendicular
directions, ~n1, ~n2, ~n3 with respect to which the matrix of E is diagonal [212].

[E] ~n1 ~n2, ~n3 =

2

64
E1 0 0

0 E2 0

0 0 E3

3

75 (3.11)

where:

E1, E2, E3 = principal strains of E, correspond to the eigenvalues of E, and they include
the maximum and minimum normal strains [212].

The Cartesian matrix representation of the velocity gradient tensor, can be written as
shown in equation 3.12, and it can be then decomposed into the sum of its symmetric and
antisymmetric parts, given in equations 3.14 and 3.15.
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r~v = D +W (3.13)

D =
1

2
{(r~v) + (r~v)T} (3.14)

W =
1

2
{(r~v)� (r~v)T} (3.15)

where:

D= rate of deformation tensor, or strain rate tensor

W= spin tensor

The rate of change of a material’s length and direction issuing from material point, P,
located at ~x at time t can be determined by the rate of deformation tensor in matrix form
D, given by the equation:

[D] =

2
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Similarly to E, the diagonal parts of the matrix correspond to the rates of elongation, i.e.,
extension rates in the x1, x2 and x3 directions. The rate of decrease in angle between
elements, i.e., shear rate, given by the o� diagonal elements of D.

3.3 Basic principles in microfluidics

The microfluidic development and technology has been particularly significant in the last
decade due to the rapid development of lab on chip systems. The technological applications
are driven by the field of the lab on a chip, which describes the application and adaptation
of entire bio/chemical laboratories on the surface of silicon or polymer chips [27].

3.3.1 Reynolds number, Re

Several studies concerning the protein aggregation around the biopharmaceutical industry,
have been conducted using microfluidic systems. The wide use of microfluidic devices can
be found in literature due to a variety of advantages arising from scaling down standard
laboratory setups achievable within a microfluidic system. The microscale of such systems
enables the conduction of fast analysis, where the use of bio/chemical handling and analysis
systems can be performed on compact and portable experimental condition. Liquids,
such as proteins, can be handled within those systems, where its deformation can happen
under the action of external forces. The type of flow that travels within the device can be
characterised by the Reynolds number, Re, which is given mathematically by the equation
3.17.

Re =
LVavg⇢

µ
(3.17)

where:

L = length scale (m) (Typically for a channel taken as 4A/P where A: cross-sectional
area, P: wetted perimeter of the channel; for circular cross-section this reduced to
diameter D)

Vavg = average velocity of the flow (m/s)

⇢ = fluid density (kg/m3)

µ = fluid dynamic viscosity (Pa · s)

3.3.2 Governing Equations

The flow of fluid through a control volume can be characterised by the Navier-Stokes
equations, which are derived from the conservation of mass, momentum, and energy
principles [213]. The simulations of the current study are conducted in a microfluidic



3.4. POISEUILLE FLOW 51

channel, where the Laminar Flow interface found in COMSOL’s physics is suitable for
simulating in low Reynolds numbers. The interface of the Laminar flow can solve the Stokes
equations for conservation of momentum and the continuity equation for conservation of
mass, as it is shown in equation 3.18.

⇢(u ·r)u = r · [�pI + µ(ru+ (ru)T ) + F ]

⇢r · u = 0
(3.18)

where:

u = fluid velocity

p = fluid pressure

F = external forces applied to fluid

3.4 Poiseuille flow

The pressure driven, steady state flows in channels also known as Poiseuille flows or Hagen
Poiseuille flows, correspond to a class of analytical solutions to the Navier-Stokes equation.
The fluid is driven along a straight and rigid channel, by imposing a pressure di�erence
between the two ends of the channel. Originally, channels with circular cross-sections have
been studied by Hagen and Poiseuille, as these channels are easier to produce. In the area
of microfluidics, other shapes of cross-sectional channels have been encountered.

Pressure-driven flow is one of the two most common ways in which the fluid is actuated
to flow within the microchannels [213]. With the particular method, the fluid is pumped
through the micromodel via the displacement of syringe pumps. For the pressure-driven
flow, a parabolic velocity profile is expected to be developed by the flow with a no slip
boundary condition imposed at the wall. The fluid velocity, can be therefore estimated
analytically via the pressure di�erence which is specified between the inlet and outlet of
the channel. Channel shapes other than round are encountered within microfluidic systems
[27]. Particularly, circular and rectangular cross-sections will be considered in this section
since these shapes will be considered for experimental and computational analysis, and
are relevant to the studies described within this thesis.

3.4.1 Circular cross-section

A relation between the flow rate of the fluid entering the channel and applied pressure
di�erence between the two channel ends can be obtained by a formal expression relating
the two for circular and rectangular cross-sections, among other shapes. Initially, an
elliptic cross-section can be considered where the major axis of length "a", and the minor
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axis of length "b", are parallel to the y-axis and z-axis, as it shown in figure 3.5. The
boundary @C of the ellipse is given by the expression:

@C : 1� y
2

a2
� z

2

b2
= 0 (3.19)

Using as a trial solution the following equation, and by substituting it into the left-hand
side of the Navier-Stokes equation for an elliptical cross-section, the final form corresponds
to the equation 3.20.
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Figure 3.5: Cross-sectional shapes for the Poiseuille-flow problem in long, straight
channels. The ellipse (3.5a) with major axis "a" and minor axis "b", the circle (3.5b) with
radius "a". Adapted from [27].

The flow rate, Q, for the elliptic channel is then calculated by evaluating a 2D integral in
an elliptically shaped integration region. In particular, for the circular cross-section is the
case where a=b of the ellipse and the final form of the equation is given by the equation
3.21.

Q =
⇡

8

↵
4

⌘L
�p (3.21)

where:

↵ = channel radius (m) (Defined as D/2)

⌘ = dynamic viscosity (Pa s)

L = channel length (m)

�p = pressure di�erence (Pa)
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3.4.2 Rectangular cross-section

Regarding the rectangular cross-section, the relation between the flow rate and pressure
di�erence is approximated using a Fourier sum representing the solution.

Q ⇡ h
3
w�p

12⌘L
[ 1� 0.630

h

w
] , for h < w (3.22)

where:

h = channel height (m)

w = channel width (m)

According to Bruus [27], the approximate result in eq. (3.22) can be considered to be a
good approximation; for the case of a square cross-section (h=w), the approximation is
given with an error of just 13%, whereas with an aspect ratio of a half, h=w/2, the error
is further reduced to 0.2%.

3.5 Pressure drop along a contraction

When the flow passes along the sudden contraction, the velocity distribution undergoes
development until it is fully developed at some distance down the contraction. Therefore,
the pressure gradient in the region where the flow is fully developed is di�erent from the
flow development region. The pressure di�erence at the region where the flow immediately
passes the contraction and starts to develop a velocity profile can be given by the equation
3.23, as it is proposed by Holmes in [214].

�P =
⇢V

2

2
[K +

K
0

Re
] (3.23)

where:

K = Hagenbach correction (dimensionless)

K
0
/Re = Couette correction (dimensionless)

The dimensionless parameters of K and K
0, have been reported in several literature

studies which indicate their values, as determined either theoretically or experimentally as
summarised in [214] as a function of Re. The pressure loss that is developed along the
sudden contraction occurs as a result of the eddies formed as the flow expands from the
vena contracta up to the full cross-section of the downstream tube, as it is shown in figure
3.6.
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Figure 3.6: Flow separation due to contraction of a tube. The point of the smallest flow
rate is the vena contracta, adapted from [25].

3.6 Summary
To investigate the e�ects of flow on protein unfolding pathway, a mathematical background
is presented describing the theoretical equations implied to simulate, predict and char-
acterise the flow behaviour on proteins required for the conduction of flow simulations.
The following chapter, chapter 4, addresses the flow characterisation computationally, by
employing the theoretical equations of fluid motion described in this chapter. The theory,
presented here, will be applied to describe the flow in extensional devices designed to
induce response of proteins to flow environments. Their response to the generation of flow
fields will be characterised computationally and experimentally in the following chapters
6, 7 and 8.
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Chapter 4

Computational approach to assessing
flow within extensional flow devices

Computational method structure

In this chapter, the methodology applied for the flow characterisation within a range
of di�erent systems is presented, with an overview of the main sections to be covered
schematically shown in figure 4.1. The aim of the particular chapter will be firstly
introduced in section 4.1, followed by a description of the software used for the conduction
of the simulations (COMSOL) in section 4.2. A description of simulation studies performed
for a range of devices, for creating controlled flow conditions including the extensional
flow device, sliding interface and microfluidics is then presented in sections 4.3, 4.4 and
4.5. Lastly, a summary describing the main aspects addressed in the simulation studies is
presented in section 4.6.

4.5
Implementation of extensional flow
onto Fast Photochemical Oxidation
of Proteins, FPOP

4.1 Introduction

4.6 Summary

4.4 Microfluidic device4.4

4.3 The extensional flow device, EFD

4.2 COMSOL Multiphysics

Figure 4.1: Overview of the main sections covered in the computational method chapter.
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4.1 Introduction

CFD is employed here, for the study of fluids in a variety of flow devices used to better
understand protein response to flow induced forces. The technique uses governing equations
and associated boundary conditions to describe the fluid motion. More generally, the
application of CFD can be found both in applied research or industrial fluid-engineering
applications, for example in the fields of aerospace, automotive, biomedical, civil, chemical
and biomedical engineering [215]. The application of such a tool in the current project
allows the flow characteristics to be linked with the unfolding events, which form the basis
of the subsequent aggregation pathways of protein-based pharmaceuticals. In addition,
characterisation of potential designs is used to optimise equipment performance.

The computational part of the project determines the flow properties which are important
in inducing the unfolding or partial unfolding event which is essential for the protein
structure perturbation leading to aggregation. The sudden contraction within the geometry
allows the development of an extensional flow field which is responsible for the elongational
event which a�ects the amount of force applied on the molecules; this is expressed as
the rate of strain. The e�ect of the shear flow which is also present in the system for
the straight flow channel is also considered to be important for a�ecting the aggregation.
Simulations will be able to characterise each flow field component and the amount of force
applied; this can be used to better understand the experimental data. The controlling
parameters, a�ecting the e�ects of force on the aggregation of the molecules, can be also
explored by simulation studies.

A design optimisation study has also been performed to establish the design specifications
which meet the requirements of a microfluidic channel which is intended to be used in a
current biophysical technique known as FPOP, focusing primarily on the early stages of
protein unfolding. Simulations are conducted, identifying the design characteristics that
allow the duplication of the amount of force which is developed within the extensional
flow device. This takes design from milliscale to microscale dimensions.

Computational work has also been conducted to support the investigation of the fluid
properties on the aggregation mechanism. The viscosity of protein solution is a parameter
related to the protein concentration and which has also been explored to identify the e�ect
on the aggregation at the constricted part of the geometry. The link between viscosity and
hydrodynamic force is important for determining the contribution of a range of factors that
are all simultaneously exposed to the molecules throughout the production, transportation
and administration processes.
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4.2 COMSOL Multiphysics

COMSOL is a multiphysics simulation software, finite element analysis and solver which
allows the physics-based user interfaces with coupled systems of partial di�erential equa-
tions. The modelling workflow consists of the geometry definition, material properties,
the physics which describe specific phenomena depending on the application, solver and
post-processing models. The software o�ers the flexibility to apply models for fields in-
cluding solid mechanics, acoustics, fluid flow, heat transfer, chemical species transport and
electromagnetics as the platform is pre-installed with a set of core physics interfaces [216].
The simulations conducted for the flow characterisation as well as the design optimisation
as a part of this project have been performed in COMSOL Multiphysics 5.5. The steps
required for the modelling process are shown in the form of a framework analysis, as
shown in figure 4.2 consisting of three main sections corresponding to pre-processor, solver
and post-processor. The simulations are firstly set in the pre-processor section where
the model geometry is defined followed by the material properties. Physics definition is
then followed by specifying the fluid transport equations, followed by the assignment of
boundary conditions of the model and mesh discretisation. Then the solver settings are
defined by defining the solver type to be used for the simulations as well as by determining
a stationary, time-dependent or a parametric study. The last step of the analysis, in the
post-processor part, is the visualisation of the desired results via qualitative or quantitative
means, via contour plots and graphs respectively.

Pre-processor

Specify problem type
Geometry creation
Assign boundary
conditions
Material properties
Mesh generation

Solver

Solve transport
equations
(mass, momentum,
energy)
Physical model
Solver settings

Qualitative: contours
Quantitative: plots,
histograms, etc.

Post-processor

Figure 4.2: CFD analysis framework.

4.3 The extensional flow device, EFD

The computational characterisation of flow field environments and their link to protein
aggregation are conducted using a previously defined extensional flow device [1], which
consists of a sudden contraction geometry to allow extensional flow and shear flow events
to be developed. The flow within the extensional flow device can be characterised by
conducting CFD simulations. Regions of high and low shear can be identified to determine
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the flow environment in which the proteins are exposed to within the device, and through
experimentation understand how this is related to aggregation. A geometry with a sudden
contraction can be modelled to simulate the extensional flow from a wide tube section,
which corresponds to a syringe connected with a narrower tube as the capillary [1].

4.3.1 Model geometry

The flow through this particular device can be modelled with a 2D axisymmetric model,
which can be viewed as a 3D model when it is revolved around the axis of symmetry. This
is achieved by designing the half geometry of the device around the axis of symmetry, as it
is shown in figure 4.3. The extensional flow has been designed with the actual dimensions
of the device used in the study described in [1]. The syringe and capillary diameters
correspond to 4.61 mm (bore diameter) and 0.3 mm (inner diameter), respectively. The
geometry of the channel is simplified into a 2D axisymmetric simplification, which is more
computationally e�cient.

Syringe 1 Syringe 2

Capillary

Symmetry
axis

75 mm

98 mm

Figure 4.3: Schematic illustration of the extensional flow device geometry model indicat-
ing the model to be designed indicated in bold line corresponding to a single syringe along
the constricted flow channel representing the capillary.

4.3.2 Boundary Conditions

The simulations are conducted using COMSOL Multiphysics v.5.5 using the Laminar flow
interface, which is used to solve the Navier-Stokes equations. Laminar flow interface is
selected because the flow developed within the extensional and then microfluidics devices
corresponds to low Re numbers, Re<1,000 (as calculated in sections 4.3.4 and 4.4.3
respectively). As a part of the flow module, the setup of the boundary conditions is
required for determining the initial conditions that describe the model at the preprocess
stage of the computational procedure. The boundary conditions can be schematically
seen in figure 4.4 and the fluid properties are those of water. This is appropriate for low
concentration protein solutions (i.e., for an IgG at 2 mg/mL) with a reported mass density
of ⇠1.4 g/mL [176], which is similar to the water density ⇠1 g/mL. The flow conditions
are defined to be laminar with an inlet flow velocity entering the syringe, a pressure point
constraint is also set at the outlet of the geometry, whereas the walls are characterised by
the no slip condition.
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Walls/No slip
condition

Pressure
outlet

Inlet

Symmetry axis

Figure 4.4: Schematic illustration of the geometry model indicated with the boundary
conditions.

Sliding interface

The sliding interface corresponds to a variation of the extensional flow device where the
geometry consists of a single syringe with the absence of the contraction in the flow
environment, as shown schematically in the figure 4.5a. In the particular setup, the sample
is loaded in the single syringe, where it is exposed to multiple flow events by the slide
movement of two plungers. The geometry representing the particular experimental setup is
illustrated in figure 4.5b, which is modelled as a 2D axisymmetric model revolved around
the axis of symmetry. The boundary conditions including the incorporation of moving
wall representing the liquid motion of the samples which is induced by the forward and
backward repetitive syringe movement is shown in figure 4.6.

Plunger 1
Syringe 1

Plunger 2

(a)

Symmetry axis

Syringe 1

(b)

Figure 4.5: Schematic illustration of the sliding interface device (4.5a) and geometry
model indicating the model to be designed, indicated in bold line corresponding to a single
syringe (4.5b).

Pressure
outletInlet

Symmetry axis

Moving wall
Slip Velocity

Figure 4.6: Schematic illustration of the geometry model indicated with the boundary
conditions.
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4.3.3 Model discretisation

The model is then discretised into smaller elements before the post-process stage of the
simulation procedure, as it shown in figure 4.7. To ensure that the accuracy of the
simulation results can be considered to be sensible, a mapped mesh has been selected,
allowing a uniform refinement in element size across the domain of the geometry.

The suitability of the mesh size has been also investigated by conducting grid independence
study as shown in figure 4.8, for a local point of interest (i.e., point of the contraction)
(figure 4.8a) and globally along the whole domain geometry (figure 4.8b). A mesh consisting
of 4,750 edge elements (axisymmetric model) corresponding to a total of 9,500 edge elements
(full model geometry) has been selected as the appropriate to converge the output result
of interest, with <1% change on maximum velocity compared to a mesh with double the
element count. The simulation time for the particular model with the specific edge element
size is 2,690 seconds (44 minutes, 50 seconds) and the computing power is 6.65 GB and
15.16 GB for physical and virtual memory respectively.

Figure 4.7: Mesh representation with a zoomed view of clustered elements and boundary
element.

4.3.4 Model verification

The quality control of the computational results can be determined by the validation and
verification process. Model validation is carried out to ensure that the computational
model represents accurately the real world from the perspective of the intended uses of the
model [217]. Model verification investigates the accuracy of the solution to a computational
model by comparison with known solutions [217]. The conduction of a verification process
is followed to to determine the degree of accuracy of the results by the comparison between
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(a) Strain rate at point (0,74) (b) Maximum velocity along the model do-
main

Figure 4.8: Extensional flow device, (EFD) mesh sensitivity tests.

the pressure di�erence (�P) obtained from the simulations and hand calculations. The
total pressure of the model can be calculated by employing analytical equations for the
pressure di�erence along the domain, with the inclusion of the pressure di�erence obtained
from the sudden contraction of the geometry. The pressure di�erence across the syringe
and capillary can be calculated by rearranging the Hagen-Poiseuille equation (equation
3.21), as it is previously mentioned in chapter 3, into equation 4.1.

�P =
8Q

⇡

⌘L

↵4
(4.1)

The mass flow rate, Q, entering the domain inlet, can be determined by equation 4.2:

Q = ⇡ ⇥ rs
2
Us (4.2)

Q = ⇡ ⇥ (0.00231)2 ⇥ 0.008 =) Q = 1.3411⇥ 10�7
m

3
/s

The average flow within the capillary can be then calculated using the equation 4.3 as
follows:

Uc =
Q

⇡r2
c

(4.3)

Uc =
1.3411⇥ 10�7

⇡ ⇥ 0.000152
= 1.897 m/s
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The Reynolds number along the capillary can be then calculated (equation 3.17):

Re =
997⇥ 1.897⇥ 0.0003

8.9⇥ 10�4
= 637.5

Pressure drop over the capillary for the half geometry (axisymmetric model) is calculated
based on the Hagen-Poiseuille equation (equation 3.21):

�P =
1.3411⇥ 10�7 ⇥ 8⇥ 8.9⇥ 10�4 ⇥ 0.075

⇡ ⇥ (0.00015)4

The pressure loss across the capillary is calculated as:

�Poverall = 45, 028Pa =) �Pcapillary = 22, 514 Pa

The additional pressure loss induced by the presence of the geometrical contraction can
be then calculated for the half geometry (axisymmetric model) using the equation 3.23.
K=2.4 and K�=295, based on the contraction ratio of the model, as taken from [214].

�P =
997⇥ (1.897)2

2
⇥ [2.4 +

295

637.5
] =) �Pcontraction = 2, 568 Pa

The total pressure loss is then calculated as:

�Ptotal = �Pcapillary +�Pcontraction = 25, 082 Pa

Total pressure drop from computational simulations suggest �P =26,621 Pa. A percent
error calculation is conducted to quantify whether the error is significant.

%error = |26621� 25082

25082
|⇥ 100 = 6%

This suggests that the hand calculations and computational results are similar within a
di�erence of 6% in the pressure field.

4.3.5 E�ect of high viscosity

In respect of the formulation properties and their e�ects on aggregation, the e�ect of
viscosity is investigated within the flow field using the extensional flow device geometry
as a system of reference for the simulations. The e�ect of formulation viscosity can be
correlated with the protein concentration, as it is reported that viscosity exponentially
increases with protein concentration [218–220].

As proposed by Jaspe and Hagen [18] and previously mentioned in chapter 2 (section 2.7),
the theoretical model interpreting the e�ects of elongational flow on protein unfolding,



4.4. MICROFLUIDIC DEVICE 63

corresponds to a tension force, a�ecting the unfolding phenomenon, and it is characterised
by the viscosity parameter. To further investigate the significance of this parameter and
its e�ect on the flow fields, simulations are designed for investigating the e�ects of viscosity
over a range of shear rates, and on particular flow parameters such as the flow velocity
and strain rate. Highly concentrated protein solutions can express shear-thinning flow
behaviour, which leads to a reduction in viscosity with increasing shear rate [8, 221].
The Carreau model, which is described by equation 4.4 and was previously used in [8]
to determine the shear thinning e�ect of protein solutions, is used here. The model
demonstrates a viscosity-shear rate profile of protein solution by combining viscosity data
obtained from plate/cone rheometer with data modelled by the Carreau model, with the
corresponding fitting model parameters summarised in table 4.1.

Here, the model can be applied to the extensional flow device system by combining the
experimental data and fitting parameters taken from 4.1 and allowing highly concentrated
protein solutions (120-225 mg/mL) expressed as shear-thinning flows with the model to
investigate the potential e�ects on the flow environment within the device.

⌘ = ⌘1 + (⌘0 � ⌘1)⇥ (1 + �2
�̇
2)(n�1)/2 (4.4)

where:

⌘1 = infinite shear rate viscosity (mPas)

⌘0 = zero shear rate viscosity (mPas)

� = time constant

�̇ = shear rate (s�1)

n = power law index

Table 4.1: Rheological parameters of mAb1 (25 �) taken from [8]. (cprotein=protein
concentration, ⌘=dynamic viscosity at 2 x 103 s�1, n=power law index, �=time constant).

cprotein (mg/mL) ⌘ (mPa s) n (dimensionless) ��1 (103s)
120 4.4 0.84 33 ±10
170 13.1 0.82 57 ±67
210 26.3 0.68 41 ±5
225 46.0 0.57 31 ±2

4.4 Microfluidic device
To determine the di�erences in terms of the hydrodynamic forces generated between
the extensional flow device and microfluidics, the flow is characterised within various
microfluidic designs. The models are initially designed and then simulated in 3D using
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COMSOL Multiphysics v.5.5. The intent to generate an extensional flow along the device
geometry is achieved by introducing contractions as a part of the geometry.

4.4.1 Model definition

The characteristic in the design of the chips is the repetition of multiple contractions,
which corresponds to multiple extensional flow events. The boundary conditions in this
case di�er from the EFD model, consisting of one contraction. For the microfluidic models,
the periodic flow condition is applied as shown schematically in figure 4.9. The periodic
flow condition corresponds to the geometry which is a part of a larger geometry; therefore,
a model consisting of one contraction has been designed as the initial geometry to which
periodic conditions have been applied. As it is shown in figure 4.9, the boundary conditions
selection is sorted between a source and destination group, where a pressure di�erence
between the two groups can be set up to evaluate the flow rate after the completion of
the simulation. Multiple contraction in series have been designed with 1 (figure 4.10a), 2
(figure 4.10b) and 4 (figure 4.10c) contractions respectively.

Walls/No slip
condition

DestinationSource

Pressure Di�errence, psrc�pdst

Source

Figure 4.9: Schematic illustration of the microfluidic device with a single constriction
(N-1) indicating periodic flow conditions.

(a) 1 contraction (b) 2 contractions (c) 4 contractions

Figure 4.10: N1 simulated chip designs with multiple contractions: 1 (4.10a), 2 (4.10b)
and 4 (4.10c) using periodic flow conditions.

4.4.2 Model discretisation

The microfluidic 3D model is discretised using swept mesh, where it consists of uniform
rectangular elements. Mesh refinement is carried out close to the corners and close to the
contraction area, as shown in figure 4.11. The total mesh consists of 140,200 elements
which is found to be suitable where the maximum velocity converges at 0.67 m/s and strain
rate at 10,100 s

�1. The mesh was selected after the conduction of grid independence study
as shown in figure 4.12. The mesh sensitivity test was conducted locally investigating the
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strain rate (figure 4.12a) and globally along the maximum velocity that the flow can reach
within the geometry (figure 4.12b).

Figure 4.11: Mesh representation with a zoomed view of clustered elements and boundary
element.

(a) Strain rate at the centreline (b) Maximum velocity along the model do-
main

Figure 4.12: Microfluidic mesh sensitivity tests.

4.4.3 Verification

To ensure that the mathematical representation of the model is solved accurately, the
pressure di�erence along the model for a rectangular cross-section can be calculated by
rearranging the equation 3.22 into equation 4.5.

�P =
12⇥Q⇥ ⌘ ⇥ L

h3 ⇥ w ⇥ [1� 0.630 h

w
]

(4.5)
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The periodic flow condition has been set based on the pressure di�erence along the model,
which is set to �P = 2,500 Pa. The flow rate calculated in COMSOL corresponds to
the value of 3.98⇥ 10�9

m
3
/s. The velocity under which the flow enters the inlet domain

can be calculated using the cross-sectional area of the channel, A. The cross-sectional
dimensions of the rectangular channel correspond to channel width, w = 1 ⇥ 10�3 m and
channel height, h = 0.125 ⇥ 10�3 m.

V =
Q

A
=

3.98⇥ 10�9

1⇥ 10�3 ⇥ 0.125⇥ 10�3
= 0.032 m/s

Re =
997⇥ 0.032⇥ 0.0002

8.9⇥ 10�4
= 7

The pressure drop can be then calculated using the equation 4.5:

�P =
12⇥ 3.98⇥ 10�9 ⇥ 8.9⇥ 10�4 ⇥ 100⇥ 10�3

(0.125⇥ 10�3)3 ⇥ 10�3 ⇥ [1� 0.630⇥ 0.125⇥10�3

10�3 ]
= 2, 362 Pa

The additional pressure loss induced by the presence of the geometrical contraction can be
then calculated using the equation 3.23. K=2.4 and K�=295, as taken from [214].

�P =
997⇥ (0.032)2

2
[2.4 +

295

7
] =) �Pcontraction = 23 Pa

The total pressure loss is then calculated as:

�Ptotal = 2, 362 + 23 = 2, 385 Pa

The percent error is then calculated as shown below:

%error = |2500� 2385

2385
|⇥ 100 = 5%

This indicates that computational results can be considered to be an accurate representation
with an error of 5% compared with the hand calculations.
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4.4.4 Sensitivity tests

Sensitivity tests investigating the e�ect of the design on the extensional field have been
conducted by coupling computational and experimental work. The experimental work has
been previously conducted by Dr. Amit Kumar investigating the aggregation propensity
for each chip design. The experiments have been conducted using the extensional flow
device, where the capillary part was replaced by the microfluidic chip. The models used
for the conduction of the experiments were first designed and then simulated in COMSOL
are shown in figure 4.13. The presence of a series of contractions along the chip length
allows the generation of the extensional flow. This is investigated for a microfluidic chip
with repeated contractions; hence the boundary conditions di�er from those used in the
extensional flow device. The determination of the most e�cient chip suitable for achieving
maximum protein unfolding is done by coupling both the experimental and computational
results. Each microfluidic design has been simulated under the same flow rate, and the
maximum strain rate under which the flow is exposed at the flow channel’s centreline is
determined. The protein unfolding can be also investigated from the time perspective,
demonstrating how much time the protein can be exposed into the extensional and shear
region. The following table groups each microfluidic chip by the variation of the parameter
conducted in the experimental part, so as to be also characterised computationally. The
simulations have been based on the set of the previously experimental work conducted, by
organising the set of experiments according to the number of extensional events depending
on the chip design and experimental parameters such as plunger speed as shown in table
4.2.

Table 4.2: Experimental and computational test of microfluidics in groups.

Group Test protein Device Plunger speed mm/s Protein volume, µL No of Passes No of extensional events
A mAb1 N11 1,2,4,8,12 700 100 1
B mAb1 N11, N12, N14 4 700 100 1,2,4
C mAb1 N11,N12,N14 4 700 100,50,25 1,2,4
D mAb1 N11 4 400,600,800 100 1
E WFL O121 4 700 1 21
F WFL P121 4,8 700 1 21
G mAb1 R110 4 700 2,10,20,40 10
H mAb1 S110 4 700 2,10,20,40 10

4.5 Implementation of extensional flow onto FPOP

The flexibility to implement a microfluidic chip into current and new biophysical methods,
is a powerful tool for achieving a multiple characterisation of aggregation propensity using
multiple techniques. Fast Photochemical Oxidation of Proteins, FPOP is the biophysical
method of interest here, where a microfluidic chip can be integrated into the currently
used setup with the chip designed to give strain rates of the order which is found to
cause aggregation for the previously studied proteins in [1–3]. As previosuly described in
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(a) N1-1 (1 contraction) (b) N1-2 (2 contractions)

(c) N1-4 (4 contractions)
(d) O-21 (21 contractions)

(e) P1-21 (21 contractions)
(f) R1-10 (10 contractions)

(g) S1-10

Figure 4.13: Microfluidic chip designs with a range of contractions in series.
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chapter 2, section 2.5.5, the particular method can be employed to provide information into
the biomolecule structures and interactions of proteins which can be encountered under
unfolding events. As mentioned earlier, this method is a type of hydroxyl-radical based
protein footprinting which makes use of a pulsed KrF laser (248 nm), which produces
hydroxyl radicals which can then modify the proteins in situ [14]. The experimental
procedure is based on a flow system where the protein solution is loaded into a continous
capillary which is placed perpendicular to the laser beam. The laser then labels the protein
solutions so as to capture in peptide or residue level, the protein building blocks which are
a�ected during the partial unfolding of proteins.

Since this method is based on a continuous flow system, the aggregation via extensional
flow can be explored by the implementation of microfluidic chips onto an established
FPOP setup at the University of Leeds. The full equipment description and methodology
conducted for the integration of the device into the current FPOP setup is described
in the next chapter 5, section 5.5. This will allow the aggregation propensity induced
by hydrodynamic forces to be studied in amino acid peptide bonds or residue levels in
real time by the reacting hydroxyl radicals. Therefore, this will give new insights into
the aggregation behaviour under flow by the combination of protein footprinting method
and hydrodynamic forces arising from flow. The incorporation of the microfluidic device,
will also provide the flexibility to select the areas which are important for capturing the
unfolding events, allowing laser spots to be introduced at multiple regions within the flow
channel as schematically shown in figure 4.14. Additionally, simulation studies are also
performed determining the desired laser frequency for the su�cient sample labelling, by
the adjustment of the laser spot size.

4.5.1 Microfluidic design requirements

The successful integration of a microfluidic chip within the current used FPOP setup
requires designing to a set of parameters which are encountered within the FPOP technique.
Analytically, a set of the currently used parameters for the FPOP can be found in table
4.3. A series of geometry sensitivity tests has been conducted to determine a suitable
microfluidic chip dimensions for the FPOP application. The suitable chip dimensions must
be based on a set of requirements such as laser specification and generating a strain rate in
the range of 10,000 to 11,000 s

�1 which has been previously found to induce aggregation to
the proteins of interest [1]. The development of the target strain rate will need to be linked
with the flow rate, which is correlated with the laser frequency, such as the pulsed laser can
label the protein samples e�ciently. Additionally, another requirement is that the design
will require that the protien samples are introduced into the flow channel for a single
pass (once) at minimum flow rates. This is desirable to ensure that the conformational
state of the protein is not altered as the FPOP experiment addresses the early stages of
protein unfolding and not the aggregation of the molecules. Therefore, the suitable chip
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Figure 4.14: Schematic illustration of the transition from the capillary geometry with
internal capillary diameter of 100 µm (i) to the microfluidic flow channel (W1/W2=con-
traction ratio), allowing the laser spot position (x) along the x-axis, and laser spot size
variation (dashed and solid circles) using a translational stage (ii).

dimensions for its integration within the FPOP must meet three critical requirements as
listed below:

• Achieve a strain rate of order 10,000 s
�1.

• Ensure the flow rate is such that the pulsed laser can label the flow e�ciently.

• Minimise flow rates for the once through design.

4.5.2 Flow rate-laser frequency e�ect

The combination of the target strain rate and required laser frequency within the laser’s
wavelength range will determine the suitable microfluidic design for its application into
the FPOP setup. The laser of the experiment which is used to label the samples, has
a given frequency of operation at the standard experiments which is 15 Hz and it can
reach a mamimum frequency of 50 Hz (table 4.3). The required laser frequency F, is then
calculated by the laser spot size S, and the velocity entering along the contraction Uc,
using the equation 4.6:

F =
Uc

S
(4.6)
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Table 4.3: FPOP laser specifications used at the existing FPOP experimental setup at
the University of Leeds.

Parameter Value
Laser wavelength 248 nm
Laser frequency 15 Hz
Max. repetition rate 50 Hz
Flow rate 20 ul/min
Transparent width 3 mm
Inner capillary diameter 100 µm
Max. pulse energy 150 mJ
Max. average power 7 W
Pulse duration 20 ns

With the flexibility of the FPOP, the suitable microfluidic chip design can be developed,
so it can be incorporated into the FPOP setup. Various chip designs have been examined
regarding the required laser frequency needed for the laser in relation with the achievable
centreline strain rate. This set of results describes the design of an FPOP setup. The
calculated relationship between the strain rate and required laser frequency is represented
on figures 4.15a and 4.15b. It can be seen that there is a linear relationship between the
strain rate and required frequency for the laser. CFD simulations have been conducted by
varying chip thickness, t, in a range of 0.025 - 0.125 mm and contraction ratios, W1/W2, in
the range of 10 - 14. Simulations have predicted that all of the chip dimensions examined,
can achieve a strain rate close to ⇠11,000 s

�1 which is the target strain rate, as it has
been previously found to promote aggregation for the proteins [1]. It has been also shown
that by increasing the laser spot size from 3 mm to 6 mm (transparent width, table 4.3),
the required frequency decreases, whereas the opposite happens when the spot size is
decreased (figures 4.15a and 4.15b). As it is shown from figure 4.15b, the target strain
rate is feasible to be obtained at the maximum laser frequency of the instrument which
is 50 Hz, suggesting the maximum sample labelling at the target strain rate of ⇠11,000
s
�1 for a laser transparent width of 6 mm. However, the increase in laser spot size is an

optimisation that could be conducted in the future. Standard FPOP experiments are
conducted at a constant laser spot size of 3 mm, whereas it is shown from figure 4.15a,
the target strain rate would correspond to a required laser frequency of 100 Hz, however
as this exceeds the instrument’s capabilities, the samples will need to be conducted at
the maximum frequency of 50 Hz. This will imply that the as the strain rate can be
determined by the flow rate and contraction ratio, the laser frequency at 50 Hz will imply
to the 50% sample labelling.
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4.5.3 Pressure drop-contaction ratio (W1/W2) e�ect

For the determination of the suitable chip design that can be first manufactured, the
pressure drop can be also considered as a part of the decision process for the suitable chip.
From the simulation results, it can be observed that the target strain rate is achievable

(a) Strain rate relation between required
laser frequency for 3 mm spot size

(b) Strain rate relation between required
laser frequency for 6 mm spot size

(c) Pressure di�erence (Dp) against inlet
flow rate

(d) Strain rate relation between inlet flow
rate

Figure 4.15: Design optimisation studies investigating the e�ects of microfluidic dimen-
sions on the strain rate, and pressure drop, Dp developed within the flow channel. 4.15a
and 4.15b: Strain rate against required laser frequency for laser spot sizes (transparent
widths) of 3 mm and 6 mm respectively. 4.15c: Pressure drop, Dp against inlet flow rate.
4.15d: Strain rate against inlet flow rate. Flow channel thickness, t and contraction ratio
W1/W2 parameters have been investigated as sets: t=0.125 mm & W1/W2=10, t=0.05
mm & W1/W2=13, t=0.025 mm & W1/W2=12.5, t=0.075 mm & W1/W2=14.

for all the chip dimensions investigated. Hence, the pressure drop as well as the inlet
flow rate, shown in figures 4.15c and 4.15d can be used for the determination of the
suitable microfluidic chip design. Comparing the di�erent chip dimensions, it is clear
that each microfluidic design imposes di�erent pressure and flow rate requirements. A
balanced pressure drop and inlet flow rate combination can be determined as the basis
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for determining the suitable chip for manufacture. Based on these set of requirements,
the chip with t=0.05 mm and W1/W2=13 shown in red, best satisfy the requirements,
achieving the target strain ⇠11,000 s

�1 at a flow rate of 90 µL/min. The selected flow
channel is schematically shown as a CAD model in figure 4.17. Alongside the e�ect of
channel thickness on the development of the target strain rate, the distinct e�ect of the
contraction ratio on the development of strain rate was also investigated. An asymptotic
fitting between contraction ratio and strain rate is shown, with the target strain rate to
be achieved at contraction ratios (W1/W2) starting from 8, based on flow channel with
thickness of 0.075 mm, as shown in figure 4.16.

Figure 4.16: E�ect of contraction ratio (W1/W2) on the development of the strain rate
for a flow channel thickness, t =0.075 mm.

W1 W2

50 mm

30
m

m

Figure 4.17: CAD model of the FPOP polyimide (kapton) flow channel with dimensions
of 50 ⇥30 mm flow channel and with the contraction ratio (W1/W2) 13 (W1=1.3 mm,
W2=0.1 mm) and channel thickness (t) 0.05 mm.

The design of the prototype device was conducted with the full components of the device
to be presented in the next chapter, section 5.5. Computationally, the device is designed
as a CAD model with a "sandwich" configuration (figure 4.18a), indicating its components
as well as its mounting on the translation stage allowing the horizontal movement of the
channel so as the laser labelling can be conducted at various channel locations (figures
4.18b, 4.18c), along with aluminium protection masks with wider and narrower window
openings (figures 4.18d, 4.18e).
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Figure 4.18: CAD model indicating the design of the FPOP microfluidic device. 4.18a:
CAD model of the FPOP microfluidic prototype device annotated with its components
including PMMA top part with optical window (i), UV glass window (ii), polyimide
(kapton) flow channel (iii), UV- glass window with inlet and outlet openings (iv) and
PMMA bottom part with optical window (v). 4.18b: CAD model of the integration of the
FPOP microfluidic device with the optical window where the laser can be exposed, mounted
on a translational stage, showing the front view. 4.18c: back view of the microfluidic
device annotated with the sample inlet and outlet along with flow direction. Aluminium
mask models with a 4 mm (4.18d) and 90 µm wide optical windows (4.18e).
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With the use of a syringe pump, the samples will be introduced on the back side of the
device using tubing fittings. The optical window, allows the visualisation of the channel
to be exposed to the laser, which is sandwiched between two UV- glass slides compatible
with the laser wavelength of 248 nm.

As the desired dimensions have been determined, the experimental setup can be then
modified to accommodate the microfluidic device as schematically shown in figure 4.19, by
aligning the flow channel with the capillary position to allow the laser modification to be
conducted at the same vertical orientation as the capillary.

Capillary Flow
channel

20
.3

cm

i ii

Figure 4.19: CAD model of the FPOP experimental setup, indicating the transition
from the single capillary (i) typically used for the conduction of FPOP experiments, to
the microfluidic device (ii). To ensure the laser is aligned to the sample, the capillary
and flow channel are consistent at 20.3 cm in height by adjusting the optical post for the
microfluidic device.

4.5.4 Timescale for laser labelling

Lastly, to ensure that the particular design will fit the experimental requirements, the
time in which the laser labels the samples needs to be correlated with the time in which
the samples are expected to spend within the extensional flow event where the flow rapidly
accelerates. Based on the laser specifications, the laser pulse duration corresponds to 20
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ns (0.02 µs), as previously shown in the table 4.3. The time in which the molecules are
expected to spend within the extensional flow event for a range of strain rates is shown
in figure 4.20. For the range of strain rates investigated, the expected time lies within a
range of ⇠200-280 µs, a 1000-fold increase with the respect to the pulse duration of the
laser. Specifically, for the desired strain rate of ⇠11,000 s

�1 the molecules are expected
to spend ⇠210 µs within the extensional region. This implies that the time where the
molecules will spend in the sudden contraction is suitable, allowing the laser to su�ciently
label the samples.

Figure 4.20: Calculated time in which the sample is expected to spend in the extensional
point at the sudden contraction over a range of strain rate values. Time calculations are
determined based on the selected flow channel with contraction ratio W1/W2=13 and
channel thickness, t=0.05 mm.

4.6 Summary
In this chapter, the methodology followed for the computational characterisation of
flow within a range of geometries is described. Firstly, flow is characterised within the
extensional flow device consisting of the sudden contraction, allowing the extensional flow
fields to be developed. A series of microfluidic geometries was also designed, allowing
the multiple extensional flow events to be developed along the flow channel. In the last
section of the chapter, the design and optimisation of a microfluidic device was described
with the aim to be incorporated into biophysical techniques and particularly within an
FPOP experimental setup, allowing the investigation of extensional flow events on the
early stages of the unfolding pathway of proteins. Alongside the computational methods,
experimental methods are described in the next chapter.
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Chapter 5

Experimental methods

Chapter structure

In this chapter, the detailed description of the methodology followed, as well as the
experimental setups used for the conduction of the experiments, are presented. The main
sections covered are schematically shown in figure 5.1. The chapter firstly introduces
the methodology which is followed for the protein preparation, followed by the surface
treatment procedure in sections 5.1 and 5.2. Experimental techniques are then conducted
by firstly investigating the protein adsorption on the various treated surfaces in the
absence of flow contributions in section 5.3. Then the flow parameter is introduced by
conducting experiments investigating the simultaneous e�ects of surface and flow in section
5.4. The next section, section 5.5, presents the development of a microfluidic device and
its integration within a biophysical method (Fast Photochemical Oxidation of Proteins),
which aims to investigate the early stages of protein unfolding under flow. The upcoming
sections 5.6 and 5.7, describe the methodology conducted for the flow-induced aggregation
characterisation, followed by a formulation characterisation section by the conduction of
rheology experiments. Lastly, an overview of the main sections covered within the current
chapter are summarised in the section 5.8.

5.1 Protein preparation

The preparation of protein-based pharmaceuticals involves their formulation into the
desired bu�er systems, and concentrations. Their preparation in the desired bu�ers
ensures the limitation of pH changes that can be encountered during storage and handling,
as the ability of various bu�er systems to modulate pH variation has been reported in
literature [222]. The antibodies used in the project, mAb1, WFL (MEDI1912), STT
(MEDI1912STT ), MEDI8852 and MEDI3549 were all provided by AstraZeneca PLC,
Cambridge UK and were stored at -80 � as supplied, before use. Antibody solutions
of mAb1, WFL and STT were prepared by dialysing thawed stock protein into filtered
(0.22 µM PVDF membrane filters (Durapore, Sigma)) and degassed 150 mM ammonium
acetate solution, pH 6.0 (Sigma) for three hours at 4 �, using a 3 kDa MWCO dialysis
tube (Generon).

For those studies involving di�erent formulation conditions, including Tween 20 (PS20),
the dialysis procedure was performed as above, except the antibodies were dialysed into
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5.1 Protein preparation

5.2 Surface treatment

5.3 Protein adsorption

5.4 Surface and flow induced aggregation

5.5 Fast Photochemical Oxidation of Proteins,
FPOP

5.6 Characterisation of protein aggregation

2.8

5.7 Rheology experiments5.7

5.8 Summary

Figure 5.1: Overview of the main methodologies followed in experimental methods
chapter.
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filtered (0.22 µM) and degassed 150 mM ammonium acetate + 0.1% (v/v) Tween (R)
20 (UltraPure: National Diagnostics), pH 6.0 or 125 mM L-arginine (Acros Organics) +
20 mM sodium succinate (Sigma) pH 6.0. Protein samples were then filtered through a
0.22 µM syringe filter and kept on ice. The concentration of the solutions was determined
using UV-visible spectrometry (UV-1800, Shimadzu, UV spectrophotometer) using the
molecular weight values and extinction coe�cients, ✏280 as shown in table 5.1. The samples
were then adjusted to a final concentration of 0.5 mg/mL, where most experiments were
carried out.

For studies involving higher concentrations (>0.5 mg/mL), using MEDI8852 and MEDI3549
as model proteins, samples were prepared in the desired concentrations by the dilution of
their initial stock concentrations (50 mg/mL) using 235 mM Sucrose (Fisher Scientific), 25
mM Histidine (Sigma), pH 6.0 into the desired sample concentration of 5-40 mg/mL.

Table 5.1: Summary of molecular weight and extinction coe�cients of samples provided
by AstraZeneca.

Protein Molecular weight, (Da) Molar extinction coe�cient at 280 nm,
✏280, (M�1

cm
�1)

mAb1 147,483 207,360
STT 148,107 228,440
WFL 148,422 239,440

MEDI8852 149,170 231,214
MEDI3549 204,466 321,012

5.2 Surface treatment

The surface modification will give insights into the understanding of whether the surface
a�ects the aggregation process and whether the aggregation is induced by the combination
of surface interaction and hydrodynamic forces.

To further investigate that, a surface modification of the parts where the proteins come in
contact within the device (syringes, plunger, capillary) are modified by vapour (silanisation)
and liquid deposition methods, which is described in the following section 5.2.1. Alongside
the surface silanisation, the particular section explores another set of experiments, where
the surface was modified by the covalent attachment of protein molecules on the equipment
surface, which is then followed in section 5.2.2. Surface characterisation of silanised and
protein labelled surfaces, is then followed by contact angle (✓) measurements, which will
be described in section 5.2.3. Therefore, this section explores two types of experiments;
experiments involving silanised surfaces inducing the change in the hydrophobicity of the
surface (increasing the contact angle, ✓), and experiments involving the modification of
surfaces with protein attachment on the surface. The surface silanisation investigates
the e�ect of the surface hydrophobicity-surface wettability, on the aggregation propensity
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under flow. On the other hand, the protein attachment on surface experiment, investigates
whether the conformational state of a protein which is already landed on the surface
equipment, a�ects the aggregation propensity of the proteins while they are exposed to
flow. As previously examined in [1, 2], the aggregation behaviour of various IgGs at the
same concentration and bu�er conditions has been examined using the extensional flow
device. The intent of the particular set of experiment is to identify and compare any key
di�erences regarding three proteins: STT, mab1 and WFL. The surface and flow e�ects are
also investigated for a bispecific molecule, MEDI3549, with the largest molecular weight
between the model proteins. The surface treatment process consists of three main steps
including the surface cleaning step by the plasma treatment of the surfaces, followed by the
surface modification via liquid or vapour deposition methods, and the characterisation of
the surfaces via contact angle measurements as the final step of the process. The procedure
is summarised schematically in figure 5.2.

oxygen plasma

carbon

(a)

Vacuum
chamber

Air outlet

Material of the film

object

(b)

✓<90°

✓

✓>90°

(c)

Figure 5.2: Surface treatment process schematic. Firstly, the surface is plasma treated
(5.2a), then treated using PVD within a vacuum chamber (5.2b) and finally is characterised
by contact angle measurements (5.2c).

5.2.1 Self Assembled monolayers, SAMs

The generation of monomolecular films of molecules on a range of substrates can be carried
out by the method of Self-Assembled Monolayers (SAMs). The field was first reported by
Zisman [32, 223] where the formation by adsorption of a surfactant monolayer onto a metal
surface was firstly published. Following studies since then have focused on the underlying
formation process and characterisation of surface properties [223]. The understanding of self-
organisation, structure-property correlations and interfacial phenomena can be developed
through the use of SAMs. As reported in [32], due to the flexibility of the variation between
head and tail groups of SAMs systems, phenomena involving intermolecular competition,
interactions between molecular-substrates/solvent interactions including growth, adhesion,
lubrication and corrosion can be better understood.

Silanes are important in the preparation of SAMs as they can be used into the attachment
to various substrates such as silicon and glass which contain hydroxyl or oxide groups
[224]. Organosilane SAMs are significantly stable mechanically, thermally and chemically
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due to the strong immobilisation through siloxane bondings [223–226]. The preparation of
SAMs can be performed by immersion in solution and also by Chemical Vapor Deposition
(CVD) methods encountered by the adsorption from the gas phase in a vacuum chamber
[227]. The preparation at the solid/liquid interface is most commonly used, but besides
the liquid phase, self-assembly at the vapour-solid deposition method is also an alternative
method. Particularly, for the conduction of the experiments which will be described in
the next sections, the vapour deposition method was applied for the surface modification
experiments. The advantage of vapour deposition method is the reproducibility of homo-
geneous, covalently bonded and high density functionalised silane films. Vapour phase
method corresponds to a cleaner approach as the surface is not exposed to impurities
contained in solution, allowing also the control of the amount of moisture in the deposition
chamber, which limits the self-polymerisation of the silane [31]. The one exception is where
a liquid deposition method is applied, when using PEG solution, where the substrates are
immersed into the solution.

Silane selection

The surface library, was constructed based on the degree of hydrophobicity of reported
silane agents, as summarised in table 5.2. The selection of the desired silanes was based
on various levels of hydrophobicity, allowing the aggregation propensity of proteins to be
investigated in a range of surfaces exhibiting either hydrophilic or hydrophobic profiles.
Based on the most commonly used silanes as found in literature, the most hydrophilic
silane agent corresponds to APTES with reported contact angle, ✓ within a range of 41-59°.
Alternatively, the most hydrophobic silane agents with increased contact angle corresponds
to various silane agents including dodecyltriethoxysilane (✓=102°), FDTS (✓=100-110°),
OTS (✓=100°) and FAS (✓=100-110°).

Table 5.2: List of most commonly used silanes found in literature along with their
wettability properties-contact angle values.

Silane Contact Angle, ✓ (°) Reference
Hexamethyldisiloxane (HMDSO) 75-90 [228]
Dodecyltriethoxysilane 102 [229]
3-Aminopropyltriethoxysilane, (APTES) 41-59 [230], [231]
(3-Isocyanatopropyl)triethoxysilane 65-72 [232]
(3-Glycidyloxypropyl)triethoxysilane 49 [233]
Perfluorodecyltrichlorosilane, (FDTS) 100-110 [234]
Poly(dimethylsiloxane) 97 [235]
n-Hexyltrimethoxysilane, (HTS) 90 [236]
Methyltrimethoxysilane 80-87 [237], [236]
n-Octyltriethoxysilane 80.4 [236]
Octadecyltrimethoxysilane, (OTS) 100 [238]
Fluoroalkylsilane, (FAS) 100-110 [234]

Three silanes of interest have been then selected, and the surface library constructed to
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investigate the surface e�ect under flow is shown in table 5.3. The choice of the particular
silane agents corresponds to hydrophilic and hydrophobic surfaces. The surface library
consists of the silane with the smallest contact angle as reported in literature corresponding
to APTES (Silane A), FDTS (Silane C) as the silane agent with the maximum contact
angle, and HTS (Silane B) corresponding to a surface with an intermediate contact angle
(✓=90°) between the lower and upper contact angles of Silane A and silane B respectively.
The library also includes a PEG agent, mPEGMA exhibiting hydrophilic properties. PEG
has been extensively used as a protein surface-resistant coating material. According to
the manufacturer (Sigma), poly (ethylene glycol) methyl ether methacrylate (mPEGMA)
is often used to create PEG modified surfaces and surface grafted polyethylene glycol
(PEG) prevents protein absorption. It is also reported in literature that the passivation of
microfluidic systems with the particular coating is desired, as it is a high biocompatible
material, and rejects protein adsorption among others (platelets) e�ciently [239].

Table 5.3: Surface library constructed for the investigation of surface-flow interactions.

Surface Chemical agent additive Chemical formula
PEG mPEGMA H2C C(CH3)CO2(CH2CH2O)nCH3
Glass - SiO2

Silane A APTES H2N(CH2)3Si(OC2H5)3
Silane B HTS CH3(CH2)5Si(OCH3)3
Silane C FDTS C10H4Cl3F17Si

Vapour deposition

The surface treatment procedure, which is shown schematically in figure 5.3, includes the
surface cleaning by plasma treatment removing any hydrocarbon contamination from the
untreated surface, which is then chemically functionalised by surface reactions using the
selected silane agents shown above (table 5.3). The borosilicate syringes, capillaries, and
float glass slides (for contact angle measurements) were cleaned by exposure to air plasma
(using a Gala Instruments-PlasmaPrep2 cleaner) for 10 minutes to ensure the removal of
contaminants and to introduce hydroxyl groups (-OH) onto the bare glass surface prior
to modification. Surfaces were derivatised with silane A (3-Aminopropyltriethoxysilane
APTES 98%; A10668, Alfa Aesar)), B (n-Hexyltrimethoxysilane, (HTS 97%; L03576, Alfa
Aesar), or C (1H,1H,2H,2H-Perfluorodecyltrichlorosilane, FDTS 96%; L16584, Alfa Aesar)
via evaporation of the silane solution under vacuum. The procedure followed to conduct
the silanisation of the surfaces is based on the silanising glassware protocol found from
current protocols in molecular biology [240].

Each was prepared by adding 1 mL of silane to a 5 mL beaker located within a desiccator
containing the surfaces (syringes and capillary) along with a flat glass slide. The system
was then evacuated by attaching a vacuum pump to the desiccator for a period of 5
minutes. The vacuum pump was then detached, and the system was left under vacuum
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Figure 5.3: Schematic illustration of the surface treatment by contamination removal
via plasma treatment. Surface cleaning has been accompanied by PVD followed by the
preparation of chemically functionalised SAMs surfaces by surface reactions, using APTES
(Silane A), HTS (Silane B) and FDTS (Silane C). Adapted from [28–31].
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overnight.

Liquid deposition

For the surface treatment using the mPEGMA solution, a liquid deposition procedure
is followed, which is schematically shown in figure 5.4. The formation of the particular
SAMs is conducted by the immersion of the desired substrates into the solution of the
surface-active mPEGMA. For mPEGMA (Poly(ethylene glycol) methyl ether methacrylate;
457876, Sigma Aldrich), surfaces were incubated in the PEG solution (50 wt.% in H2O)
overnight by simple immersion as indicated in figure 5.4. Samples were then removed,
washed with 2% (v/v) Hellmanex II solution (Hellma analytics) and then rinsed with
Milli-Q ddH2O and characterised by contact angle measurements, described in the next
section 5.2.3.

chemisorption
at the surface

intermolecular
interactions

group-specific
interactions
(H-bonding, dipolar)

surface-active
head-group

alkyl
group

air-monolayer
interface group

substrate

substrate
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closely-packed,
ordered SAM

Figure 5.4: Formation of SAMs by simple immersion of the substrate into a solution of
the surface-active material. The driving force for the formation of the assembly includes
chemical bond formation with the surface and intermolecular interactions. Adapted from
[32].

5.2.2 Antibody binding on surface

The determination of surface’s role into the aggregation pathway can be established by the
investigation of protein-surface and protein-protein interactions. The surface modification
was previously described by the use of silanes and polyethylene glycol solutions, with a
view to investigate the protein-surface interactions. Moving forwards, the protein-protein
interactions in the presence of various underlying substrates can be established by the
protein attachment on surface.
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Physical adsorption

Protein immobilisation on the surface can be established by physical adsorption and
chemical modification. Physical adsorption corresponds to the simplest method for immo-
bilisation of antibodies with the limitation in the control of the antibody orientation, and
it is usually correlated with poor binding and denaturation [7, 241]. The occurrence of the
physical adsorption between antibodies and solid substrates is based through hydrophilic,
hydrophobic and van der Waals forces [7, 242, 243]. Typical solid substrates include plastic
(polystyrene and silicone), membranes and various metallic surfaces [243].

Chemical modification

Protein immobilisation on the surface can also be established by chemical means, including
the formation of strong covalent bonds between the protein and the substrate of interest.
The attachment between the protein and the substrate is characterised as e�cient and
irreversible through the bonds formed between the functional groups located at protein’s
surface and properly modified substrates [244].

Covalent protein attachment on surface

To investigate whether the surface wettability or the conformational state of the protein is
responsible for inducing aggregation under flow conditions, covalently attachment of STT
and BSA proteins is performed on the equipment surface. STT protein has been selected
for its covalent labelling on the equipment surfaces due to its previously characterised
aggregation resistant profile [1]. As reported in [7, 241], during the immobilisation of
antibodies on surfaces, there is limited control of the antibody’s orientation on the surface,
which is linked with potential denaturation. As the particular protein has been previously
characterised and showed that it exhibits enhanced molecular stability under flow, it is
selected as a suitable protein for the covalent attachment on surface under flow. BSA is
also selected as it is the most common protein used as a passivation technique reducing
unspecific binding of biomolecules [239], and it is also among the most common model
proteins for the study of the organisation of biomolecules on functionalised surfaces [245].
The experimental procedure for the covalent attachment, which will be described next,
has been conducted by Dr Leon Willis.

The surface functionalisation was conducted on surfaces (glass slides and syringes) which
were firstly treated with APTES (Silane A). Glass slides were also functionalised for
their further surface characterisation using AFM which will be described in section 5.3.2.
STT and BSA were covalently attached to APTES glass slides by dialysing both proteins
into 20 mM sodium phosphate (Sigma Aldrich), 400 mM NaCl (Fisher Scientific) pH 7.2
overnight, then diluting the filtered stocks to a concentration of 0.5 mg/mL. A 50 mM
stock of BS3 cross linker (XL) (Thermo Scientific) was prepared in double-distilled water,
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ddH2O according to the manufacturer. To functionalise the APTES syringes (which were
prepared by the author and previously described in section 5.2), XL was added to the
protein solutions such that the final [BS3] was a 50x molar excess. After mixing, 1 mL
of the solution was drawn into each water-rinsed syringe and laid on ice for two hours.
The remaining solutions were respectively pipetted onto two APTES-functionalised glass
slides (in a tray on ice), covered over and left for two hours on ice. After two hours, 150
µL of 1M Tris was drawn into the syringes and the syringes inverted several times to
mix and quench the reaction. In the slides case, the Tris was pipetted onto the reaction
solution with repeated aspiration. The quenching reactions were left at room temperature
for 15 mins. The solutions were discarded, with the glass components and syringe barrels
rinsed extensively with ddH2O, before drying under nitrogen gas. STT protein was then
exposed to the covalently modified surfaces under extensional flow. All samples, stressed
in the extensional flow device, were subjected to 0-500 passes at a plunger velocity of
8 mm/s. The quiescent control was incubated for the longest experimental time at 500
passes, corresponding to 50 minutes (3,000 s, 1 pass = 6 s). Samples were quenched after
stress by placing them on ice.

5.2.3 Contact angle characterisation

As a part of the project is based on the modification of surfaces within the flow-based
device that come in contact with proteins, the contact angle is useful to determine surface
characteristics. Contact angle, is usually used to express the wetting behaviour of solid
surfaces by a liquid. It can be expressed mathematically by a thermodynamic equilibrium
between surface tension faces corresponding to solid, liquid and gas, given by Young’s
equation, equation 5.1.

�LV cos ✓ = �SV � �SL (5.1)

where:

�SV = solid - vapour interfacial tension

�SL= solid - liquid interfacial tension

cos ✓= contact angle

The degree of wetting of a solid surface can be detected by the contact angle measurements
between the solid and liquid interaction, as it is shown schematically on figure 5.5. High
wettability implies when the contact angle is considered to be small, (<<90°) whereas
large contact angles (>>90°) correspond to low wettability.

Surface derivatisation was validated by quantifying the wetting behaviour of each surface
by a water contact angle measurement. Static contact angles of a 20 µL water droplet at
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✓<90° ✓=90° ✓>90°

✓

�SL

�LV

�SV

Figure 5.5: Contact angle illustration on a smooth homogeneous solid surface. Adapted
from [33].

pH=7 placed on the surface of each derivatised float glass slide (soda-lime glass, 631-1552;
VWR) were measured using a goniometer (CAM 200, KSV Instruments LTD), as shown
in figure 5.6 at room temperature. The data were analysed using the CAM2008 software
supplied with the instrument, and the final contact angle was taken from the average of
ten independent measurements.
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Figure 5.6: CAM 200 goniometer with annotated physical features including real-time
FireWire camera (i), lens aperture adjustment (ii), camera zoom lock (iii), camera lens
zoom adjustment (iv), sample stage (v), sample (vi) and LED light source (vii).

5.3 Protein adsorption

To understand the e�ects of surface modification on protein interactions, adsorption
experiments have been conducted in the absence of any flow events. Here in this section,
the experimental investigation of protein a�nity on the various surfaces is described.

5.3.1 Quartz Crystal Microbalance with Dissipation, QCMD

Surface adsorption has been determined using the Quartz crystal microbalance with
dissipation technique (QCMD), which allows the determination of protein mass and
thickness under the oscillation of the quartz crystal. The technique measures the frequency
and dissipation shifts as mass starts to adsorb on the QCM sensor. The resonant frequency
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of the crystal decreases as the mass adsorbed on the surface increases. For evenly
distributed adsorbed layers which are thin and su�ciently rigid without dissipating energy
and having small mass relative to the crystals mass, the adsorbed mass can be described
by the Sauerbrey model [246]. The adsorbed mass �m, under the referred conditions, is
proportional to the frequency shift of the crystal, as it is shown in equation 5.2.

�m = �C�f

n
(5.2)

where:

�f= resonance frequency change (Hz)

C= mass sensitivity constant ( ng

cm2Hz
)

n= overtone number

Based on this equation, the calculation of the thickness of the layer can be determined.
As for the case here where investigating the adsorption of proteins, the adsorbed layer
does not represent a rigid oscillation as the system dissipates energy and the Sauerbrey
equation is not a suitable model. Proteins tend to be hydrated as they are adsorbed on the
surface as well as being highly viscoelastic; therefore they are not completely rigid [246].
Raw data was then analysed based on the Voigt viscoelastic model using mathematical
equations to automatically fit the raw data of frequency and dissipation shifts to the
parameters of interest such as protein thickness. The Voigt viscoelastic model, which was
analysed in [247], is described by equation 5.3 and corresponds to a spring and a dashpot
arrangement under no slip conditions. In this system, the quartz plate is treated as a
harmonic oscillator described by a wave equation for bulk shear waves propagating in a
viscoelastic medium.

G
⇤ = G

0 + iG
00 = µ1 + i2⇡f⌘1 (5.3)

where:

G
⇤= complex shear modulus

G
0= storage modulus

G
00= loss modulus

µ1= shear elasticity

f= resonance frequency

⌘1= viscosity
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The model relates the QCMD responses of frequency (�f) and dissipation (�D) shifts to
the thickness and viscoelastic properties of the adsorbing layer. The developed equations
linking the parameters of interest with the raw experimental data are extensively described
in [247].

For the QCMD experiments, a Q-SENSE E4 (Biolin Scientific Holding, AB., Stockholm,
Sweden) was used as shown in figure 5.7, with samples loaded using a four channel
peristaltic pump (Ismatec IPC-N 4) onto silicon dioxide layer sensors (QCM 5 MHz; 14
mm; Cr/Au/SiO2; Quartz Pro, Sweden). The silicon dioxide coated layer sensors were
selected in order to correspond to the chemistry of the syringe glass surface of the EFD
device, which is borosilicate glass (with silicone dioxide composition of ⇠74% [248]). For
the surface modification experiments, QCM sensors were modified as described in section
5.2. The frequency and dissipation measurements have been recorded using QSoft software
for number of overtones (n= 3, 5, 7, 9, 11, 13).
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Figure 5.7: QCMD experimental setup with annotated physical features. 5.7a: inlet
sample (i), Q-SENSE E4 analyzer (ii), peristaltic pump (iii) and outlet-waste collection
tube (iv). 5.7b: flow module metal pieces (i), sealing gasket (ii), o-ring (iii) and QCMD
sensor (iv).

Firstly, the bu�er solution was injected and allowed su�cient time to stabilise, for at
least 10 minutes. After obtaining the bu�er baseline, 0.5 mL of protein sample was
introduced onto the sensor’s surface. The sensor was then rinsed with fresh bu�er until the
baseline was re-established. All the measurements were conducted at a constant protein
concentration (0.5 mg/mL) at a controlled temperature (25 �) at a flow rate of 0.21
mL/min. Raw data was then analysed using QSense Dfind software, using the Voigt
viscoelastic model described above. New QCM sensors were used for each experiment to
reduce contamination e�ects. Thorough cleaning was also conducted on the flow module
by the immersion of all flow parts (fig. 5.7b) (metal piece, sealing gasket, o-ring) in 2%
(v/v) Sodium Dodecyl Sulfate (SDS; 10%; Severn Biotech Ltd), followed by immersion in
an ultrasonic cleaning bath (U100H; Ultrawave) in the 2% (v/v) Sodium Dodecyl Sulfate
solution for 10 minutes at a maximum controlled temperature of 40 �.
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5.3.2 Atomic force microscopy, AFM

Atomic force microscopy experiments (Multimode, MM2; Bruker) have been performed to
characterise the surfaces modified with the cross-linked proteins as described in section
5.2.2 and used to establish the surface topography. Glass slide samples were firstly cut into
smaller pieces to allow their fit to the sample stage of the instrument. Samples were then
attached to 15 mm AFM specimen discs (AGF7003, Agar scientific) with epoxy resin and
allowed to sit until the epoxy adhesive was cured (⇠30 minutes). Samples attached with
the metal disks were then mounted to the magnetic sample holder of the instrument. With
the sample in place, the AFM head was mounted securely. Once the head was installed,
the microscope of the instrument was then aligned on the translational stage at the bottom
of the AFM base. The probe holder was then mounted, and the microscope was then
adjusted in order to bring the tip into the optical microscope field of view. The microscope
was then focused on the sample surface and the sample stage was then adjusted such as
the sample was closer to the tip surface.

The laser was then aligned on the cantilever tip and the laser spot was then directed
to the end of the cantilever using the laser adjustment knobs located on the top of the
AFM head. The laser alignment was also ensured by monitoring the SUM signal display
of the instrument. As the laser spot approaches the AFM probe (RTESP-300; Bruker),
the SUM reading was increased. The laser mirror was then adjusted using the mirror tilt
lever to maximise the SUM signal reading, which indicates the total voltage generated
by the position sensitivity photodetector. The voltage value changes according to how
much of the beam falls on the photodetector. The photodetector was then aligned by
adjusting the photodetector knobs to reduce the values of the vertical deflection (VERT)
and horizontal deflection (HORZ) close to zero. The mode of the instrument was then
adjusted to tapping mode by enabling the TM AFM (tapping mode) option.

The experimental steps required for the imaging were then set using the NanoScope
software by specifying the cantilever type and operation mode. The cantilever was then
tuned by modifying the drive frequency, which was set lower than the resonance peak of the
cantilever, as it has been found that the microscope produces better data in tapping mode
by setting the drive frequency lower than the resonance peak of the cantilever, as reported
in the "Bruker MultiMode 8, Standard Operating Procedure" laboratory manual. The drive
frequency was set such that it coincides with ⇠10% decrease in the vibration amplitude.
After the cantilever tuning, the imaging properties were configured by specifying the scan
size (5 µm), scan rate (0.992 Hz) and samples/line (768). Once all the parameters were
checked and configured, the AFM platform was raised away from the table. The tip was
then engaged to the sample surface and image scanning was started until the desired
sample image scan was collected.

Samples have been imaged on air in tapping mode and data analysis was performed
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in Nanoscope analysis software. The experimental procedure was conducted using the
NanoScope software (NanoScope 8.15) where the experiment in air was selected.

5.4 Surface and flow induced aggregation

5.4.1 EFD experimental setup

The extensional flow device (figure 5.8) which has been previously developed in Leeds
as a part of the study conducted in [1], shown in figure 5.8b consists of two modified
borosilicate Hamilton syringes which are connected by a borosilicate glass capillary. A
second device (figure 5.8a) has also been developed within this project to allow the
conduction of multiple experiments in parallel by users. The extensional flow is developed
by the sudden contraction between the syringes and capillary. Therefore, samples stressed
within the device will be under the exposure of both hydrodynamic forces of shear and
extensional flow.

The operation of the device has been handled by the use of an Arduino microcontroller,
which has been programmed to determine the number of passes where the syringes will
expose protein samples under shear and extensional events at constant plunger speed. The
syringes are moved in both directions for one cycle using a lead screw stepper motor to
achieve a linear motion of the syringes which is parallel to the direction of flow. For a
single pass to be completed, the protein solution is shuttled from one syringe to the other
until the final sample volume of 0.5 mL is loaded to the second syringe.

The device consists of two borosilicate Hamilton gas-tight syringes with an inner diameter
of 4.6 mm connected via a borosilicate glass capillary (Sutter Instruments) with 0.3 mm
inner diameter along with o-ring and compression fitting components, to allow flow sealing
during the conduction of the experiment as shown in figure 5.8c. The full description
of the EFD components can be found in detail under the caption of figure 5.8. The
original surface of the device is made of borosilicate glass for the syringes and capillaries,
polytetrafluoroethylene (PTFE) for the syringe plunger, and stainless steel for the syringe
cap. A stepper motor controlled by an Arduino microcontroller was used to drive the
syringe plungers for the desired number of passes and at a given plunger speed. The
stressing experiments were conducted using the original untreated glass syringes and
capillaries, as well as the modified glass syringes and capillaries.

The e�ect of hybrid equipment surfaces on the aggregation of proteins was also conducted,
by the combination of multiples surfaces between equipment parts. The combination
of surface treated surfaces corresponds to the rearrangements of the various surface
components, which are the two syringes and capillary, in an array of device surfaces
exhibiting multiple hydrophobic profiles. For clarification purposes, table 5.4 summarises
the two sets of experiments employed for the construction of hybrid devices. The aim of
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the construction of these hybrid equipment surfaces is to investigate the e�ect of surface
within particular flow types found in syringes, before flow acceleration (low shear) and
capillary, post flow acceleration (high shear). To investigate the e�ect of high shear flow
region, the high flow region represented by the capillary is treated based on the surface
library constructed and shown previously in table 5.3, whereas both syringes remained
untreated (experiment 1). To investigate the surface e�ect of low shear region (syringes)
the two syringes were treated based on the surface library whereas the capillary surface
remained untreated (experiment 2).

Table 5.4: Construction of hybrid equipment surfaces (syringe 1, syringe 2 and capillary)
of the extensional flow device. Experiment 1 investigates the e�ect of capillary surface
(flow region of high shear). Experiment 2 investigates the e�ect of syringe surface (flow
region of low shear).

Experiment Syringe 1 Syringe 2 Capillary
1 Untreated Untreated Treated
2 Treated Treated Untreated

To carry out an experiment, a filtered protein sample was loaded into the device, avoiding
the infusion of any air bubbles. The protein solution was shuttled between the two syringes
via the borosilicate glass capillary at the desired number of passes and speed. Control
samples (which can be also referred to as native or quiescent) were loaded into the EFD
and incubated at ambient temperature for the length of the flow experiment, e.g., 100
passes takes 10 minutes. Once the control and stress experiments were complete, solutions
were expelled from the syringes and stored on ice before quantification. Prior to the
conduction of each experiment, the syringes were washed using a Hellmanex solution-II,
followed by a bu�er wash before the loading of protein samples.

5.4.2 Sliding interface

The contribution of shear flow e�ects on the aggregation, has also been investigated using
a sliding interface setup, which is a partial modification of the EFD device as shown in
figure 5.9. The variation of the sliding interface compared to the EFD is the absence of
sudden contraction in the flow geometry, allowing the exclusive e�ect of plunger action
on the flow induced aggregation to be investigated. The sliding interface consists of the
same syringes as the EFD that have been modified by Yorlab supplier to accommodate a
syringe plunger at the inlet part of the syringe additional to the outlet, as shown in the
experimental setup in figure 5.10.

Experiments have been conducted using STT and WFL which represent molecules with
extreme aggregation profiles, with STT having an aggregation resistant profile whereas
WFL an aggregation prone profile. The samples have been both exposed to the sliding
interface at the same plunger velocity (8 mm/s), however the experimental time in which
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Figure 5.8: Extensional flow devices (EFDs) with annotated components and features.
5.8a & 5.8b: Project box with Arduino board (UNO) and LCD interface (i), motor mount
(ii), stepper motor (Haydon Switch and Waterbury CT Instrument Co) (iii), mounting
board (MB1560/M; Thorlabs) (iv), linear guide carriage (RS; Igus TW-01-20) mounted
with syringe bracket as shown in 5.8a and syringe bracket shown in 5.8b (v), lead screw
of the stepper motor (vi), dovetail rail (RLA300/M; Thorlabs) (vii), 1 mL syringe (1001
RN SYR; Hamilton) (viii), sudden geometry contraction (ix), borosilicate capillary (x),
dovetail rail carrier (RC2/M)(xi), syringe clamp (VC1/M; Thorlabs) (xii), linear guide
rail (5.8a: RS; Igus TS-01-20-600 T) (xiii). 5.8c: Rubber O-ring (P10; Gilson)(i), ferrule
compression fittings (Hamilton) (ii &iii), stainless steel syringe cap (iv), borosilicate
capillary (B100-30-7.5HP; Sutter instruments) (id=0.3 mm, length=7.5 cm) (v).
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Plunger 1
Syringe 1

Plunger 2

Figure 5.9: Schematic illustration of the sliding interface design consisting of a single
syringe which is customised such as to accommodate two plungers in both sides.

they were exposed to the flow environment was 10 minutes for STT corresponding to
100 passes as it is resistant to aggregation, and 5 minutes corresponding to 50 passes for
WFL as it is an aggregation prone molecule under flow. Sample preparation including
surfactant formulation using PS20 has been followed as previously described in section
5.1. For further sealing support of the flow in the equipment consisting of a single syringe
and to overcome any sample leak, plunger holders have been 3D-printed and integrated
into the experimental setup for each plunger. Plunger holders have been first mounted to
ensure that the setup is appropriate for the conduction of the experiment. To test the
e�ciency of the supporters, 100 passes have been conducted successfully using water as
sample (0.5 mL) with no leaking observed using the plunger lock setup without the use
of the upper parts of plunger supporters. The code controlling the stepper motor has
also been modified to match the experimental time with the standard extensional flow
experiment, using 2 s lag time between each pass.

5.4.3 Model protein formulation

Formulation studies investigating the interaction of protein and surfactant under extensional
and shear flow have been performed at AstraZeneca (Cambridge) and Leeds. As a part of
the collaboration between the University of Leeds and AstraZeneca, formulation studies
are conducted in AstraZeneca (formulation department) using EFD as a flow test alongside
other stress conditions found during shipping, which will be described in section 5.11.
Initially, the studies have been performed in AstraZeneca using a library of surfactant
molecules, as summarised in table 5.5. The surfactants have also been used at the same
concentration of 0.02% (w/v) and spiked into the formulation bu�er (235 mM Sucrose,
25 mM Histidine) from initial stock dilutions of 10% (w/v). The model protein for the
conduction of the experiments was MEDI3549 (bispecific) which was diluted to a final
concentration of 0.5 mg/mL from initial sample stock concentrated at 50 mg/mL.

For the studies conducted in Leeds, the pure surfactants as provided by the manufacturer,
have been prepared at an initial surfactant stock dilution of 10% (v/v) or (w/v) (depending
on the physical state of the surfactant as shown in table 5.5). To ensure accurate surfactant
concentration needed for the experiments, pure surfactants at their initial physical state as
supplied by the manufacturer, PS20 PS80, EL and HS15 have been heated on a hotplate
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Figure 5.10: Sliding interface setup with annotated physical features and integrated
plunger holders. 5.10a: plunger locked in syringe bracket for better alignment (i), 3D-
printed plunger supporters (ii), PTFE plunger 1 (iii), modified borosilicate syringe barrel
(iv), sample (v), PTFE plunger 2 (vi). 5.10b: CAD model for the plunger supporters,
5.10c: 3D-printed plunger holders and 5.10d: side view of plunger holder along with the
syringe plunger.

Table 5.5: Surfactants along with their molecular weight (MW) values used for the
conduction of the experiments in AstraZeneca along their determined CMC ratio relative
to the concentration (c) used. Their physical state as received from the manufacturer
is also stated. Polysorbate 20, PS20 (Tween (R) 20, UltraPure; National Diagnostics),
Polysorbate 80, PS80 (4117-02; JT Baker), Kolliphor P188 (K4894; Sigma), Kolliphor
HS15 (42966; Sigma), Kolliphor EL (C5135; Sigma).

Surfactant c=0.02% (w/v) MW (Da) Physical state
PS20 ⇠3 ⇥ CMC ⇠1228 liquid
PS80 ⇠20 ⇥ CMC ⇠1310 liquid
P188 ⇠1 ⇥ CMC ⇠8400 solid
HS15 ⇠2 ⇥ CMC ⇠854 paste
EL ⇠1 ⇥ CMC ⇠3000 liquid



96 CHAPTER 5. EXPERIMENTAL METHODS

(SH2D; Stuart Scientific) until their viscosity is reduced, and until their initial state has
been transformed into a liquid state, i.e., from paste (HS15). The dilution stock of P188
has been prepared as 10% w/v as its initial state is solid. 10% (w/v or v/v) dilution stocks
are then prepared and thoroughly stirred to ensure a good mixing until the surfactant
is evenly diluted and then filtered using 0.22 µL filters and stored at room temperature.
Surfactants at the desired concentration were spiked into the formulation bu�er of 235 mM
Sucrose, 25 mM Histidine, pH 6.0. Three surfactant concentrations have been selected
representing protein excess, equal proportion of surfactant and protein molecules and higher
concentration representing excess of surfactant molecules at concentration closer or above
to their CMCs as summarised in table 5.6. The protein excess ratio has been determined
based on ANS experiments using fluorescence spectroscopy which will be described in
section 5.6.3 and used to determine the CMC of the molecules formulated in the bu�er
used for the conduction of the flow experiments. Model protein for the conduction of
the experiments was MEDI8852 (IgG1) which was diluted to a final concentration of 0.5
mg/mL from initial sample stock concentrated at 50 mg/mL.

Table 5.6: Surfactant concentrations used for the conduction of protein-surfactant flow
experiments (MEDI8852 (0.5 mg/mL)-surfactants). Surfactant concentrations are also
expressed as surfactant to protein ratio, S:P. Three surfactant concentrations have been
used for each surfactant molecule representing protein excess (0.2:1), equal molecule
proportion between surfactant and protein (1:1) and surfactant excess, (>CMC:1).

Surfactant Surfactant concentration, (µM) Respective surfactant to protein ratio (S:P)
PS20 0.67 0.2:1
PS20 3.35 1:1
PS20 67 20:1
PS80 0.67 0.2:1
PS80 3.35 1:1
PS80 67 20:1
P188 0.67 0.2:1
P188 3.35 1:1
P188 134 40:1
HS15 0.67 0.2:1
HS15 3.35 1:1
HS15 335 100:1
EL 0.67 0.2:1
EL 3.35 1:1
EL 83.8 25:1

5.4.4 Shipping simulator

Shipping simulation studies were performed according to the American Society for Testing
and Materials (ASTM-D4169) which refers to the Standard Practice for Performance
Testing of Shipping Containers and Systems. The shipping simulation studies have
been kindly performed with Maria Bruque in AstraZeneca. For the conduction of the
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experiments, 0.5 mL of sample (0.5 mg/mL MEDI3549) has been used in various surfactant
formulations. EFD tests are performed in parallel along shipping simulator experiments.
Samples, which have been packed and kept on ice, have been exposed to shipping simulator
as shown in figure 5.11 (1000 TTV2 Vibration test system; Lansmont) at Truck Level II
intensity of 0.517 Grms (2 hours) and Air level II intensity 1.052 Grms (2 hours). The
study involved two cycles of Truck-Air-Truck for a total running time of 12 hours.

Figure 5.11: Shipping simulator.

5.5 Fast Photochemical Oxidation of Proteins, FPOP

Early stages of protein unfolding leading to further aggregation can be studied by FPOP.
FPOP is a method which has multiple uses around the assessment of protein structure,
folding and aggregation. To assess the protein structure and interaction during the exposure
of proteins to extensional and shear flows, the application of FPOP can be employed, as it
o�ers multiple advantages around protein structure elucidation. The technique allows the
protein oxidation via the photolysis of H2O2 which is laser triggered. H2O2 and a scavenger
(usually a free amino acid) are firstly mixed with the protein solution, before their laser
irradiation. When the protein solution is laser irradiated, the photolysis of H2O2 produces
hydroxyl radicals, OH in a nanosecond scale, which induce the hydrogen abstraction from
the protein [14]. The detection of modified amino acids that can be considered to be
important in possible conformational changes of the protein, results into the addition of
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+16 Da mass additions induced by the reaction of the hydroxyl radicals with potentially
any solvent accessible amino acid side chains [249]. The sample is then collected into a
quenched solution containing catalyse and free methionine in bu�er to remove leftover
H2O2 and preventing post-footprinting oxidation artefact from any remaining reactive
species [14].

The current setup of the FPOP experiment involves a flow system in which a fused silica
tubing (FPOP capillary, figure 5.12), containing the sample of interest which is typically
loaded at a flow rate of 20 µL/min, is placed perpendicular to a Compex 50 Pro KrF
excimer laser beam (Coherent Inc., Ely, UK) at 248 nm. The laser gives a 3 mm irradiation
window (transparent width) for the sample to be oxidised, with a firing frequency of 15
Hz and a pulse duration of 20 ns. Laser power was kept constant at 110 mJ. The choice of
laser at the particular wavelength is due to the low absorbance of water and most proteins
at 248 nm [14]. The sample is then collected in an Eppendorf tube containing quench
solution.

This section describes the development of the current FPOP setup with a custom build
microfluidic prototype device. The manufacture of the device was based on CFD simula-
tions optimising the dimensions best accommodated the requirements of the particular
experimental setup as previously described in chapter 4 (subsection 4.5.1). The manufac-
ture of the microfluidic aimed to investigate and the ability of a microfluidic device to be
accommodated into a current FPOP setup.

5.5.1 FPOP microfluidic experimental setup

The implementation of microfluidic chip devices into the FPOP method, will give insights
into information regarding the aggregation behaviour during specific areas within the chip
such as low shear, extensional and high shear region. FPOP allows the specification of the
area under which the laser will shoot and modify the sample. With the flexibility of the
FPOP, the suitable microfluidic chip design has been developed, so it can be incorporated
into the FPOP setup.

Requirements for the microfluidic design

Various chip designs have been examined by performing CFD simulations as presented in
the previous chapter (subsection 4.5.1), linking the laser frequency needed for high labelling
from the laser in relation with the achievable centreline strain rate. This set of results
described the design of the FPOP setup. Based on the simulation results where a variation
on the dimensions of the chip has been performed and by comparing the di�erent chip
dimensions, it was shown that a balanced pressure drop and inlet flow rate combination
can be determined as the basis for determining the suitable chip for manufacture. Based
on these set of requirements, the chip with dimensions of channel thickness (t), t=0.05 mm
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and contraction ratio (W1/W2) W1/W2=13, satisfied best the experimental requirements.
From the computational simulations, it was shown that designing the device with the
particular chip dimensions, the desired strain rate of ⇠11,000 s

�1 can be developed, which
is the same amount of strain rate developed in the experiments using the extensional flow
device. The simulations indicated that the flow rate required to achieve the desired strain
rate, is 90 µL/min. Therefore, this ensures that the experimental setup is completed by
identifying all the experimental conditions. Based on the computational simulations, it
was also shown that the time in which the molecules will spend within the extensional
flow region is calculated to be ⇠210 µs which is longer than the duration of the laser
pulse which is 20 ns. Thus, this ensures that the timescales of the molecules in which
they can travel within the extensional flow region lies within the timescales of the laser
irradiation.

Microfluidic components and experimental integration

Based on the referred requirements, and building from the computational simulations, the
microfluidic prototype device has been manufactured and integrated within the current
FPOP setup. The microfluidic device corresponds to a sandwich configuration consisting of
multiple parts including an upper and bottom PMMA plate, the polyimide (kapton) flow
channel which is covered by an upper and bottom glass slide (Spectrosil). The sandwich
configuration, allows the integration of multiple layers, into the device, as well as the
flexibility for their local treatment and allowing the replacement of the flow channel with
other flow channels with desired dimensions and flow configurations depending on the
experimental requirements. The use of hybrid devices, consisting of multiple layers, has
been applied in in diverse applications, including the detection of infectious diseases and
cellular studies [250].

The PMMA material, due to its low cost of manufacturing, easy of use and fabrication,
is widely used in the fabrication of lab-on-a-chip microfluidic devices [250], and it is also
selected as a component of the microfluidic device presented in the current work. The flow
channel is introduced as a polyimide (kapton) sheet, due to the several reported advantages
of polyimide. These include the high service temperatures, chemical stability, low water
uptake and good biocompatibility [251]; as well as their bending flexibility properties
allowing their integration into bent configurations as shown in [252]. The Spectrosil
glass slide, is selected based on its transmission properties as given by the manufacturer
(UQG Optics) reaching ⇠90% transmission intensity (for a 10 mm thick sample) at the
particular laser wavelength (248 nm). The full description of the device components, with
the respective component dimensions, can be found in appendix A, figure A.1.

Initially, the FPOP setup consisted of a thin capillary shown in figure 5.12, where the
flow channel (FPOP capillary) was then replaced with the microfluidic device as shown
in figure 5.13 along its components as shown in figure 5.14. The microfluidic device
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was designed to be incorporated into the current experimental setup, to configure the
material properties needed to withstand the laser requirements of the instrument; therefore,
biological experiments using the device were not conducted.

i

ii

iii

Figure 5.12: Typical FPOP experimental setup. Samples are loaded into a thin fused
silica capillary (inner diameter: 100 µm) (i), supported by a stackable holder (Thorlabs)
(ii) mounted on an optical post (Thorlabs) (iii).

The final flow channel dimensions of polyimide film were: 50⇥30⇥0.05 (mm). To expose
molecules to extensional flow events, the flow channel was designed such as the flow is
accelerated through a sudden contraction in the flow geometry, as annotated in figure
5.14a.

Mask alignment

As supplementary parts of the device, the design of aluminium masks as shown in figure
5.15 allow the laser protection of the PMMA top plate. The initial aluminium mask, as
shown in figure 5.15a, is designed with an optical window of 4 mm, which is then updated
to a thinner optical window. The full dimensions of both exterior masks can be found in
appendix A, figure A.2. The update of the design has been done for the aluminium mask
by ensuring the laser will be irradiated directly on the sample channel and not on the
kapton sheet. The updated window size of the mask with the channel window corresponds
to 90 µM as shown in figure 5.15b. The thinner optical window masks were designed



5.5. FAST PHOTOCHEMICAL OXIDATION OF PROTEINS, FPOP 101

i

iii

ii

iv v

(a)

i
iii

iv

vi

v

ii

(b)

iii

i

ii

(c)

Figure 5.13: Implementation of the microfluidic prototype device into FPOP exper-
imental setup. 5.13a: Syringe pump (KD Scientific) (i), sample (ii), inlet tubing (iii),
microfluidic device (iv), waste collection (v). 5.13b: front side of the microfluidic annotated
with physical features, including the waste collection tube (i), slim right-angle bracket
(AB90F/M; Thorlabs) (ii), outlet tubing (iii), microfluidic device (iv), dovetail translation
stage (DTS25/M; Thorlabs) (v), kinematic platform mount (KM200B/M; Thorlabs) (vi).
5.13c: back side of the microfluidic indicating the inlet tubing (i), tubing fittings (ii),
outlet tubing (iii).
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Figure 5.14: Microfluidic layers and components. 5.14a: PMMA top part with optical
window (50⇥30⇥10 mm), UV glass plate (50⇥8⇥0.5 mm) (Spectrosil 2000; UQG Optics)
(ii), sudden geometry contraction (iii), polyimide channel sheet (50⇥8⇥0.05 mm) (536-3952;
RS)(iv), UV glass plate (50⇥8⇥0.5 mm) with openings for sample loading (Spectrosil
2000; UQG Optics) (v), PMMA back part with tubing fitting openings (50⇥30⇥10 mm)
(vi). 5.14b: Aluminium protection masks. Polyimide protection mask (50⇥30⇥0.8 mm)
with a 90 µm window opening (i), PMMA protection mask with wider 4 mm (50⇥30⇥2
mm) (ii) and thinner 90 µm window openings (50⇥30⇥2 mm) (iii).
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and developed such as they can be integrated as a protective cover at the exterior of the
microfluidic device, as well as it can be integrated within the sandwich configuration of
the microfluidic device. Full description of the interior aluminium mask dimensions can
be found in appendix A, figure A.3. The integration of the aluminium mask within the
microfluidic sandwich configuration will ensure that the polyimide (kapton) flow channel
can be protected during the laser irradiation. The alignment of the aluminium kapton
mask, which is integrated within the microfluidic device, is investigated in a microscopic
level as shown in figure 5.15c ensuring that the kapton flow channel (orange in colour) is
not visible, and therefore it is covered by the mask.

4 mm

(a)

90 µm

(b)

90 µm

(c)

Figure 5.15: FPOP microfluidic mask alignment. 5.15a: CAD model indicating the
aluminium mask at the exterior of the microfluidic device with a wider optical window (4
mm). 5.15b: CAD model indicating the aluminium mask at the exterior of the microfluidic
with optical window smaller than the flow channel (90 µm). 5.15c: Alignment check of
the interior mask using a microscope.

Laser alignment

The microfluidic device was integrated at the same height of ⇠20.3 cm as the capillary of
the typical flow experiment to ensure that the microfluidic channel is aligned with the laser.
After the integration of the device into the current experimental setup, the laser was then
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aligned between the typical capillary and the microfluidic device with the protective mask.
Both setups were tested in water by using the standard laser specifications which is the
laser firing at 15 Hz, at a flow rate of 20 µL/min. The alignment was conducted with the
use of a paper piece which was positioned at the back side of the capillary and protective
mask arrangements as shown in figure 5.16. The laser alignment was conducted to ensure
that the laser is aligned at the desired locations between the two setups, corresponding to
the capillary (figure 5.16a) and microfluidic optical window (mask opening) (figure 5.16b).
For both experimental setups, the laser is aligned as indicated by the appearance of the
laser beam profile silhouette on the paper.

i

ii

(a)

i

ii

(b)

Figure 5.16: Laser alignment using a paper piece (i) behind the capillary 5.16a and the
FPOP microfluidic setups 5.16b as indicated by the appearance of the laser beam profiles
on the laser papers (ii).

5.6 Characterisation of protein aggregation

5.6.1 UV Spectroscopy

Quantification of aggregation was conducted by the pelleting assay which will be described
in the next section, 5.6.2. The pelleting assay is based on the UV absorbance of proteins.
UV spectroscopy is mainly used for concentration measurements. The UV absorbance also
depends on the molecule’s environment. Biological events, including protein unfolding, can
be interpreted by change in the spectrum with environment. Absorbance of two aromatic
amino acids of tryptophan (Trp) and tyrosine (Tyr) (and to a small extent the absorbance
of cystine) cause proteins to show absorption maxima between 275 and 280 nm [253]. The
protein concentration was calculated by absorbance measurements using the Lambert-Beer
law. The absorbance (A) is related to the light intensity before (I0) and after (I) passage
through the protein solution by equation 5.4, and the absorbance depends linearly on
concentration according to the Lambert-Beer law as shown in equation 5.5.

A = �log10(I/I0) (5.4)
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A = ✏cl (5.5)

where:

c = molar concentration

l = pathlength (cm)

✏ = molar absorption coe�cient (L mol
�1

cm
�1)

Absorbance values were measured in triplicates (at a wavelength of 280 nm, using the
absorption coe�cient ✏280, for all proteins taken from table 5.1), and the average absorbance
value was used for the calculation of the final protein concentration using equation 5.5.
For measuring protein concentration and also determining aggregation using absorbance,
120 µL of sample was loaded into the quartz curvets (105.250-Ultra-Micro cells, Hellma),
where the corresponding solvent bu�er was subtracted from each sample.

Optical density, OD350

For the protein-surfactant experiments, turbidity evaluation of the samples was conducted
to investigate whether the range and concentration of the surfactant library, previously
described, can a�ect the aggregation profiles under flow. Increased scattering of light can
cause the opalescent/turbid appearance of solutions, indicating protein aggregation [254].
Optical density at 350 nm (OD350) of surfactant formulated samples was measured, before
and after their exposure to extensional and shear flows. 200 µL of samples were measured
in duplicates (2⇥200 µL per sample) out of 0.5 mL sample volume, in UV-transparent
cuvettes (STARSTEDT), where the corresponding solvent bu�er was subtracted from
each sample. All the UV measurements described in this section were conducted using UV
spectrophotometer (UV-1800, Shimadzu) as previously mentioned in section 5.1.

5.6.2 Pelleting assay

The extent of flow induced aggregation was quantified using an insoluble pelleting as-
say. Initially, 0.5 mL of protein solution was loaded within the extensional flow device
and stressed for the desired number of passes at a defined plunger speed. For control
comparisons, a second sample was left within the syringe and capillary bodies, for the
length of the stressing experiment, but without exposure to flow. 200 µL of control and
stressed protein samples were centrifuged at a speed of 30,000 rpm (⇠35,000 g in a TLA100
rotor) at 4 �, in Beckmann Coulter Optima TLA 100 ultracentrifuge for 30 minutes. The
centrifuged samples were then separated into the supernatant and pellet fractions. A total
volume of 150 µL was removed from the 200 µL centrifuged sample corresponding to the
supernatant samples, with the remaining 50 µL corresponding to the pellet sample. After
the separation of pellet and supernatant tubes, 200 µL of 6M Guanidine hydrochloride
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bu�er (pH 6) (Sigma) was added to the 50 µL pellet sample, which includes the insoluble
solid parts of the protein aggregates. The same volume of bu�er was added to 50 µL
of supernatant, ending up with pellet and supernatant samples of a total volume of 250
µL. Samples were then incubated overnight at 4 �. The sample concentration was then
quantified using UV-visible spectroscopy as described in 5.6.1. The final percentage of
insoluble protein corresponding to protein aggregates is determined using equation 5.6.
Data analysis was performed in Microsoft Excel (v16.52) and Origin (2021).

%protein in pellet = (
([P ]� [S])

([protein]0)
) (5.6)

where:

[P ] = concentration of the protein in pellet fraction

[S] = concentration of protein in the supernatant fraction

[protein]0 = initial protein concentration

An updated pelleting assay protocol was followed for the latest experiments (i.e., surfactant
formulations) based on optimisation studies, which have been conducted by Ms Samantha
Lawrence and Dr Leon Willis. The appropriate sample volume required for the best
accuracy of the results was investigated. A total volume of 150 µL was shown to provide the
most of the accuracy between the samples and for minimising experimental errors, samples
were then loaded in triplicates. Based on the protocol optimisation, 150 µL of control and
stressed protein samples in triplicates (3⇥150 µL per sample) were centrifuged as described
above, and a total volume of 100 µL was removed from the 150 µL centrifuged samples,
corresponding to the supernatant samples, with the remaining 50 µL corresponding to the
pellet sample. The protocol procedure remained the same after the sample centrifugation
as it is described above.

5.6.3 Fluorescence spectroscopy

To determine the suitable formulation candidates that will enhance and conserve the
stability of the proteins under flow, fluorescence spectroscopy experiments were employed.
Fluorescence spectroscopy was employed as it is a sensitive tool, which allows the monitoring
of structural perturbations of the proteins in the various surfactant formulations. Structural
perturbation can be monitored in the absence and presence of extensional and shear flow
conditions based on the intrinsic fluorescence from the Tryptophan (Trp) residue of
proteins. The particular technique is desired, as it is sensitive to polarity changes in
environment induced from the protein conformation or from the hydrophobic or hydrophilic
microenvironment caused by surfactants binding to the protein structure [95]. Fluorescence
emission spectra can be used to report information about the interaction of the solvent and
a molecule where a fluorophore it is either exposed to, or buried from the solvent. A buried
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fluorophore from the solvent refers to the condition where the fluorophore of interest (i.e.,
Trp) is buried in a macromolecule such as a protein (protein’s interior), and it is usually
inaccessible to water [94]. Whereas, exposed to the solvent refers to the arrangement of
the fluorophore close to the protein’s exterior, which is accessible to water [94].

Fluorescence experiments are conducted using PTI (Photon Technology International QM-
1) spectrofluorimeter. The experiments were performed after the lamp of the instrument
was turned on and left for at least 30 minutes until the voltage was set to 75 W. The
instrument boxes were then turned on from top to bottom (motor driver MD-5020,
BryteBox, temperature control TC-125, shutter control SC-500). Temperature was set at
22 �, using the temperature control, and left until the temperature was reached. Hardware
configuration was then followed by initialising the configuration menu, ensuring that the
monochromator wavelengths on the front and rear side of the instrument correspond
to those reported on the computer screen. Data acquisition is then followed using the
Felix32 Analysis Module software by selecting the emission scan mode to be performed
and specifying the excitation wavelength.

CMC experiments of the surfactant library, previously shown in table 5.5, have been
performed using ANS dye (A-1028; Sigma). Surfactant formulations at a concentration
range of ⇠0.001-1 mM were prepared in 40 µM ANS, 235 mM Sucrose, 25 mM Histidine,
pH 6.0. Quiescent samples of 0.5 mL have been loaded into the quartz cuvettes (114F-
Semi-Micro cells, Hellma), and excited at 389 nm. For single peptide-surfactant studies,
(NATA-surfactants) surfactant concentrations have been spiked in 40 µM NATA (Sigma),
235 mM Sucrose, 25 mM Histidine, pH 6.0. Quiescent samples in the absence of extensional
flow at a volume of 0.5 mL were loaded into the cuvettes and excited at 295 nm. For
protein-surfactant studies (MEDI8852-surfactants), MEDI8852 was used as model protein
at 0.5 mg/mL and the samples have been excited at the wavelength of Trp at 295 nm.
Samples have been prepared in di�erent surfactant concentrations as previously described in
section 5.4.3 (table 5.6). The slit widths for NATA-surfactants and MEDI8852-surfactants
were set to 4 nm. Samples were firstly exposed into the EFD (100 passes, 8 mm/s)
and along with their respective controls were loaded into the cuvettes for fluorescence
characterisation.

For all the studies described above, emission scans were recorded between 300-400 nm and
three spectra were recorded for each sample. All the spectra have been recorded along
their respective formulation bu�er for each experimental case. The final spectra have been
analysed by subtraction of their respective formulation bu�er from each sample.

5.6.4 Dynamic light scattering, DLS

The e�ect of surface modification was investigated using DLS. Samples of mAb1 and WFL
proteins at 0.5 mg/mL, which have been previously exposed to EFD along with their
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respective controls, were analysed by batch-mode DLS (Wyatt miniDawn TREOS). The
samples have been exposed to the EFD treated surfaces (surface modification described in
section 5.2, surface library in table 5.3) at the standard flow conditions of 8 mm/s plunger
speed, stressed for 100 passes.

Alongside the e�ect of surface modification, the e�ect of a wait time within the experimental
procedure, was investigated on the size distribution of samples exposed to shear and
extensional flow using DLS. The addition of a wait/lag time within the experiment, will
allow a "dead" time in which protein samples can interact with the equipment surface
at di�erent time points within the experiment (i.e., before, after, during the experiment)
as well as with di�erent duration. Model protein for the particular experiment is mAb1
at a concentration of 0.5 mg/mL, where the samples have been stressed for 20 passes
under the presence of a wait time which corresponds to the time where proteins allowed to
interact with the equipment surface in the absence of flow e�ects. The variable parameter
in the particular experiments was the position and duration of the wait time within the
experiment. The presence of a wait time with the combination of the extensional flow
within the device has been examined for the cases of: (a) wait time before extensional
flow experiment (10 minutes), (b) wait time in between extensional flow experiments
(30 seconds between each cycle of two passes) and (c) wait time after extensional flow
experiments (10 minutes).

The DLS instrument was firstly thoroughly cleaned by injecting ⇠1 mL 1 M filtered and
degassed nitric acid, followed by ⇠1 mL double-distilled water, ddH2O. After the system
was cleaned and the baseline was reached (i.e., when the trace shown on miniDawn reaches
a number in four decimal places), ⇠1 mL of the formulation bu�er of the sample was
injected, ensuring that the baseline was being maintained for ⇠5 minutes before starting
the experiment. The experiment was then recorded using the Astra software 6.1. The
bu�er baseline was then collected for ⇠5 minutes, and 250 µL of the sample was then
loaded and data was collected for ⇠5 minutes. The formulation bu�er was then loaded
again, and data collection was continued for ⇠5 minutes. After the data collection was
completed, a washing step of the instrument was performed by injecting ⇠1 mL of filtered
and degassed nitric acid, ⇠1 mL water and ⇠1 mL 20% EtOH. All the samples injected
into the instrument have been filtered using 0.22 µm filters.

Depending on the disparity of the species present in samples, the model for analysis is
applied accordingly. The correlation function displays the intensity correlation curve
for a single slice of Quasi-Elastic or dynamic Light Scattering data, which is the raw
dynamic light scattering data from which the hydrodynamics properties are derived [255].
The theoretical analysis conducted to detect the hydrodynamic radius of the particles
is fully described in the Astra (User’s Guide) software manual (v5.3.4) [256]. Based on
the software manual, the key equations required for the detection of particle size are
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summarised next.

A second order correlation function which is shown in equation 5.7 is the result of a QELS
measurement. The brackets indicate averaging over all t. The correlation function depends
on the delay ⌧ , that is, the amount that a duplicate intensity trace is shifted from the
original before the averaging is performed.

g
(2)(t) =

hI(t)I(t+ ⌧)i
hI(t)i2 (5.7)

where:

I(t) = intensity of the scattered light at time t

⌧ = time delay

The correlation function for a monodisperse sample can be analysed via the equation
5.8.

g
(2)(t) = B + Ae

(�2�⌧) (5.8)

where:

B = the baseline of the correlation function at infinite delay

A = the correlation function amplitude at zero delay

� = is the decay time

By the application of a nonlinear least square fitting algorithm by the ASTRA software,
to the equation 5.8, the correlation function decay time �, can be retrieved. Finally,
the di�usion coe�cient, D of the particle is obtained by �, which is the decay time, via
equation 5.9.

D =
�

q2
(5.9)

where:

q = magnitude of the scattering vector

The magnitude of the scattering vector q, is then given by the equation 5.10.

q =
4⇡n

�0
sin(✓/2) (5.10)

where:
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n = solvent index of refraction

�0 = vacuum wavelength of the incident light

✓ = scattering angle

The di�usion coe�cient can be interpreted as the hydrodynamic radius Rh for a di�using
sphere via the Stokes-Einstein equation, equation 5.11.

Rh =
kT

6⇡⌘D
(5.11)

where:

k = Boltzmann’s constant

T = temperature

⌘ = solvent viscosity

The fit of a single exponential decay to the correlation function data using the equation
5.12, can be employed to determine the hydrodynamic radius Rh, assuming that the sample
is monodisperse. The degree of the fit can indicate the presence of aggregation based on
R

2, leading to low R
2.

y = y0 + Ae
�(x�x0)

⌧ (5.12)

where:

y0 = y axis intercept

A = amplitude

x0 = x axis intercept

t = time

The previous equations do not address the e�ects of polydispersity on the correlation
function, and they provide the tools for analysing a correlation function from a monodisperse
sample. The cumulants method can be used to analyse data from polydisperse samples.
For narrow monomodal distributions, the cumulants model is applicable to determine the
intensity average hydrodynamic radius (Rh) and its main use is to calculate polydispersity
index (PDI) shown in equation 5.13. The method estimates the width of the distribution
as well provides an average di�usion coe�cient of the species [257].

PDI =
�
2

z2
(5.13)

where:
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� = width of average z-radius (nm2)

z = z-average radius, Rh (nm2)

Opposed to the assumption of monomodal distribution of species using the cumulants
model, the regularisation analysis is one of the most sophisticated methods for analysis
[256]. For polydisperse systems of bimodal size distributions assuming aggregated species
of various sizes, the regularisation method can be applied. The method determines Rh of
species in the sample which is based on the selection of the distribution function with the
least detailed distribution that agrees with the data, resulting in narrower distributions
[258]. Therefore, the regularisation method has been applied on the DLS data presenting
the size distribution of aggregated species, as presented in the following chapter, chapter 6
(subsections 6.1.3 and 6.2.2).

5.6.5 Visual inspection

Visual inspection was conducted in AstraZeneca to visualise by naked eye the presence of
any aggregated particles and investigate the e�ect of the various surfactant formulations
on the particle formation. The inspection was carried out using an apparatus consisting of
a box with a white and a matt black panel. The assessment of sample condition is done
based on the formation of particles before and after their exposure to stress tests, using
the black panel as the background under the exposure to a white light source (lamp). The
visual inspection was conducted immediately after the samples (0.5 mg/mL; MEDI3549)
were exposed to both EFD and shipping simulator, along with their respective control
samples.

5.6.6 High Performance Size-Exclusion Chromatography, HPSEC

High Performance Size-Exclusion Chromatography, HPSEC experiments have been kindly
conducted by Maria Bruque in AstraZeneca. Quantification of protein aggregation ex-
periments conducted in AstraZeneca using HPSEC (Conan, 1260 Infinity II LC System;
Agilent). Firstly, the samples (MEDI3549, 0.5 mg/mL) were exposed to EFD (8 mm/s,
100 passes) and shipping simulator (along with their respective controls) and were spun at
13 rpm for 1 min. Samples were then loaded in duplicates (2⇥100 µL) and the average
monomer fraction was determined for each stress flow condition.

5.6.7 Subvisible particle analysis

Aggregation quantification has also been determined via quantitative sub-visible particle
analysis using background membrane image (BMI) (Horizon; Halo Labs) in AstraZeneca.
The technique involves the background image of the membrane to be subtracted from the
experimental image to identify the particles which are filtered through on the membrane
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under vacuum and captured under filtration. The membrane is then re-imaged with the
particles on the surface. The final image is detected with the background image been
aligned with the measure image and then subtracted on a pixel by pixel basis so that the
background texture is eliminated and particles are revealed.

The technique requires low sample consumption (as little as 25 µL per test) so that multiple
measurements can be made and averaged (loaded in triplicates). The flexibility with the
specific technique is found in the wide working range: measured particles from 2 µm to
4 mm with high reproducibility. The accommodation of 96 samples in a single plate is
achieved for each experimental run, and air bubbles are not counted as particles.

Samples were run in the instrument by Maria Bruque in AstraZeneca. 25 µL of samples (0.5
mg/mL MEDI3549) previously exposed to EFD and shipping simulator respectively, are
loaded in triplicates (3⇥25 µL volume per sample) on the membrane. Samples have been
formulated using the surfactant library as previously described in 5.4.3. Quantification
of particle concentration on the membrane surface is then obtained both qualitatively
and quantitatively via membrane images and particle concentration (expressed in parti-
cles/mL).

5.7 Rheology experiments

The fluid properties of pharmaceuticals are important, as they can a�ect how these
protein-based pharmaceuticals can be processed, as well as their ease of use. Their
exposure to flow can be encountered during their production, processing, purification and
in dispensing by subcutaneous or intravenous injection [259]. The flow characterisation
in terms of formulation, processing and dispensing prospectives can be achieved by the
rheology analysis. Particularly, it has been reported that during the development of high
concentrated protein formulations, this can correspond to formulations with high viscosities
[259]. It is therefore important to consider the high viscosities of the formulation into the
injectability of the pharmaceuticals as the resistance of the fluid to injection and thus the
force required for the pharmaceutical injections is viscosity-dependent [259]. At higher
concentrations, there can be interaction between neighbouring proteins. These structure
the solution (getting increase to viscosity) but can be a�ected by flow itself. Therefore,
to investigate whether the e�ects of shear are significant, viscosity measurements as a
function of shear rate were recorded. Rheological characterisation of high concentrated
solutions has been conducted using a rheometer (Kinexus; Malvern).

The viscosity profiles of samples of MEDI8852 and MEDI3549 at 0.5, 5, 10, 20 and 40
mg/mL were measured using shear viscosity ramps in a cone geometry (CP4/40) with a 40
mm diameter and 4° angle cone and a plate geometry with 55 mm diameter (PLS55) with
0.15 mm gap height. Initially, the optimisation of experimental parameters regarding the
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duration of the experimental runs, has been performed using the working bu�er (235 mM
Sucrose, 25mM His, pH=6). A run time of 30 minutes was selected based on literature
comparison of measured sucrose solutions; more details will be mentioned in section 7.1.
Quiescent samples in volume of 1.2 mL were then loaded into the plate of the rheometer
and their viscosity profile was measured using the rSpace software (v1.73), for 30 minutes
at shear rate range of 0.1-1,000 s

�1, performed in logarithmic shear rate scale using 100
points of measurement. Measurements have been recorded at a temperature of 25 �.

5.8 Summary
In this section, a detailed description of the methods and the experimental setups were
presented. Methods included protein preparation and formulation of the desired bu�ers and
surfactants. Regarding the equipment surfaces, surface treatment method was presented
using silanisation via vapour deposition methods as well as liquid deposition and the
covalent attachment of proteins to surface which is followed by contact angle measurements
as well as surface topography for the characterisation. Quantification methods also
described to characterise the flow induced aggregation for each set of experimental condition.
Quantification analysis involved protein adsorption, pelleting assay, optical density, size
distribution, monomer fraction, particle concentration, fluorescence spectroscopy and visual
inspection. Finally, flow properties such as viscosity by performing rheology experiments
was described. Alongside these experiments, the manufacture of a microfluidic device was
presented, indicating its implementation into a current experimental method. In the next
section, the aggregation characterisation results will follow based on the set of the methods
descried in this section.
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Chapter 6

Characterising the surface and flow
induced aggregation

Chapter structure

An overview of this chapter’s main sections that will be discussed can be found in figure
6.1. In this chapter, the flow induced aggregation in the presence of surfaces is presented.
Initially, an overview of the extensional flow device will be described in section 6.1, as
it is the flow tool used to expose the molecules to controlled flow environments which
are computationally characterised. The role of surface in the extensional flow induced
aggregation is then investigated and will be described in section 6.2. The e�ects of
particular flow regions within the extensional flow device under the e�ects of surface is
then explored by investigating the e�ects of high and low shear regions in section 6.3.
Surface e�ects combined with additional strategies to suppress aggregation through protein
formulation are then investigated in section 6.4. Lastly, the flow induced aggregation is then
explored by protein cross-linking on the extensional flow device components, investigating
protein-protein interactions under flow, followed by a chapter summary in sections 6.5 and
6.6 respectively.

6.1 The extensional flow device, EFD

To explore the influence of the surface in flow-induced aggregation, flow-stressing experi-
ments were performed using the extensional flow device, EFD as schematically shown in
figure 6.2. Previously, the device was used to characterise the flow induced aggregation
of three molecules (among others) [1–3], which will be also used in this chapter as the
model proteins. The use of the extensional flow device allows the application of shear and
extensional flow forces into the molecules in controlled conditions. The device consists of
two syringes connected via a glass borosilicate capillary. Molecules are exposed to shear
flow events with distinct magnitudes depending on the developed flow velocity. The flow
velocity is rapidly increased as the molecules flow through the sudden contraction of the
geometry, which induces the development of the extensional flow event. This implies that
the velocity of the molecules experienced before the sudden contraction will correspond
to a low shear region which is then followed by a high shear region, after the flow passes
the sudden contraction. Typically, under a base set of operating conditions, molecules are
expected to spend 5 s within the low shear region per pass, 18 µs within the extensional
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2.86.6 Summary

6.2 Surface’s role in extensional
flow induced aggregation

6.3 The influence of surface wettability in
high and low shear regions of flow

6.4 Suppressing flow induced
aggregation through formulation

6.5 Aggregation induced by
protein-protein interactions

6.1 The extensional flow device, EFD

Figure 6.1: Overview of the main sections covered in the surface and flow induced
aggregation chapter.

flow region and 40 ms within the high shear region as shown in figure 6.2.

Syringe 1 Syringe 2
Sample

High shear, t=40 ms

Extensional flow event,
t=18 µs

Low shear, t=5 s Low shear, t=5 s

Flow direction

Figure 6.2: Schematic of the extensional flow device (EFD) along with the flow regions
and the corresponding time frames when the sample is exposed to a single pass. Sample is
exposed to low shear for 5 s, extensional point for 18 µs and high shear for 40 ms.

The novelty found using the particular device is the flexibility to control its components and
investigate the e�ect of a range of parameters of interest. Strain rate, which describes the
magnitude of the extensional force, can be controlled by the plunger speed. Additionally,
the duration of the high shear region can be also controlled, as in previous study in [2],
where it was shown that the duration of the high shear region can be modified by the
capillary length, which significantly a�ected the aggregation propensity of an aggregation-
prone molecule (WFL). The total duration of the application of forces to the molecules
can be also controlled by the number of passes, which corresponds to the number of cycles
where the protein molecule passes through the sudden point of contraction. As the device
is programmed and driven by an Arduino microcontroller, it can be easily programmed
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to the desired speed of the plunger, or introducing wait time events between passes or
within any point throughout the conduction of the experiment. Thus, it can be used
a flow-based tool for multiple flow induced aggregation experiments, investigating the
aggregation performance of protein-based pharmaceuticals.

The main focus of the current thesis, is to explore a parameter using the extensional flow
device, which has not previously investigated. The surface of the components of the device
will allow investigating whether the surface in which the molecules interact during their
direct contact with equipment surfaces under flow, can a�ect their propensity to aggregate.
This chapter focuses on the surface e�ect on the aggregation propensity of three IgGs:
WFL, STT and mAb1, all provided by AstraZeneca. WFL also mentioned as MEDI1912,
is anti-nerve growth factor (NGF) antibody. During its bioprocessing, WFL was found to
be colloidal instable, inducing protein precipitation, opalescence, phase separation and
adsorbing to filter membranes [72]. Due to its aberrant biophysical and solution properties,
the product development of the molecule was conducted by AstraZeneca to improve its
poor biophysical properties, engineering the STT molecule. STT was engineered from
WFL with mutations W30S, F31T and L56T, found in the variable region of the heavy
chain of the antibodies [72]. mAb1 is also used as a model protein, and corresponds to a
generic molecule used as an internal standard by AstraZeneca with no known target and
favourable biophysical properties [260]. As WFL and STT are "relative" proteins, with
WFL corresponding to the molecular "parent" of STT, they have a sequence identity of
>99%. mAb1 is also related to these proteins, where WFL and STT have a sequence
identity of 72% with mAb1 [2].

These molecules, have been stressed under previously characterised flow conditions of
100 passes at a plunger velocity of 8 mm/s (see section 6.1.1 for the corresponding flow
characterisation). Their aggregation propensity has been previously characterised where it
was shown that they exhibit di�erent responses to flow [1, 2]. mAb1 was characterised as
a molecule with intermediate aggregation propensity when exposed to flow. On the other
hand, WFL was characterised as a high aggregation prone molecule, compared to STT
characterised as the most aggregation resistant molecule, among the three exhibiting high
stability to the flow conditions.

6.1.1 Computational characterisation of the flow environment

The hydrodynamic forces under which the flow is exposed within the devices have been
explored. The parabolic velocity profile developed as the flow accelerates through the
contraction is shown in figure 6.3. The development of flow rate along the centreline is
presented in figures 6.4 and 6.5. The simultaneous behaviour of strain rate and velocity
profile are shown in figure 6.5. Maximum strain rate is achieved at the point of the
contraction where the fluid accelerates. The strain rate is found to be approximately
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11,000 s
�1, which is in the same order of magnitude with previous related publications

investigating the aggregation of platelet within a microfluidic device. As it is previously
discussed in chapter 2, a more dominant platelet aggregation in the study conducted in
[132] was observed for strain rates higher than 10,000 s

�1. This agreement suggests that
the device is able to expose protein under reasonable strain rate values, as previously
used by authors investigating flow induced aggregation. Relating to biopharmaceutical
manufacturing procedures, the strain rate to which the molecules are exposed during the
filtration process is reported to be in the range of 1,000 to 10,000 s

�1 during cross-flow
filtration, with the maximum shear rates expected during normal processing operations
reach to 20,000 s

�1 [58]. This implies that the extensional flow device exposes the molecules
within the range of forces reported to be found during the industrial procedures.

Figure 6.3: Velocity profile (m/s) contour and streamline plots within the extensional
flow device, at a plunger velocity of 8 mm/s. Flow direction is indicated with a red arrow.

Figure 6.4: Strain rate (s�1) contour plot at a plunger velocity of 8 mm/s.
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Figure 6.5: Strain rate (shown in blue) and velocity (green) profiles across the horizontal
length of the device at a plunger velocity of 8 mm/s.

6.1.2 Number of passes e�ect - aggregation behaviour

The quantitative determination of mAb1 aggregation behaviour is obtained by performing
the pelleting assay, where a percentage of insoluble protein can be calculated. Initially,
the characterisation of mAb1 protein has been determined by investigating the e�ects of
number of passes, as it is shown in figure 6.6. The aim of the particular experiment is to
validate the expected correlation between the number of passes and aggregation propensity,
as it has been previously shown in [2]. The results suggest that as the number of passes
increases, the exposure time to hydrodynamic flows of shear and extensional flow increases,
resulting in a maximisation of the aggregation propensity of mAb1 behaviour. As the
number of passes through the device under which the samples are introduced increases,
the time under which the protein is exposed under the hydrodynamic forces present within
the extensional flow device is prolonged.

Based on previous work using the extensional flow device as a tool to investigate the
aggregation propensity of proteins, a flow induced aggregation mechanism has been also
proposed as shown in figure 6.7 as taken from [2]. Based on the proposed mechanism,
the initial state of proteins, which are in their native state prior to the exposure to
flow e�ects, is perturbed after the exposure to extensional and shear flow events. The
unfolding pathway leading to irreversible insoluble aggregation is driven by multiple series
of activation steps where the proteins are perturbed into an aggregation-prone state which
can be either refold to the native state or proceed along the aggregation pathway. The
rate of which the molecules can form or reform to the aggregation-prone state is driven
by the rate constants kf and, kr respectively. Apart from the formation/refolding rates,
the aggregation pathway is also proposed to be driven by concentration dependent rate of
oligomer formation and unimolecular o�-rate for oligomer dissociation, k0

f
and k

0
r
, where
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Figure 6.6: Plot of percentage of insoluble mAb1 as a function of the pass number.

the particular rate constants are currently not determined yet.

(i) (iii)(ii) (iv)

Irreversible
insoluble
aggregates

kr

kf k
0
f

k
0
r

...

Figure 6.7: Proposed mechanism of flow-induced mAb aggregation. (i) The native
protein (light grey) is perturbed into an aggregation-prone state (dark grey), the relative
level of which is dependent on the fluid field and the protein studied. (ii) This can
either refold to the native state or proceed along the aggregation pathway (iii) to form
irreversible, insoluble aggregates (iv). kf and kr represent the rate of formation/refolding
of the aggregation-prone state, while k

0
f

and k
0
r

represent the concentration-dependent rate
of oligomer formation and the unimolecular o�-rate for oligomer dissociation, respectively.
These rate constants remain to be determined. Adapted from [2].

A range of flow parameters has been previously investigated, and correlated with the
aggregation. Particularly, the e�ect of pass number has been explored and shown to be
critical depending on the aggregation profile of molecules. In the study conducted in [2],
aggregation landscapes have been constructed, highlighting which parameters are more
significant in inducting protein aggregation, when molecules are exposed to extensional
flow device. As previously shown in [2, 260], each protein investigated presented a unique
aggregation landscape profile. The previously characterised aggregation profiles have shown
that WFL which is an aggregation-prone molecule presented a strain-dependent as well as
pass-depended aggregation profile. An intermediate aggregation-prone molecule, mAb1
presented a linear response to increased pass number with less propensity for aggregation
compared to WFL. On the other hand, the most aggregation resistant protein among the
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three proteins of interest, STT has previously shown a low aggregation "plateau" region
for plunger speeds in the range of 2-8 mm/s at 100 passes with the aggregation to be
significantly enhanced at the double pass number (200). Significant STT aggregation is
proposed to occur at extreme plunger speed, 16 mm/s, at 200 passes. Based on these
aggregation landscapes, all molecules possess pass-number e�ect behaviour at constant
plunger velocity (i.e, 8 mm/s). This suggests that the duration in which the molecules
are exposed to shear and extensional flow events, is crucial for a�ecting the aggregation
profile of molecules. Pass number corresponds to the total experimental time in which the
molecules are exposed to the controlled flow fields, inducing aggregation. The investigation
of the parameter of a time delay in di�erent stages along the conduction of the experiment
will give insights into which stage of the experiment is crucial for inducing aggregation.
Therefore, the e�ect of a wait time is investigated in the next section, section 6.1.3.

6.1.3 Wait time e�ect - mAb1 size distribution

The purpose of the initial stressing experiments is to identify the e�ects of the generated
shear and extensional flow on the protein aggregation. Initially, the discrepancy of the
aggregated mAb1 protein samples have been investigated under the presence of a wait
time using DLS. mAb1 was selected as a model of interest for the particular experiment,
as it corresponds to an intermediate aggregation-prone molecule. The combination of both
extensional flow and wait time supports the kinetic understanding of aggregation pathways.
Therefore, the distribution of the samples has been plotted for the cases where a wait time
is introduced within the extensional flow device experimental procedure. The aggregation
behaviour of mAb1 was examined under a plunger speed of 8 mm/s at a constant number
of passes, in this case 20. The variable parameters in the particular experiment were the
position and duration of wait time within the experiment. The results obtained can be
shown analytically in figure 6.8.

The native aggregation of mAb1 shown in figure 6.8e is used as a control, where the native
aggregation is detected by leaving the sample on the bench for the longest experimental
time (10 minutes). In native aggregation, aggregates are formed by protein monomers
with no disruption in structure, whereas the flow induced aggregation achieved within the
EFD alters the protein structure determined as non-native aggregation. It can be seen
that the wait time has a significant e�ect in the size distribution of aggregated samples,
where in particular a broader size distribution is observed when the wait time is present
between the flow event, which is similar to the distribution obtained when no wait time is
introduced as a part of the experiment. This observation indicates that the wait time of
30 s which is introduced between the flow process is not significant in a�ecting the size
distribution. However, a narrower distribution is obvious when the wait time is introduced
either before or after the experiment. The total wait time of 10 minutes is enough to create
discrepancies in the size distribution of aggregated samples. While the protein samples
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(a) Wait time before flow event (b) Wait time in between flow event

(c) Wait time after flow event (d) Flow event with no wait time

(e) Native mab1

Figure 6.8: Plots of DLS data presenting the size distribution of control (quiescent
conditions) and aggregated mAb1 under the presence of a wait time. Wait time corresponds
to a total time of 10 minutes before (6.8a), 30 s in between each cycle (2 passes)(6.8b)
and 10 minutes after exposure to the extensional flow (6.8c). Samples have been stressed
for the normal experimental time in the absence of a wait time (6.8d) and samples in
quiescent conditions presenting the native state of mAb1 (6.8e) (absence of extensional
flow).
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are not stressed immediately, but after or before a wait time, there is a temperature shift
in the system as the sample equilibrated with its surrounding which induces aggregation
and dis-aggregation.

The experiment induces changes in the complex mechanism of mAb1 aggregation. The
wait time seems to disturb the rate of formation or refolding of the aggregation-prone state,
causing disruption between the states "ii" and "iii" before the final stage of the aggregation
mechanism which corresponds to irreversible insoluble aggregates as it is shown in figure
6.7. However, due to the complexity of the mechanism, it is di�cult to determine the
exact e�ect of wait time along the aggregation pathway. The position and duration of a
wait time has been found to a�ect the size distribution of the aggregated samples. This,
does highlight the importance of controlling the conditions within the experiment.

6.2 Surface’s role in extensional flow induced aggre-
gation

To investigate the interaction of protein molecules that could correlate to their interaction
with equipment surfaces during manufacturing, flow experiments have been conducted with
the variation of the surface properties of the extensional flow device. Surface modification
on the syringe parts, capillary and syringe plungers correspond to the set of surfaces that
the molecules interact with during the conduction of the experiments.

Model proteins for the particular experiments were three monoclonal antibodies (mAbs)
STT, WFL and mAb1 which are provided by AstraZeneca, and they have been previously
characterised in terms of their aggregation propensity when exposed to flow environments
using the extensional flow device [1, 2]. However, their previous aggregation profiles have
been investigated in a range of parameters such as bu�er, strain rate range, timescale in flow
environment controlled by the pass number. All of these experiments have been conducted
at the standard surfaces which are untreated and used as they arrive from the manufacturer.
The e�ect of these equipment parts is investigated by their surface modification, and flow
experiments are conducted to evaluate whether the surface parameter can a�ect their
previously characterised aggregation profile on standard untreated glass surface. This set
of experiments will give insights into the e�ects of surface as the molecules are interacting
with the equipment surfaces under flow. As the current proposed flow induced aggregation
mechanism involves the bulk mediated aggregation pathway (figure 6.7), the question this
section addressees, is how this particular aggregation pathway can be modified or a�ected
by introducing an additional surface pathway alongside aggregation within the bulk.

To investigate this, a library of surface treatment agents was constructed and characterised
by contact angle measurements, indicating the degree of hydrophobicity. The selection
of the particular agents, alongside with the procedure followed to conduct the surface
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treatment of the device component parts, has been previously described in section 5.2.
The final surface library consists of five di�erent surfaces with increased hydrophobicity:
mPEGMA (23°), untreated glass (47°), APTES (58°), HTS (80°) and FDTS (94°) as
summarised in table 6.1 alongside with their contact angle profiles of water on glass, as
shown in figure 6.9.

Table 6.1: Water contact angle measurements on treated float glass slides at pH=7.

Surface Contact angle (°)
Poly(ethylene glycol) methyl ether methacrylate, mPEGMA 23
Untreated glass 47
Silane A: 3-Aminopropyltriethoxysilane, APTES 58
Silane B: n-Hexyltrimethoxysilane, HTS 80
Silane C: Perfluorodecyltrichlorosilane, FDTS 94

(a) (b)

(c) (d)

(e)

Figure 6.9: Water contact angle image profiles on the surface library constructed for the
investigation of surface e�ect on aggregation including: mPEGMA (6.9a), glass (6.9b),
APTES (6.9c), HTS (6.9d) and FDTS (6.9e).

6.2.1 Protein a�nity for the surface

Firstly, to investigate the a�nity of protein molecules to the modified surfaces, QCMD
experiments have been conducted investigating the adsorbed mass as well as protein
thickness adsorbed on each surface, as fully described in the previous chapter, chapter 5,
section 5.3.1. The experiments are conducted in quiescent conditions to allow the distinct
e�ect of surface to be explored in the absence of flow contribution. The extent to which
WFL, mAb1 and STT proteins adsorb onto this surface library under quiescent conditions,
was then assessed using Quartz Crystal Microbalance with dissipation (QCMD). By
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measuring changes in the crystal’s oscillation, this method quantifies protein adsorption in
terms of aerial mass (ng/cm2) as well as protein layer thickness (nm), calculated assuming
the protein solution density to be 1000 kg/m3. The oscillation of the crystal is indicated
in the raw data, by shifts in frequency (�f) while mass adsorbs on the surface and shifts
in energy dissipation (�D).

The average protein layer thickness and mass adsorption was interpreted as an average
protein layer thickness and aerial mass, as shown in figure 6.10. The average layer thickness
is found to be una�ected by the surface treatment ⇠15-17 nm, as shown in figure 6.10a.
As the radius of hydration (Rh) of WFL, obtained by dynamic light scattering, is 6 nm
[1], these data suggest the formation of a monolayer, considering the protein diameter of
12 nm (2⇥6 nm), although water can contribute to additional mass [195, 261] via direct
hydration, viscous drag, or entrapment of cavities in the adsorbed film [262]. Overall, it
can be also observed that the there is a slightly higher tendency for WFL (filled circles)
to interact with the surface compared to mAb1 (open squares) as higher aerial mass and
respective layer thickness is recorded. This observation can be linked with the previously
characterised aggregation profile of WFL to aggregate. On the other hand, STT which has
been previously shown to be aggregation resistant molecule, shows to have the minimum
absorption on the surface corresponding to ⇠1500 ng/cm2 compared to the maximum
aerial mass recorded for WFL ⇠2500 ng/cm2 on the mPEGMA, where the bigger variation
on the protein adsorption is recorded for the particular surface, with a contact angle of
23°.

6.2.2 Synergistic e�ects of surface and flow

As the surface modification presented to have a small e�ect on the protein interaction
with the surfaces in the absence of shear and extensional flows, flow experiments have
been conducted to investigate whether the aggregation can be a�ected in the presence of a
range of surfaces, as shown in figure 6.11. As previously mentioned mAb1, STT and WFL
proteins have been exposed to the same number of passes (100), at constant plunger speed
of 8 mm/s, to ensure the molecules are exposed to the same strain rate magnitude. The
aggregation profiles are compared to their respective control samples, where the samples
were left in the device equipment surfaces (syringe body and capillary) for the longest
experimental time, corresponding to 10 minutes (10 passes=1 minute). As shown in figure
6.11a, intermediate levels of aggregation can be observed with the maximum aggregation
to be reached at ⇠50% for mPEGMA, untreated glass and FDTS surfaces. Interestingly,
the suppression of aggregation to ⇠18% was shown for the HTS, (Hexyl.) and ⇠20%
for APTES surface, highlighting the protective e�ect of the particular surfaces against
aggregation. Similar protective e�ects from the particular surfaces can be also seen for
the most aggregation-prone molecule WFL in figure 6.11b, where it is shown to be highly
aggregated when exposed to mPEGMA, untreated glass and FDTS, inducing full damage
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(a)

(b)

Figure 6.10: Thickness and aerial mass of adsorbed WFL (filled circles), mAb1 (open
squares) and STT (semi-filled triangles) protein layers under quiescent conditions (i.e.
absence of extensional flow). Sample concentration=0.5 mg/mL in 150 mM Ammonium
acetate bu�er on QCM sensors (5 MHz 14 mm Cr/Au/SiO2) with multiple contact angles
at a flow rate of 0.21 mL/min. N=2, error bars=standard deviation. Surfaces (in increasing
contact angle): mPEGMA, bare glass, APTES-Silane A, HTS-Silane B (Hexyl.) 6.10a:
Average layer thickness of adsorbed WFL, mAb1 and STT protein layers. The average
layer thickness range of the three proteins corresponds to a minimum layer thickness of
⇠11 nm to a maximum of ⇠20 nm. 6.10b: Average aerial mass of adsorbed WFL, mAb1
and STT protein layers. The average aerial mass range of the three proteins corresponds
to a minimum aerial mass of ⇠1500 ng/cm2 to a maximum of ⇠2500 ng/cm2.
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to protein reaching to ⇠90%. On the other hand, the protection of the particular molecule
is obtained when the molecule is exposed to HTS and APTES surfaces, obtaining ⇠38%
and ⇠50% protein in pellet (i.e., aggregation) respectively, implying into aggregation
suppression by 60% and 40% respectively.

These results highlight the significant e�ects of surface acting synergistically under the
e�ects of flow, providing enhancement of protein stability in the extreme case of highly
aggregation-prone molecules, including WFL. For the most aggregation resistant molecule,
STT, the aggregation levels of these molecules as expected are decreased, with a maximum
aggregation to be obtained at ⇠40% across the surfaces of APTES, HTS and FDTS as
shown in figure 6.11c. Surprisingly, enhanced aggregation levels were obtained when STT
is exposed to mPEGMA surface, suggesting the protein instability as the molecule interacts
with the particular surface under exposure to flow events. The most protective surface is
shown to correspond to APTES, with minimum levels of aggregation. These results suggest
that the surface parameter acts synergistically along the flow parameter, a�ecting the
aggregation profiles of the molecules. In the absence of flow events, the surface parameter
has no e�ect into the aggregation of samples left within the device’s surface components.
It is also worth mentioning that a general aggregation level of ⇠10-15% is observed in
the absence of flow across the surface library as the samples are incubated within the
syringe and capillary bodies. This observation can be explained from the data shown in
the previous section (section 6.2.1), where a protein monolayer is formed in the absence of
flow events. Combining the aggregation level and aerial mass data for samples in quiescent
conditions (absence of flow), it is shown that there is an interaction between the protein
molecules and the surface of the device, which is indicated by the low aggregation levels
and the monolayer formed. Therefore, the formation of the monolayer can explain the
aggregation levels of ⇠10-15% obtained in the absence of flow events. The aggregation of
quiescent samples was quantified previously using the pelleting assay in the absence of the
surface interaction, indicating ⇠2-3% of aggregation when the samples were incubated
within tubes stored on ice for the longest experimental time [1, 2]. This indicates the
contribution of surface and flow to the aggregation propensity of samples exposed to either
surface and flow.

The formulation pH of the experiments is an additional parameter which can a�ect the
water contact angle, particularly with the Silane A treated surface, APTES. APTES
performs a bifunctional nature where in the presence of hydrolysing agents such as water,
the alkoxy groups of APTES are readily hydrolysed to silanols (Si-OH), promoting the
reactivity of the newly formed species toward other functionalities which corresponds
to the formation of protonated amine ( NH +

3 ) [263]. In this work, the contact angle
measurements have been performed in water at pH=7, whereas the protein adsorption
and flow experiments have been performed in ammonium acetate bu�er (among others) at
pH=6. The water contact angle has a maximum value at the point of zero charge (pzc)
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(a)

(b)

Figure 6.11: E�ect of interface contact angle on percentage of aggregated mAb1 (6.11a),
WFL (6.11b) and STT (6.11c) following quiescent incubation in the EFD (0 passes) or
after 100 passes at a plunger speed of 8 mm/s. The contact angle of surfaces in the device
ranged from 23° to 94°. Sample concentration = 0.5 mg/mL, bu�er=150 mM ammonium
acetate, pH = 6. Surfaces (in increasing contact angle): m-PEGMA, bare borosilicate
glass, Silane A, Silane B, Silane C. N=3, error bars = standard deviation
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(c)

Figure 6.11: E�ect of interface contact angle on percentage of aggregated mAb1 (6.11a),
WFL (6.11b) and STT (6.11c) following quiescent incubation in the EFD (0 passes) or
after 100 passes at a plunger speed of 8 mm/s. The contact angle of surfaces in the device
ranged from 23° to 94°. Sample concentration = 0.5 mg/mL, bu�er=150 mM ammonium
acetate, pH = 6. Surfaces (in increasing contact angle): m-PEGMA, bare borosilicate
glass, Silane A, Silane B, Silane C. N=3, error bars = standard deviation. (cont.)

where the solid surface is uncharged, and the pzc can be determined by contact angle
measurements at various pH values [264]. As reported in [264], the pzc of APTES surface
corresponds to ⇠7.3, indicating that 90% of silanol groups are negatively charged and
100% of amine functions are positively charged. At pH=6, it was shown that the water
contact angle on APTES is similar to that at pH=7, as it is close to pzc. Alternative
to pzc, the determination of surface pKa is commonly described as it is an important
parameter for controlling the interaction between silicon modified surfaces with charged
biomacromolecules such as proteins. The experimental determination of pKa in various
literature studies has been described via means of contact angle titrations, fluorescent
nanoparticle and chemical force titration assays for APTES modified surfaces. The amount
of protonated amine groups can be correlated with the pKa. Based on the studies in
[265, 266] the pKa has been reported within a range of ⇠6-10. However, the exact amount
between silanol and protonated amine groups is di�cult to be defined for the case of the
APTES treated surface (silane A) in this work, as the pKa is reported in literature with
multiple values depending on the experimental method for pKa determination, surface
treatment protocol used in each study and the resulting density of APTES deposited on
surface. As the particular surface exhibits surface charge properties depending on the
pKa, it is expected that the pH in which the surface adsorption and flow experiments are
conducted (pH=6) can contribute to potential charge interactions between the surface and
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protein molecules a�ecting the protein adsorption and flow experiments for the particular
surface.

Statistical analysis

Conduction of statistical analysis performing ANOVA tests was used to investigate whether
there is a significant di�erence between surfaces in the absence and presence of flow for
mAb1, WFL and STT as shown in figures 6.12, 6.13 and 6.14 respectively. For all the
molecules it is shown that the surface has no e�ect at 0 passes (absence of flow), suggested
by non-significant di�erence as shown for mAb1 in figures 6.12a, 6.12b, for WFL in figures
6.13a, 6.13b and STT in figures 6.14a, 6.14b. At 100 passes, (presence of flow), the surface
significantly a�ects the aggregation propensity. Particularly for mAb1, as shown in figures
6.12c and 6.12d, significant di�erence in the aggregation induced between silane C (FDTS)
and silane B (HTS) surface, silane C (FDTS) and silane A (APTES), silane B (HTS)
and glass and silane B (HTS) and mPEGMA. The particular surface sets which indicated
significant di�erence in the mAb1 aggregation propensity can be found in table 6.2.

For WFL as shown in figures 6.13c and 6.13d, significant aggregation di�erences are
obtained between the surface sets of silane C (FDTS) and silane B (HTS, Hexyl.), silane C
(FDTS) and silane A (APTES), silane B (HTS, Hexyl.) and glass, silane B (HTS, Hexyl.)
and mPEGMA, silane A (APTES) and mPEGMA (see also table 6.3). Finally, for STT, as
shown in figures 6.14c and 6.14d, significant e�ects of surface sets corresponding to silane
C (FDTS) and silane B (HTS, Hexyl.), silane C (FDTS) and silane A (APTES), silane
C (FDTS) and mPEGMA, silane B (HTS, Hexyl.) and mPEGMA, silane A (APTES)
and mPEGMA, glass and mPEGMA are indicated, which are also highlighted in table
6.4.

By comparing the analysis between the three molecules, it can be observed that there
are two common surface combinations in which they show to have significant e�ects in
aggregation between the three model proteins. By comparing the surface sets between the
three molecules as shown in tables 6.2, 6.3 and 6.4, the particular surface combinations
correspond: to silane C (FDTS) and silane A (APTES) and the surface set: silane B (HTS,
Hexyl.) and mPEGMA. The particular analysis indicates that all the three model proteins
(mAb1, WFL, STT), exhibited distinct aggregation profiles when exposed to silane C and
silane A surfaces. Distinct aggregation profiles were also exhibited between silane B and
mPEGMA surfaces.

E�ects of surface interaction under higher strain rate conditions

At plunger speed of 8 mm/s and exposure time of molecules to flow events for 10 minutes,
(corresponding to 100 passes), the particular flow conditions are observed to induce
aggregation for all three molecules. The particular flow conditions of plunger speed at 8
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(a) (b)

(c) (d)

Figure 6.12: Statistical analysis of % protein remaining in solution for mAb1 following
quiescent incubation in the EFD in the presence of di�erent surfaces. Box plots showing
median and interquartile ranges across the di�erent samples. Data obtained from samples
in figure 6.11a. One-way ANOVA analysis of means comparison plots of samples, performed
in Origin 2017. Error bars indicate standard deviation.

Table 6.2: Summary of statistical analysis data, indicating the surface sets which presented
significant di�erence in mAb1 aggregation levels under flow (8 mm/s, 100 passes). Surface
sets with significant di�erence in aggregation are highlighted for comparison reasons with
a checkmark, building from the ANOVA analysis, taken from figure 6.12d (mean di�erence
plot, MeanDi�).

Model protein, mAb1 Untreated glass Silane A Silane B Silane C mPEGMA
Untreated glass
Silane A (APTES)
Silane B (HTS-Hexyl.) X X
Silane C (FDTS) X X
mPEGMA
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(a) (b)

(c) (d)

Figure 6.13: Statistical analysis of % protein remaining in solution for WFL stressed for
100 passes at a plunger velocity of 8 mm/s in the presence of di�erent EFD surfaces. Box
plots showing median and interquartile ranges across the di�erent samples. Data obtained
from samples in figure 6.11b. One-way ANOVA analysis of means comparison plots of
samples, performed in Origin 2017. Error bars indicate standard deviation, *P <0.05.

Table 6.3: Summary of statistical analysis data, indicating the surface sets which
presented significant di�erence in WFL aggregation levels under flow (8 mm/s, 100 passes).
Surface sets with significant di�erence in aggregation are highlighted for comparison
reasons with a checkmark, building from the ANOVA analysis, taken from figure 6.13d
(mean di�erence plot, MeanDi�).

Model protein, WFL Untreated glass Silane A Silane B Silane C mPEGMA
Untreated glass
Silane A (APTES) X
Silane B (HTS-Hexyl.) X X
Silane C (FDTS) X X
mPEGMA
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(a) (b)

(c) (d)

Figure 6.14: Statistical analysis of % protein remaining in solution for STT stressed for
100 passes at a plunger velocity of 8 mm/s in the presence of di�erent EFD surfaces. Box
plots showing median and interquartile ranges across the di�erent samples. Data obtained
from samples in figure 6.11c. One-way ANOVA analysis of means comparison plots of
samples, performed in Origin 2017. Error bars indicate standard deviation, *P <0.05.

Table 6.4: Summary of statistical analysis data, indicating the surface sets which
presented significant di�erence in STT aggregation levels under flow (8 mm/s, 100 passes).
Surface sets with significant di�erence in aggregation are highlighted for comparison
reasons with a checkmark, building from the ANOVA analysis, taken from figure 6.14d
(mean di�erence plot, MeanDi�).

Model protein, STT Untreated glass Silane A Silane B Silane C mPEGMA
Untreated glass X
Silane A (APTES) X
Silane B (HTS-Hexyl.) X
Silane C (FDTS) X X
mPEGMA
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mm/s, subjected to flow for 100 passes (experimental time of 10 minutes), have been set
for the investigation of the surface e�ect as they have been previously shown to induce
protein aggregation [1–3]. For all the molecules investigated, the surface modification
was shown to a�ect their aggregation propensity to di�erent extents depending on the
hydrodynamic stability of each molecule. As we have seen earlier, WFL, described as a
highly aggregation-prone molecule, reached aggregation of ⇠90 % under these benchmark
flow conditions, when exposed to the untreated glass surface and FDTS (figure 6.11b);
therefore, the particular molecule is shown to have an enhanced aggregation propensity
profile. On the other hand, mAb1 and STT molecules, with better hydrodynamic stability
characteristics, can be used as model proteins investigating how the surface can a�ect
their aggregation at higher flow conditions.

The aim of the particular set of experiments is to determine whether the surface parameter
can still o�er further aggregation stability to the molecules even under "higher" flow
conditions. Doubling of the plunger speed at 16 mm/s exposes the molecules to double
amount of strain rate of ⇠25 ⇥103 s

�1 [1]. As mAb1 is an intermediate aggregation prone
molecule, 100 passes as the duration time of the experiment is selected and for STT as the
aggregation resistant molecule, 200 passes have been selected as shown in figures 6.15 and
6.16. As mentioned earlier, the aggregation landscapes of these molecules give an overview
guide of the flow conditions and combinations for each molecule to observe significant
aggregation levels, as shown in [2, 260].

Interestingly, the surface is shown to enhance the stability of the molecules compared to
their aggregation induced when exposed to untreated glass surface, suggesting that the
surface modification can act as a highly protective strategy against aggregation at these
high flow conditions. Particularly, as shown in figure 6.15, mAb1 aggregation from ⇠65%
is suppressed to ⇠20% when the equipment surface is treated with APTES (Silane A),
suggesting an aggregation reduction by ⇠45%. The same surface APTES, alongside with
HTS (Hexyl., Silane B) suppressed the aggregation levels of STT from the aggregation
state of ⇠85% when exposed to the untreated glass surface, to ⇠55% for APTES and ⇠65%
for HTS (Hexyl., Silane B) as shown in figure 6.16. The interaction of STT molecules with
the particular surfaces o�ered aggregation suppression with reduction levels of ⇠40% and
⇠25% for APTES and HTS (Hexyl., Silane B) surfaces respectively.

Comparing these aggregation profiles with the aggregation profiles of the molecules when
exposed to the standard flow conditions (8 mm/s, 100 passes) a common pattern in terms
of the protective surfaces is observed. More specifically, for mAb1, APTES and HTS
(Hexyl., Silane B) surfaces showed to enhance stability to aggregation, which was also
observed for the APTES surface when exposed to higher flow conditions. Interestingly, the
protective e�ect of HTS (Hexyl., Silane B) surface observed at the standard flow conditions
(figure 6.11a) is not protective for the higher flow conditions. This observation can inform
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us about the flow and surface complexity that the molecules encountered during the
aggregation pathway. This could correspond to various stages of protein interactions with
the surface and potential release of these into the bulk of the solution. These interactions
and the degree in which they are encountered might be strain rate-dependent between the
di�erent flow conditions investigated. On the other hand, for STT, APTES was shown to
correspond to the most protective surface among the surface library, for both standard
flow conditions and higher flow conditions (figures 6.11c and 6.16). This could also suggest
that the aggregation is highly protein-dependent, as the aggregation profiles and surface
interactions are shown to be di�erent between molecules under flow.

Figure 6.15: Percentage of mAb1 aggregation remaining in pellet at a concentration of
0.5 mg/mL in 150 mM Ammonium Acetate pH=6, stressed within the EFD in the absence
(0 Passes) and presence (100 Passes) of extensional flow at a plunger speed of 16 mm/s
for a range of contact angles between 23° to 94°, N=2, error bars=standard deviation.
Significant aggregation suppression is observed for silane A treated surface.

E�ect of surface on the size distribution

As the e�ect of surface under flow has now been demonstrated, the e�ect of surface on
the size distribution of the protein aggregates was then investigated. The experiments
have been performed at the standard flow conditions of 100 passes at 8 mm/s. mAb1
and WFL proteins have been used as the protein models of interest as they have shown
intermediate and highly aggregation prone profiles and their size distribution profiles are
shown in figures 6.17 and 6.18 respectively. To allow the detailed investigation of surface
e�ects, molecules inducing reasonable levels of aggregation have been selected. The data
in figures 6.17a, 6.17c, 6.17e, 6.17g and 6.17i present the size distribution profiles of mAb1
exposed to mPEGMA, untreated glass, APTES, HTS, and FDTS surfaces in conditions in
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Figure 6.16: Percentage of STT aggregation remaining in pellet at a concentration of 0.5
mg/mL in 150 mM Ammonium Acetate pH=6, stressed within the EFD in the absence
(0 Passes) and presence 200 Passes) of extensional flow at a plunger speed of 16 mm/s
for a range of contact angles between 23° to 94°, N=2, error bars=standard deviation.
Significant aggregation suppression is observed for silane A treated surface.

which the molecules were not exposed to flow (quiescent). For all the surfaces investigated,
the size distribution shows a common profile of three distinct peaks corresponding to a
monomeric peak, (where for a quiescent IgG molecule a hydrodynamic radius is measured
at 6 nm). The formation of the two additional peaks could correspond to populations
of bigger size molecules, and potential unfolded species, as it has been previously shown
that there is a generic aggregation range in the order of ⇠10-15 % for control samples left
within the device surfaces. Appeared peaks of size bigger than 5 µm, cannot be considered
as reliable information as they exceed the detectable size range of the DLS instrument.
The monomeric peaks of mAb1 can be seen to be more distinct for the HTS (Hexyl.)
and FDTS surfaces as shown in figures 6.17g and 6.17i respectively. In the presence
of flow as shown in figures 6.17b, 6.17d, 6.17f, 6.17h and 6.17j, the size distribution
corresponds to mainly three distinct peaks as shown for the control case, except the case
of FDTS surface, presenting a broader size distribution as shown in figure 6.17j. As the
molecules are introduced into partially unfolding events inducing aggregation, the intensity
of monomeric peak can be seen to be decreased compared to the monomeric peak seen
in the control samples, confirming the aggregation of the molecules with the transition
of the monomeric species into partially unfolded state with the increase in size species
comparing the populations of the second peaks.

For WFL control samples, the size distribution varies depending on the surface of interaction.
Broader range of size populations appear for the untreated glass surface with four distinct
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(a) (b)

(c) (d)

(e) (f)

Figure 6.17: Plots of DLS data presenting the size distribution of control (samples left
within the device surface bodies; syringe and capillary) and aggregated mAb1 in the
presence of surfaces: mPEGMA(6.17a & 6.17b), bare borosilicate glass (6.17c & 6.17d),
APTES (6.17e & 6.17f), HTS-Hexyl. (6.17g & 6.17h) and FDTS (6.17i & 6.17j). Samples
have been stressed at 8 mm/s for 100 passes in 150 mM Ammonium Acetate bu�er, pH=6.
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(g) (h)

(i) (j)

Figure 6.17: Plots of DLS data presenting the size distribution of control (samples left
within the device surface bodies; syringe and capillary) and aggregated mAb1 in the
presence of surfaces: mPEGMA (6.17a & 6.17b), bare borosilicate glass (6.17c & 6.17d),
APTES (6.17e & 6.17f), HTS-Hexyl. (6.17g & 6.17h) and FDTS (6.17i & 6.17j). Samples
have been stressed at 8 mm/s for 100 passes in 150 mM Ammonium Acetate bu�er, pH=6.
(cont.)
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peaks as shown in figure 6.18a, three peaks for APTES as shown in figure 6.18c and FDTS
shown in figure 6.18g and finally the less variation in size range is observed on the HTS
(Hexyl.) surface as shown in figure 6.18e. A more distinct monomeric peak is observed for
the HTS (Hexyl.) surface, as shown in figure 6.18e. In the presence of flow, the intensity
of monomeric peaks is significantly suppressed suggesting the unfolding of the monomeric
species and this is observed for the untreated glass surface in figure 6.18b, APTES in
figure 6.18d and FDTS surface as shown in figure 6.18h. Interestingly, the monomeric
peak is conserved in the presence of flow for the HTS (Hexyl.) surface as shown in figure
6.18f with the size distribution to present a similar profile to the one in the absence of
flow (figure 6.18e). This observation can be correlated with the protective e�ects of the
particular surface against the WFL aggregation, as shown previously in figure 6.11b.

6.3 The surface e�ect in high and low shear flow re-
gions

The EFD used for the conduction of the flow experiments, comprises two syringes connected
by a borosilicate capillary. Consequently, proteins are exposed to a variety of flow conditions
as the solution is passed between syringes, as previously shown in figure 6.2. To understand
the relationship between the flow regions and surface properties, mAb1 and WFL proteins
were stressed using hybrid EFDs consisting of di�ering syringe and capillary surfaces.
The syringe corresponds to the low shear surface where the proteins are exposed to
minimal hydrodynamic forces (⇠5 s between subsequent passes), whilst the capillary
region corresponds to high shear as proteins are initially accelerated due to the sudden
contraction [1, 2], followed by exposure to high shear rates for times of ⇠40 ms per pass
(figure 6.2).

Consequently, the role of surface wettability in the high shear region was determined
by modifying the surface of the capillary in the EFD while keeping the syringe surface
constant, as schematically shown in figures 6.19 and 6.20. Two sets of experiments were
performed using non-derivatised syringes (i.e., bare glass that gives poor protection against
aggregation), shown in figure 6.19a and syringes derivatised with silane B (the most
protective surface) as shown in figure 6.20a. Both hybrid devices were used to subject
mAb1 to 100 passes at 8 mm/s. Quantification of the resulting aggregation using these
hybrid devices clearly shows that the surface wettability of the syringe barrels has a marked
e�ect on aggregation (compare right-hand bars in figures 6.19b and 6.20). By contrast to
figure 6.11, in these hybrid devices, aggregation is una�ected by the alteration of capillary
surface. The same observation is made for WFL when it is stressed in the presence of
various capillary modified surfaces (figure 6.19c).

The di�erential e�ect of surface modification within the low shear (syringe) and high shear
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(a) (b)

(c) (d)

(e) (f)

Figure 6.18: Plots of DLS data presenting the size distribution of control (samples
left within the device surface bodies; syringe and capillary) and aggregated WFL in the
presence of surfaces: bare borosilicate glass (6.18a & 6.18b), APTES (6.18c & 6.18d),
HTS-Hexyl. (6.18e & 6.18f) and FDTS (6.18g & 6.18h). Samples have been stressed at 8
mm/s for 100 passes in 150 mM Ammonium Acetate bu�er, pH=6.
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(g) (h)

Figure 6.18: Plots of DLS data presenting the size distribution of control (samples
left within the device surface bodies; syringe and capillary) and aggregated WFL in the
presence of surfaces: bare borosilicate glass (6.18a & 6.18b), APTES (6.18c & 6.18d),
HTS-Hexyl. (6.18e & 6.18f) and FDTS (6.18g & 6.18h). Samples have been stressed at 8
mm/s for 100 passes in 150 mM Ammonium Acetate bu�er, pH=6. (cont.)

(capillary) regions are clearly illustrated by comparing the fold-change in aggregation
between mAb1 solutions subjected to 0 and 100 passes at 8 mm/s through EFDs with
distinct surface characteristics. Table 6.5 summarises the fold-change in aggregation
induced by EFDs with (i) no surface treatment: (ii) full surface treatment in silane B,
(iii) both syringes treated in silane B with untreated capillary and (iv) both syringes in
untreated glass with a silane B treated capillary. The greatest fold-increase in aggregation
levels is observed when the surface arrangement of the device corresponds to bare glass on
the low shear surface (syringe) with a silane B treated capillary. Conversely, the relative
change in aggregation is smallest when the surface treatments are switched (low shear
surface treated in silane B and untreated glass capillary). These data thus suggest that
the surfaces experiencing low shear (the syringe barrel surface) dominate surface-induced
protein aggregation under the flow conditions found within these experiments. This can be
attributed to either the short time which the protein spends within the high shear region
or the relatively low surface area of the high shear region, or a combination of the two
(0.04 s and 71 mm

2) when compared to the low shear region (5 s and 461 mm
2).

6.4 Suppressing flow induced aggregation through for-
mulation

The data above demonstrates the importance of interface wettability in modulating flow-
induced protein aggregation. As many interfaces are encountered during manufacture
and that the magnitude of these e�ects are protein-dependent, mitigating these e�ects
on a platform manufacturing pipeline would be challenging to implement. An alternative
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Figure 6.19: Investigating the e�ect of surface wettability in the high and low shear
regions of the EFD under capillary surface variation for syringe surfaces remained untreated
(bare borosilicate glass) (6.19a). Percentage of aggregated mAb1 (6.19b) and WFL (6.19c)
following quiescent incubation in the EFD (0 passes) or stress in the device for 100 passes
at a plunger speed of 8 mm/s. The contact angle of surfaces in the device ranged from 23°
to 94°. Sample concentration = 0.5 mg/mL, bu�er = 150 mM ammonium acetate, pH=6.
N=3, error bars = standard deviation.
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Syringe 1 Syringe 2CA=23°, 47°, 58°, 80°, 94°
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Figure 6.20: Investigating the e�ect of surface wettability in the high and low shear
regions of the EFD under capillary surface variation for syringe surfaces silane B treated
(6.20a). Percentage of aggregated mAb1 following quiescent incubation in the EFD (0
passes) or stress in the device for 100 passes at a plunger speed of 8 mm/s. The contact
angle of surfaces in the device ranged from 23° to 94° (6.20b). Sample concentration=0.5
mg/mL, bu�er = 150 mM ammonium acetate, pH=6. N=3, error bars = standard
deviation.

Table 6.5: Summary of surface variation experiments. Experimental sets correspond
to four surface combinations. Syringes and capillary remained untreated in bare glass
surface (i), syringes and capillary treated with silane B (ii), syringes treated in silane B
whereas the capillaries were untreated (iii), syringes remained untreated whereas capillary
is treated with silane B (iv).

Surface set Syringe Capillary Aggregation at 0 passes (%) Fold change
(i) Untreated glass Untreated glass 10.6 3.6
(ii) Hexyl. (HTS), Silane B Hexyl. (HTS), Silane B 6.9 3.9
(iii) Hexyl. (HTS), Silane B Untreated glass 19.8 1.3
(iv) Untreated glass Hexyl. (HTS), Silane B 9.5 8
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approach is to use additives within the solution to change the nature of the protein-surface
interaction. The novelty found in the particular set of experiments is the simultaneous
investigation of solid (surface) and liquid (surfactant) interfaces under the exposure to
flow. Building from the previous section, it was suggested that the solid interface has
a significant impact on the aggregation. Accordingly, the next step was to investigate
whether the presence of a surfactant (Tween 20) or arginine, excipients previously shown
to reduce protein aggregation [267–269], could mitigate the e�ects of surface wettability
on flow-induced mAb aggregation, with the results shown in figure 6.21. As both addi-
tives have previously been shown to minimise protein aggregation, their e�ectiveness in
preventing aggregation when exposed to the five distinct surface wettability values within
the derivatised EFDs (bare glass, mPEGMA and silane A, B and C) was assessed using
WFL, owing to its high aggregation propensity.

Tween 20, PS20

The addition of 0.1% v/v Tween 20 under extensional flow shows the suppression of
aggregation, resulted in similar levels of aggregation observed for all of the surfaces
examined here as shown in figure 6.21a. Comparison of the e�ects of the surface wettability
in the absence and presence of surfactant (Figures 6.11b and 6.21a), shows that Tween
20 (PS20) a�ords the same level of aggregation reduction as the presence of silane B
surfaces alone (CA=80°) which corresponds to the surface that gave the largest aggregation
suppression. Tween 20 thus appears to suppress the e�ects of surface wettability. For
example, flow in the presence of the two most hydrophilic surfaces (mPEGMA with a
CA=23° and bare glass (CA=47°) causes a 2.3 and 4.5-fold increase in aggregation, in the
absence of Tween 20. By contrast, in the presence of Tween 20, these surfaces only induce a
3.15- and 1-fold increase. This observation could be attributed to the proposed mechanisms
of Tween, which correspond to surface blocking preventing protein surface interactions or
the surfactant-protein interaction creating complexes preventing the protein-protein and
protein-surface interactions [15]. A long-term stability study, under quiescent conditions
using silane B, could be implemented to validate the potentially suppressive e�ect of
this surface on protein aggregation as an alternative strategy to traditional formulation
approaches. This may be advantageous, as Tween 20 degradation can lead to aberrant
modification of biopharmaceuticals [268, 270].

Arginine

The e�ects of changing the bu�er composition to 125 mM arginine and 20 mM succinate,
pH=6) can be seen in figure 6.21b. In agreement with previously published data, arginine
suppresses aggregation [267] including WFL when under flow [2]. For example, for bare
glass, the presence of arginine reduced the observed aggregation by 62% (Figures 6.11b
and 6.21b). Similar to the e�ects of Tween 20, arginine succinate bu�er largely negated
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the e�ects of the modified surfaces on flow-induced aggregation (a maximum di�erence
of 2.15-fold and 4.5-fold between the surfaces in the presence and absence of arginine,
respectively).

Despite this similarity between excipients, Tween 20 was observed to suppress aggregation
to a greater extent (mean values of 29 and 46% for protein aggregation across surfaces
for stress experiments performed in the presence of Tween 20 and arginine-succinate
bu�er, respectively). Both Tween 20 and arginine, suppressed WFL aggregation in a
surface-independent manner, suggesting that both minimise the interaction of protein with
the surface. To further investigate this possibility, the e�ect of Tween 20 and arginine on
protein adsorption under quiescent conditions was investigated using QCMD. These data
show that these excipients have distinct e�ects, as shown in figure 6.22. Tween 20 (0.1%
v/v) suppressed protein adsorption to such an extent that only ⇠3 nm layer was detected
as shown in figure 6.22a (filled triangles), corresponding to a monolayer of detergent (the
average diameter of a Tween 20 micelle is ⇠8 nm [271, 272]).

These results suggest that the suppressive e�ect of Tween 20 is dominated by its surface
activity properties, preventing protein adsorption at the surface which has been blocked by
a monolayer of Tween. It should be noted that the molecular surfactant-to-protein ratio is
27, which might account for the preferential adsorption of the surfactant on the surface.
Also, the protein adsorption kinetics are slower compared to the surfactant adsorption, as
studied in [114], where the adsorption of a polysorbate (PS80) at increased concentrations
was faster compared to the adsorption of mAbs at the air-water interface as indicated by
surface tension measurements. By contrast to Tween 20, arginine did not a�ect protein
surface adsorption as both the aerial mass and thickness as shown in figure 6.22, were
similar to that in ammonium acetate bu�er (figure 6.10) suggesting that a mAb monolayer
forms in both cases (average thicknesses of 21.2 nm and 18.9 nm in arginine-succinate and
ammonium acetate, respectively). This suggests that arginine’s protective e�ects arise
in the bulk solution, driven by antibody-arginine interactions [268]. However, the exact
mechanistic pathway for the suppressive e�ects of arginine on aggregation has not been
clarified in the literature. There are multiple hypotheses around arginine’s action, which
include its e�ect on surface tension, preferential hydration and preferential interaction [4].
Among the multiple e�ects of arginine, it is reported that arginine increases the surface
tension of water molecules, with the authors stating that this observation cannot explain
the suppressive e�ects of arginine on aggregation [273]. As concluded by the authors in
[273], arginine interacts favourably with a majority of amino acid side chains, whereas,
binding of arginine to the protein surface is limited, which plays a major role in its ability
to suppress aggregation. On the other hand, regarding the e�ects of surfactants, it is widely
reported that surfactants reduce the surface tension, reducing protein-protein interactions,
and protein-surface interactions [4].
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Figure 6.21: Percentage protein in pellet of WFL following quiescent incubation in the
EFD (0 passes) or stress in the device for 100 passes at a plunger speed of 8 mm/s. The
contact angle of surfaces in the device ranged from 23° to 94°. Sample concentration =
0.5 mg/ml, pH=6. 6.21a: Combined e�ect of surfactant and extensional flow indicating
the aggregation profile of WFL in 150 mM Ammonium Acetate bu�er with 0.1% v/v
Tween 20 (PS20), pH=6. 6.21b: WFL aggregation stressed for 100 passes at 8 mm/s in
125 mM Arginine, 20 mM Sodium Succinate, N=3, error bars = standard deviation. For
comparison purposes, white bars represent the WFL stressed in the standard formulation
(150 mM Ammonium Acetate in the absence of formulation excipients) as taken from
figure 6.11b.
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(a)

(b)

Figure 6.22: Average layer thickness (6.22a) and aerial mass (6.22b) of quiescent (absence
of extensional flow) WFL (0.5 mg/ml) in 125 mM Arginine, 20 mM Sodium Succinate bu�er
(open circles) and 150 mM Ammonium Acetate + 0.1% v/v Tween 20 (filled triangles)
on QCM sensors (5MHz 14 mm Cr/Au/SiO2) with multiple contact angles at a flow rate
of 0.21 ml/min. The average aerial mass of WFL in Arginine Succ. is similar to WFL
in 150 mM Ammonium Acetate corresponding to 2000-2500 ng/cm2, and average layer
thickness of 15-20 nm, N=2. Significant drop in adsorption is recorded for WFL + 0.1%
v/v Tween 20 corresponding to ⇠315 ng/cm2 and average layer thickness of ⇠3 nm, N=2,
error bars=standard deviation.
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The particular data reveal distinct mechanisms of aggregation protection for Tween 20 and
arginine (interface and bulk mediated, respectively) and begin to reveal the mechanism
underlying EFD-induced protein aggregation. Together, these data show that the surface
plays a vital role in flow-induced aggregation and that surface passivation together with
formulation o�ers promising methods for aggregation reduction.

6.5 Aggregation induced by protein-protein interac-
tions

As the chemical modification of the surface was shown to a�ect the aggregation pathway,
the investigation of aggregation by developing a surface with protein adsorption on the
surface is investigated here. The purpose of the experiment is to address whether a
chemical modification or a protein conformational state already adsorbed on the surface
is responsible for a�ecting the aggregation propensity as molecules are exposed to flow.
BSA and STT proteins have been covalently labelled on the surface of glass syringes,
and plungers, which were firstly treated with APTES and then cross-linked using BS3
linker which were performed by Dr Leon Willis as fully described previously in chapter 5
(subsection 5.2.2).

To demonstrate the success of the protein labelling on the surface, surface images presenting
the topographical profile of the surfaces have been collected as shown in figure 6.23. Bare
untreated glass (fig. 6.23a), APTES (fig. 6.23b), APTES-STT (fig. 6.23c) and APTES-
BSA (fig. 6.23d) surfaces are characterised, demonstrating the surface modification. The
protein-coated surfaces show higher features than the uncoated and APTES treated surfaces
shown in figures 6.23c and 6.23d clearly due to the deposition of STT and BSA proteins
respectively. The maximum topographical height recorded for the surfaces is shown to
correspond to 15 nm. As expected for an untreated glass surface, the topographical image
is relative flat, corresponding to a smoother surface as shown in figure 6.23a compared
to a chemically treated surface using APTES as shown in figure 6.23b. Topographical
heights also show a more populated protein surface on BSA cross-linked surface (figure
6.23d) compared to STT cross-linked surface (figure 6.23c). The average surface roughness
of the surfaces (root-mean-square, Rq), as extracted from Nanoscope software, indicates
increase in surface roughness with the surface modification corresponding to 0.602 nm for
glass, 0.892 for APTES, 0.958 nm for STT and 2.11 nm for BSA. The maximum surface
height, along with the average surface roughness, reflect the non-uniformity of STT and
BSA deposition on the surface.

Alongside the topographical characterisation of the surfaces, contact angle measurements
have been also performed as shown in figure 6.24, characterising the surface hydrophobicity.
For the surface comparison between the modified surfaces, APTES is also plotted, as the
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(a) (b)

(c) (d)

Figure 6.23: AFM images of the float glass slide surfaces before (6.23a) and after
modification with APTES (6.23b), after immobilisation with STT antibody APTES-STT
(6.23c), BSA APTES-BSA (6.23d). Scan size = 5 ⇥ 5 µm.
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primary surface on which the protein cross-linking procedure is conducted. From the
results it is shown that protein cross-linking enhanced the hydrophobicity of the surface
with the contact angle (CA) increased from ⇠58° for APTES to ⇠75°.
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Figure 6.24: Water contact angle measurements for APTES (Silane A), STT cross-linked,
and BSA cross-linked, error bar=sd.

As for the previous study, the e�ect of surface modification was firstly investigated in
the absence of flow. STT adsorption experiments were then conducted to investigate
whether the adsorption of the protein is enhanced in the presence of already adsorbed
protein layer as shown in figure 6.25, followed by the raw data as shown in figure 6.26. The
mass adsorption of STT molecules, on STT and BSA cross-linked surfaces, alongside their
respective STT protein thickness on each surface, is quantified by QCMD experiments. As
shown in figure 6.25, there is a similar propensity of STT to interact with the molecules of
its family, i.e., STT cross-linked surface and similar tendency to interact with di�erent
molecules, i.e., BSA cross-linked surface within error of magnitude. The adsorption
of STT on cross-linked surface is similar compared to its adsorption on APTES (58°)
treated surface only, as shown previously in figure 6.10. This also implies the formation of
monolayer with the recorded layer thickness at ⇠20 nm.

The type of the adsorption of the molecule can be extracted by studying the raw data of
the QCMD experiment, during the washing step. The washing or rinsing step, is the last
step during the experiment, and depending on the profile of the raw parameters during the
particular step, the type of the molecule’s adsorption on the surface can be determined.
As shown in figures 6.26a, 6.26b and 6.26c, there are shifts in frequency, �f (shown in
blue shades) and dissipation �f (red shades) upon mass adsorption on the untreated glass,
STT cross-linked and BSA cross-linked surfaces respectively, which are then followed by a
bu�er rinse as the last step in the experimental procedure.

As mentioned in chapter 2, section 2.8.1, the mass information about the protein adsorbed
on the surface, can be detected by monitoring the oscillation frequency (�f). A generic
overview of the profile of the experimental data corresponding to mass adsorption events
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(a) (b)

Figure 6.25: QCM data for STT in the absence of extensional flow showing the aerial
mass (6.25a) and average layer thickness (6.25b) for STT repeated experiment, N=2, error
bars=standard deviation.

is previously presented in figure 2.21. A frequency shift by a decrease in frequency will
indicate that mass is added to the QCMD sensor, whereas an increase in the frequency
will indicate the mass removal from the surface. For fully adsorbed molecules on the
surface, which are irreversibly adsorbed, the frequency and dissipation profiles will remain
constant (flat), over time during the washing step with bu�er (see right-hand side in figure
2.21b). Irreversible adsorption of molecules on the surface will imply that the molecule
remains on the surface after rinsing or washing step. On the other hand, reversible
adsorption of the molecule will imply that the molecules are rinsed o� along with the bu�er
during the rinsing step, which is observed for all the experimental conditions investigated.
Therefore, by isolating the bu�er rinsing steps for the STT molecules on the untreated
glass, STT cross-linked and BSA cross-linked surfaces, after the sudden shifts in frequency
and dissipation, it can be observed that the frequency still increases as shown in figure
6.26 (right-hand side). This indicates a mass removal from the surface during the bu�er
rinsing step, implying that the type of protein adsorption observed is reversible. This
reversible type of adsorption indicates that the molecules can interact with the surface
and "travel" within the bulk of the solution. Molecule reversible adsorption, combined
with the exposure to shear and extensional flow regions, implies the potential complexity
encountered when flow is introduced in the system. The molecule can follow multiple
potential reversible adsorption events with the device’s surface along the conduction of
the experiment.

Additional to the type of adsorption process of molecules, QCMD raw data can be used
to determine the rate in which the molecules dissociate from the surface. The raw data
of frequency shift allows the experimental determination of the desorption/o� rate of
molecules from the surface. This will give insights into whether the modification of the
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(a)

(b)

(c)

Figure 6.26: QCMD raw data showing frequency (shown in blue shades) and dissipation
(shown in red shades) shifts when molecules start to adsorb on the surface for a range of
frequency overtones. Data show STT adsorption on glass surface 6.26a, STT cross-linked
surface 6.26b, and BSA cross-linked surfaces 6.26c.
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surface with cross-linked protein molecules can a�ect the desorption rate of STT when
it is exposed to an untreated surface such as that of glass (untreated) compared to STT
and BSA cross-linked surfaces. To obtain the desorption rates on the various surfaces,
the slope of the frequency increase step is automatically obtained, and the parameter ⌧ is
determined in seconds (s). Then the o� rate C, is determined as the inverse of the slope
(C=1/⌧) as shown for bare glass, STT and BSA surfaces with the final desorption/o� rates
to be calculated based on the slopes as Cglass=1/112= 8.9⇥10�3

s
�1, CSTT=1/19919657=

5.02⇥10�8
s
�1, and CBSA=1/2589391= 3.86⇥10�7

s
�1, from the slopes taken from the

frequency data as shown in figures 6.27a, 6.27b and 6.27c respectively.

Interestingly, the data show that STT protein desorbs slower with protein molecules
already adsorbed on the surfaces, compared to the untreated glass surface with the higher
desorption rate. This implies that the interaction between protein molecules is significant
compared to a surface with no protein molecules, with the rate to be slower in the order
of 105 for STT and 104 for BSA compared to the glass surface. The slower desorption rate
is shown to correspond to the STT-cross linked surface, implying that molecules from the
same population interact highly with one another compared to molecules from di�erent
populations. This will also imply to the scenario where a protein is already adsorbed on
the equipment surface of the device under flow. In this case, a potential interaction of
molecules from the bulk state with the molecules landed on the surface state can have
slower desorption rates. This could imply that there is more time for the interaction
between the molecules already landed on the surface with the molecules within the bulk
state.

Flow experiments on the surfaces with covalently attached proteins were then followed, to
examine the e�ect of protein-protein interactions, as shown in figure 6.28. The particular
set of experiments, investigates the e�ect of the interaction between same and di�erent
protein populations to determine whether the interaction between same molecules is
more aggregation-prone, inducing further aggregation by exposing STT molecules on STT
cross-linked surfaces as shown in figure 6.28a. The e�ect of interaction between di�erent
protein molecules was also investigated by examining the flow behaviour of BSA molecules
on STT cross-linked surfaces, as shown in figure 6.28b. The experiments were kindly
performed by Dr Leon Willis.

Multiple hypotheses scenarios can determine the type of interaction under flow conditions.
Suppressed aggregation can be expected in the situation where surface adsorbed molecules
catalyse refolding of the native protein state in the presence of a protein attached on the
surface. Alternatively, suppressed aggregation can be induced by the full passivation of STT
cross-linked molecules on the surface, where it will be no molecular space for aggregation to
be induced on the surface. The next hypothesis corresponds to the case where aggregation
is enhanced, where protein adsorbed molecules catalyse aggregation.
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(a)

(b)

Figure 6.27: Frequency slope data indicating potential desorption rates as extracted
from DFind software. Data correspond to STT (0.5 mg/mL, in 150 mM Ammonium
Acetate, pH=6) loaded to untreated glass (6.27a), STT cross-linked surface (6.27b) and
BSA cross-linked surface (6.27c). Exponential fit determines constant ⌧ , which can be
used to determine the desorption/o� rate which is C=1/⌧ .
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(c)

Figure 6.27: Frequency slope data indicating potential desorption rates as extracted
from DFind software. Data correspond to STT (0.5 mg/mL, in 150 mM Ammonium
Acetate, pH=6) loaded to untreated glass (6.27a), STT cross-linked surface (6.27b) and
BSA cross-linked surface (6.27c). Exponential fit determines constant ⌧ , which can be
used to determine the desorption/o� rate which is C=1/⌧ . (cont.)

Flow induced aggregation of the molecules on the STT cross-linked surface indicated
that the aggregation between same molecules is suppressed compared to the aggregation
between di�erent molecule populations. From the data, it is also shown that the STT
XL surface has a protective e�ect, with slower aggregation and non-complete aggregation
observed at 0.25 mg/mL. This observation can also be linked with the desorption rates
obtained in the absence of interaction of flow from the QCMD experiments, as shown above.
The STT desorption from the STT cross-linked surface was shown to be slower compared
to BSA cross-linked surfaces, implying that the STT-cross linked surface is more protective
as the molecules desorb slower from the particular surface and the aggregation induced
under flow for the particular surface is less compared to BSA cross-linked surface.

6.6 Summary
This chapter considered three main sections, including the e�ects of (i) solid interfaces, (ii)
liquid interfaces through formulation strategies and lastly (iii) protein-protein interactions
in the flow induced aggregation. The investigation of solid interface e�ects was achieved
via the surface modification of the extensional flow device components (syringes, capillary)
highlighting that the solid interface can impact the aggregation propensity under flow
conditions. This suggested that there is a synergy between flow and the solid interface
parameter, which both contribute in a�ecting the aggregation of the molecules. This
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(a)

(b)

Figure 6.28: E�ect of cross-linked surfaces on the STT concentration as a function of
time (pass number, 1 pass = 6 s). 6.28a: STT initial concentration at 0.25 mg/mL (shown
in black), and 1 mg/mL (red) stressed in syringes coated with STT-XL-APTES. 6.28b:
STT initial concentration at 0.25 mg/mL stressed in syringes coated with BSA-XL-APTES.
Experiments were conducted by Dr Leon Willis at a plunger velocity of 8 mm/s in 150
mM Ammonium Acetate (AmAc), pH=6.
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finding is important, as it suggests the complexity of the flow-induced aggregation, and
sheds light into the redesign of the currently proposed aggregation pathway, which it was
based on the flow-induced aggregation via the bulk pathway. Therefore, there is a need to
integrate and further investigate the solid interface parameter into the previously proposed
aggregation pathway, as presented in [2]. From the results, it was also shown that specific
surface sets have been found to enhance the stability of the molecules when exposed to
shear and extensional flow conditions by suppressing the aggregation levels compared
to the standard equipment surface (bare glass). From a practical perspective, accessible
equipment components including filters, syringes, pistons, plungers etc, could be treated
with the particular surfaces, which can enhance the stability of the molecules during their
manufacturing.

The second aspect of the chapter, expanded on the investigation of a broader parameter
space by including the liquid interface e�ects such as excipients including arginine and
surfactant (PS20). From the particular section it was shown that using suitable protein
formulation conditions, the stability of the molecules can be enhanced. This can be
applicable to conditions where the components part of the manufacturing process are
not accessible or di�cult to be surface treated. Therefore, formulation strategies can be
applied accordingly.

The third part of the chapter investigated the covalent attachment of proteins on the
equipment surfaces, and investigating whether the conformational state of protein which
is already landed on a surface can impact the aggregation. The data, accompanied by
experimentally determined o�-rates, suggested that the interaction between protein-protein
molecules from the same population is slower compared to protein-protein from di�erent
populations, and even slower from surface-protein interactions. It was also shown that
the adsorption of proteins on surfaces is a reversible process, which also highlights the
complexity of the aggregation pathway mechanism with the potential involvement of
multiple steps throughout the aggregation pathway.
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Chapter 7

E�ect of surfactants on flow induced
aggregation

In the previous chapter, the suppression of flow induced aggregation was shown to be
achieved via surface modification strategies. The use of a surfactant was also investigated
using tween 20 (PS20), where it was shown to o�er enhanced stability to the molecules
when exposed to extensional flow. This chapter builds on the work conducted previously,
investigating the aggregation suppression from the formulation perspective with the
application of a surfactant library. Model proteins for the conduction of the formulation
studies are: MEDI8852 (an IgG1), and MEDI3549 (a bispecific molecule), both provided
by AstraZeneca, where their aggregation propensity under extensional flow conditions
is not known. MEDI3549, which is a bispecific molecule, corresponds to an interesting
candidate to study its aggregation performance due to its relatively high molecular weight
(⇠200 kDa) compared to the standard molecular weight of ⇠150 kDa for IgGs. Di�erent
experimental studies conducted for each molecule are presented, to investigate how their
stability can be enhanced under flow conditions which have been previously defined to
induce aggregation.

An overview of the main sections covered in the current chapter is shown in figure 7.1.
Initially, the chapter explores the rheological characterisation of these molecules at low and
high concentrations by the conduction of viscosity measurements which will be discussed
in section 7.1, followed by the investigation of the e�ect of high concentration on their
aggregation propensity in section 7.2. The formulation of these molecules is then modified,
and their respective aggregation is then characterised by various analytical methods by
the introduction of a surfactant library, which will be described in section 7.3. Next,
the further characterisation of the surfactant library e�ect is explored by the surfactant
screening using the extensional flow device, followed by the overall chapter summary in
sections 7.4 and 7.5 respectively.

7.1 Rheological characterisation

7.1.1 Experimental viscosity characterisation

Firstly, the rheological characterisation of these model proteins was conducted to investigate
their viscosity profiles. Their rheological characterisation was conducted at the standard
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7.4 Extensional flow device as a screening tool
to identify e�ective formulation conditions

7.3 Characterising the surfactant e�ect
in flow induced aggregation

7.2 Concentration e�ect in
flow induced aggregation

7.1 Rheological characterisation

7.5 Summary

Figure 7.1: Overview of the main sections covered in the e�ect of surfactants in flow
induced aggregation chapter.

concentration used in the previous chapter of 0.5 mg/mL and also at higher concentrations
including 5, 10, 20 and 40 mg/mL. The development of proteins in high concentration
is commonly encountered due to the high dose requirements and delivery convenience to
patients, reducing the injection frequency [274]. Therefore, concentration of >50 mg/mL
corresponds to the concentration in which many monoclonal antibodies are marketed
[275]. Specifically, as reviewed in [276], a list of commercial mAb-based products, indicates
that commercialised products can be found with active concentration range from 0.15
mg/mL with maximum active concentration of 200 mg/mL. The development of these
biopharmaceuticals at high concentrations can encounter various challenges including
solubility limitations, phase separation, increased viscosity, and aggregation propensity
that may restrict the manufacturability, deliverability, stability, and shelf life of the product
[274, 275].

The aim of the particular experiment was to investigate whether the molecules experience
molecular structural rearrangements, especially at higher concentrations, when exposed to
shear flow. This will allow determining an initial overview of any molecular rearrangement
when these molecules are exposed to shear flow conditions. As mentioned earlier, the
use of excipients is a commonly found strategy to enhance molecular stability. Sucrose
corresponds to one of these excipients which can be included in protein formulations. The
formulation bu�er for these particular proteins is 235 mM Sucrose, 25 mM Histidine at
pH=6. Therefore, to investigate the viscosity profile of these molecules, the viscosity of
their formulation bu�er is firstly collected as shown in figure 7.2, presenting a Newtonian
profile as the shear viscosity is constant along the increase in shear rate. At the particular
sucrose concentration, the corresponding measured viscosity is recorded at 0.001 Pas. The
recorded viscosity agrees with previously published sucrose viscosity data, where for a
sucrose at a concentration of 10% w/w, the viscosity is measured as 1.13 mPas (0.0013
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Pas) as shown in [277]. The rheological characterisation of sucrose corresponds to the
relative control, as it corresponds to the formulation bu�er of the model proteins.

Figure 7.2: Viscosity profile for 235 mM Sucrose, 25 mM Histidine, pH=6 at 25 �.
Errors indicate the standard deviation between 3 samples, N=3.

The viscosity profiles of MEDI3549 and MEDI8852 are then determined as shown in
figures 7.3 and 7.4 respectively. Interestingly, the viscosity profiles of both molecules
shows a shear-thinning profile, with the viscosity values to decrease at increase shear rates.
The shear thinning e�ect is largely confined to shear rates of less than the order of 100
s
�1.

This shear thinning e�ect of high concentrated antibodies is also reported in literature
studies [218, 221, 278]. The shear thinning flow behaviour of both molecules, is shown to
be a�ected by the bulk e�ects encountered by the increase in the formulation concentration.
The shear thinning flow behaviour can be a�ected by excipients, such as the e�ect of
surface-active agents (Tween). This has shown that such interactions can significantly
a�ect the shear thinning profile, diminishing the shear thinning e�ect [278]. This suggests
the surfactant can reduce intra-protein interactions.

7.1.2 Computational characterisation

Due to sample volume and concentration limitations, the rheological characterisation was
described with maximum protein concentration at 40 mg/mL. Computationally, the e�ects
of shear thinning behaviour of protein samples can be investigated using a theoretical
shear thinning model coupled with experimental data, as shown in the study conducted in
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Figure 7.3: Viscosity profile for 0.5 mg/mL (shown in black), 5 mg/mL (orange), 10
mg/mL (blue), 20 mg/mL (magenta) and 40 mg/mL (olive) MEDI3549 in 235 mM Sucrose,
25 mM Histidine, pH=6 at 25 �. Errors indicate the standard deviation between 2, (5
mg/mL, 20 mg/mL), n=2 and 3 sample repeats, (0.5 mg/mL, 10 mg/mL, 40 mg/mL),
n=3.
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Figure 7.4: Viscosity profile for 0.5 mg/mL (shown in black), 5 mg/mL (orange), 10
mg/mL (blue), 20 mg/mL (magenta) and 40 mg/mL (olive) MEDI8852 in 235 mM Sucrose,
25 mM Histidine, pH=6 at 25 �. Errors indicate the standard deviation between 2 sample
repeats.

[8]. Therefore, the e�ects of a non-Newtonian protein sample can be correlated with the
flow environment within the extensional flow device. The aim is to assess whether the
shear thinning profile of these high concentrated samples can impact the flow distribution
developed within the extensional flow device. The model was introduced into COMSOL
software at a concentration series of 120, 170, 210 and 225 mg/mL and the simulation
results are presented in figure 7.5. The e�ects of shear-thinning high concentrated protein
samples were investigated by focusing on the flow profiles of viscosity, velocity magnitude
and strain rate, alongside with the respective flow profiles in the scenario of a Newtonian
fluid. Flow profiles of viscosity velocity magnitude and strain rate for a Newtonian fluid
are shown in figures 7.5a, 7.5c and 7.5e, whereas the respective profiles of Carreau model
describing the shear thinning flow profiles are shown in figures 7.5b, 7.5d and 7.5f. As
shown in figure 7.5a, the viscosity profile of a Newtonian fluid, where in the simulation
the flow properties of water are used, and it is as expected constant across increased
shear rate. On the other hand, for a shear thinning fluid, the viscosity profile shows to
decrease with the increase in shear rate as shown in figure 7.5b. Moreover, the decrease in
viscosity is most significant at increased protein concentrations, as shown for the maximum
concentration used in the simulations of 225 mg/mL (turquoise). The initial viscosity at
the particular concentration corresponds to ⇠0.045 Pas compared to ⇠0.005 Pas calculated
for the lowest concentration of 120 mg/mL.
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Regarding the velocity profile, it was previously shown that for the Newtonian case,
the velocity accelerates through the sudden contraction and remains constant along the
post-acceleration flow event as shown in figure 7.5c. Interestingly, the increased protein
concentrations, a�ect the velocity profile developed immediately after the extensional flow
event, suggesting disruptions of flow profile, as it is shown in figure 7.5e that the peak
velocity decelerates after the extensional point. This observation could imply to the fact
that these particular high concentrated protein solutions, which are shown as quite viscous,
extend the time for the flow development as the protein solutions travel into the high
shear region of the device. The high concentrated solutions are linked with this increase in
viscosity, as it was shown in multiple studies in literature [218, 275, 279, 280]. To further
investigate whether these flow rearrangements a�ect the development of extensional flow,
the development of strain rate for the Newtonian case as means for comparison, along the
range of protein concentrations was then characterised as shown in figures 7.5e and 7.5f.
As previously shown, the expected strain rate developed within the extensional flow device
for the standard flow conditions (8 mm/s, 100 passes) corresponds to a maximum strain
rate of ⇠10,000 s

�1. The shear thinning model predicts enhancement to the development
of strain rate, suggesting that its correlation with the enhancement of protein aggregation,
which is already shown to be directly correlated with flow induced aggregation. Specifically,
for the concentration range investigated of 120, 170, 210 and 225 mg/mL, the respective
maximum strain rates predicted from the simulations, correspond to ⇠12,000 s

�1, ⇠14,000
s
�1, ⇠15,000 s

�1 and ⇠15,000 s
�1 respectively.

7.2 Concentration e�ect in flow induced aggregation
In the previous chapter, all the flow experiments were conducted at a protein concentration
of 0.5 mg/mL. Higher concentrated protein formulations have been investigated using
the extensional flow device, using �2m and BSA proteins [1]. Previously, the highest
concentration, investigated using the extensional flow device, was 10 mg/mL, where it was
shown that the number of aggregates was increased with increasing BSA concentration
[1]. The e�ects of high-protein concentrations have not been investigated previously
using antibody or bispecific molecules, therefore in this section a concentration range
was investigated examining the flow induced aggregation of MEDI8852 and MEDI3549.
Therefore, to explore the e�ects of high concentrated molecules, concentration in the
range of 0.5, 5, 20 and 40 mg/mL has been investigated for the flow induced aggregation
of MEDI3549. Alongside the e�ect of high concentration, the e�ect of the duration
of the molecules exposed to the extensional flow was examined for 2 and 10 minutes
corresponding to 20 and 100 passes respectively as shown in figure 7.6. Initially, the flow
induced aggregation of the molecule at 20 passes indicated aggregation levels of ⇠30% at
0.5 mg/mL. This reduces to ⇠5% at 5 mg/mL, and aggregation levels are then increasing to
⇠25% at 20 mg/mL. The suppressive e�ect of higher concentration is more pronounced for
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(a) (b)

(c) (d)

(e) (f)

Figure 7.5: Viscosity (7.5a), velocity magnitude (7.5c) and strain rate (7.5e) profiles
of Newtonian fluid simulated within EFD. E�ect of higher concentrations representing
Non-Newtonian fluids of viscosity (7.5b), velocity magnitude (7.5d) and strain rate (7.5f)
profiles with di�erent concentrations (cp) of mAb1, 120 mg/mL (blue line), 170 mg/mL
(green), 210 mg/mL (red) and 225 mg/mL (turquoise) as a function of the e�ective shear
rate (25 �), measured using a plate/cone rheometer as reported in [8]. Data taken from
the study were inputted in COMSOL for CFD characterisation. The viscosity, velocity
and strain rate profiles in figs. 7.5b, 7.5d and 7.5f were modelled by the Carreau model
based on eq.4.4 and the corresponding fitting parameters are summarised in table 4.1.
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the longest experimental time of 10 minutes (100 passes). Here, the aggregation propensity
of the molecule at 0.5 mg/mL is shown to correspond to ⇠60% which is significantly
suppressed to ⇠15% (a percentage decrease of ⇠80%) at 5 mg/mL. The aggregation is
further suppressed to ⇠5% at 20 mg/mL and rises to ⇠10% at 40 mg/mL.

Figure 7.6: E�ect of concentration range of 0.5, 5, 20 and 40 mg/mL on MEDI8852
aggregation. All experiments have been conducted at 8 mm/s for 20 and 100 passes. 100
CB and 100 CS - control sample incubated on bench and within borosilicate syringe and
capillary bodies for 100 passes experiment (10 minutes), 20 CB and 20 CS - control sample
incubated on bench and within borosilicate syringe and capillary bodies for 20 passes
experiment (2 minutes). N=2 for 0.5 mg/mL at 20 and 100 passes, N=2 for 20 mg/mL
and 5 mg/mL at 20 passes, N=2 for 40 mg/mL at 20 passes, error bars=sd.

To further investigate whether the suppressive e�ect of higher concentration is a molecule-
dependent e�ect, the higher protein formulations of MEDI8852 at 0.5, 5, 10 and 20
mg/mL concentrations were investigated at the standard flow conditions (100 passes, 8
mm/s plunger speed) as shown in figure 7.7. Interestingly, the same suppressive e�ect is
also shown when this specific antibody is exposed to flow induced aggregation at higher
concentrations. Initially, the molecule presents an aggregation profile of ⇠58%. The
aggregation is further suppressed to ⇠25% at 5 mg/mL, ⇠10% at 10 mg/mL and ⇠15%
at 20 mg/mL. The data suggests that the bulk e�ects of aggregation are present alongside
with surface e�ects which have been presented in the previous chapter. The observed
aggregation profile, where aggregation is suppressed at increased protein concentrations,
does not align with previous results [1, 59]. However, this inverse concentration dependence
e�ect agrees with the findings reported in [24, 66, 281], suggesting that the suppressed
aggregation, which is observed at higher protein concentrations (under their exposure to
shear flow fields), can be related with interface saturation e�ects. This could imply that
the surface contribution along the aggregation pathway by the potential protein interaction
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of proteins at increased concentrations, populating on the surface compartments of the
device.

Figure 7.7: E�ect of concentration range of 0.5, 5, 10 and 20 mg/mL on MEDI8852
aggregation. All experiments have been conducted at the standard flow conditions (8
mm/s, 100 passes). CB - control sample incubated on bench, CS - control sample incubated
within borosilicate syringe and capillary bodies (10 minutes). N=4 for 20 mg/mL, N=2
for 0.5 mg/ml, N=4 for 5 mg/mL, N=2 for 10 mg/mL, error bars=sd

7.3 Characterising the surfactant e�ect in flow in-
duced aggregation

As the aggregation has been previously shown to be induced by a synergy between flow and
interface, this section explores the interface aspect, using surfactants, and their e�ects on
flow induced aggregation. As shown previously in section 7.2, MEDI3549 and MEDI8852
are the model molecules, where a range of experiment analysis is conducted. An overview
of the experimental analysis followed for MEDI3549 is shown in figure 7.8. To investigate
the simultaneous e�ects of interfaces and flow, the particular molecule is formulated using
the surfactant library previously described at a constant concentration of 0.02% w/v.
Alongside the e�ect of liquid interfaces which correspond to the liquid state, using the
surfactants in the formulation of the protein, the e�ect of solid interface is also investigated.
Based on the findings presented in the previous chapter, silane B surface (corresponding
to contact angle of 80°) is shown to o�er a significant protective e�ect, enhancing molecule
stability under flow. Therefore, the particular solid interface is selected for its protective
e�ect, in combination with the presence of surfactants, alongside the untreated glass
surface as a reference. The flow induced aggregation is also explored based on the type of
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flow environment developed during manufacturing which is mimicked using the extensional
flow as a flow tool and also from the aspect of shipping, using a shipping simulator. As
the name suggests, the shipping simulator is used to expose the molecules to the shear
flow conditions in which the molecules are encountered throughout their shipping, via
truck and plane transportations. Specifically, the mimicking of transportation stress
environments using lab-based equipment including a rotator, orbital shaker, vortexer and
shipping simulator (corresponding to a vibration table) have been used and correlated with
real-time shipment data for a number of antibodies as shown in [282]. Among the stress
tests examined, the shipping simulator was shown to predict the formation of aggregated
particles in a correlation of about ⇠90% compared with real-time shipment samples [282].
The analysis and characterisation of the flow induced aggregation under the simultaneous
exposure of solid and liquid interfaces on the aggregation of the molecule is then conducted
by employing a range of techniques including monomer fraction, visual inspection and
particle concentration.

Extensional Flow Device
Shipping simulator

Stress Tests

MEDI3549

Analysis

Visual inspection
Monomer fraction
Particle concentration

Surfactant library
PS20
PS80
P188
HS15
EL

Molecule of interest

Surface library

Glass
Silane B (Hexyl.)

Figure 7.8: Experimental analysis framework followed for characterising the flow induced
aggregation of 0.5 mg/mL MEDI3549 in the presence of interfaces.

7.3.1 Surfactant library

The construction of the surfactant library was based on well characterised and applied
formulation agents in biopharmaceutical studies, as well as the introduction of novel
molecules which have not currently been well characterised in literature. Therefore, the
e�ciency of novel surfactants is explored alongside well characterised molecules so as to
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allow their comparison under the same flow conditions. Additional to this novelty, the
surfactant library involves molecules with a broad molecular weight range. This will allow
the analysis to be conducted in a range of molecules with various molecular weights so as
to investigate whether the particular property can influence their protective properties
against aggregation. The molecules consisting of the surfactant library present also di�erent
critical micelle concentration (CMC) in which they form micelles. This corresponds to
another parameter that can be linked and correlated with their protective properties. The
surfactant library consists of five molecules including polysorbate 20 (PS20), polysorbate
80 (PS80), poloxamer 188 (P188), HS15 and EL which are all non-ionic, as non-ionic
surfactants are favoured for their use with biotherapeutics due to their proven safety profile
[6, 283]. On the contrary, ionic surfactants are reported for their action as denaturing
agents of proteins [6].

The surfactant library was constructed based on well-studied surfactants in biopharma-
ceutical industry, and particularly polysorbates (PS) including PS20 and PS80 alongside
poloxamers including P188. The presence of polysorbates is commonly found in biopharma-
ceutical drug formulations, with a concentration range from 0.0003% (w/v) to 0.3% (w/v)
[111], or 0.001 to 0.1% (w/v) [6]. These particular surfactants have previously shown their
protective e�ects against aggregation after protein exposure to flow conditions [284]. The
suppressive e�ect of polysorbate 20 against aggregation induced by mechanical stress, is
reported in multiple studies investigating several model proteins including porcine growth
hormone, recombinant human growth hormone (rHGH) recombinant human factor XIII
[6]. Polysorbate 80 is also reported o�ering stability to molecules exposed to various stress
conditions involving vortexing and freeze-thaw [6]. The e�ect of non-ionic surfactants,
including polysorbates 20, 80 and poloxamer 188 (among others), was also studied in [95]
indicating desirable aggregation-prevention during agitation stress test. Apart from the
well-studied polysorbate and poloxamer surfactants, the library involves the addition of
two novel surfactants, EL and HS15. EL, is a nonhydrogenated hydrophilic surfactant,
which is produced by the reaction of castor oil with ethylene oxide at a molar ratio of 1:35
[285]. Its application is known in parenteral formulations of hydrophobic drugs such as
cyclosporine A and paclitaxel (Taxol), with its application expanding for the solubilisation
of poorly water-soluble drugs in lipid-based formulations (LBFs), and cosmetics because
of its water solubility and attractive safety profile after oral administration [285]. Its
application in pharmaceutical industries has been reported due to its ability to solubilise,
protect and encapsulate the lipophilic bioactive compounds, with its application to be
correlated with the enhancement of permeability and bioavailability of drugs [286]. HS15
is a commercially available amphiphilic copolymer, and its application is reported as a
parenteral excipient in aqueous formulations [287]. Its current use can be found on the
enhancement of aqueous solubility of poorly aqueous soluble drugs [287].
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7.3.2 Monomer fraction

The flow induced aggregation of MEDI3549 is characterised by performing HPSEC, with
the amount of monomer presented as a fraction with respect to the control samples (control
bench and control syringe) and flow (EFD and shipping simulator) samples as shown
in figure 7.9. The range of surfactant molecules is screened at a constant surfactant
concentration of 0.02% w/v. Interestingly, for all surfactant molecules investigated, it
can be observed that the shipping simulator shows no e�ect on the aggregation. The
monomer fraction for shipping simulator corresponds to ⇠1 suggesting negligible e�ects
of the shipping simulator on flow induced aggregation, with the monomer fraction to
agree with the samples corresponding to control bench, control syringe glass and control
syringe silane B surfaces. Additionally, as the samples are fully monomeric during shipping
simulator conditions, in the formulation with no surfactant (n/a), the addition of surfactant
molecules to the molecule formulation, has no further e�ects. This observation suggests
that the sample does not aggregate during shipping conditions, which mimic the stress
applied to the samples during their shipping via truck and plane transportations. On
the other hand, the molecule in the absence of any surfactant in its formulation (n/a),
is shown to be highly prone to aggregation when exposed to the extensional flow device,
with the monomer fraction (i.e., the protein remaining in solution) suppressed to ⇠0.45
when exposed to the extensional flow device with untreated glass surface, corresponding
to a decrease in monomer molecules in a percentage of ⇠55%. When the molecule is then
exposed to the silane B surface, the monomer fraction corresponds to ⇠0.52 suggesting
the enhancement of the flow stability of the molecule.

Overall, the silane B surface (green bars) o�ers protective e�ects of the molecule against
aggregation, shown by the increased levels of monomer fraction compared to the untreated
glass surface (orange bars) for all the surfactant formulations. This observation agrees
with the data presented in the previous chapter, highlighting the protective properties
of the particular surface when the molecules are exposed to the extensional flow device.
However, the flow stability of the molecule is fully enhanced with the addition of the
surfactant molecules in the formulation bu�er, suggesting the role of the simultaneous
presence of solid and liquid interface during flow induced aggregation. Particularly, the
maximum monomer fraction detected under extensional flow device, is achieved with
the interface combination of the following sets: silane B&PS20, silane B &PS80, silane
B&HS15 and silane B&EL, corresponding to monomer fraction of ⇠0.7 compared to the
highest aggregation condition of ⇠0.45 with no surfactant (n/a) and exposed to untreated
glass surface.

These data suggested the protective e�ects of silane B surface and a range of surfactant
molecules highlighting the role of interfaces in flow induced aggregation, and it acknowledges
the dynamic of extensional flow device to be used as a formulation tool for screening
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the best formulation candidates enhancing the stability of the molecules during their
manufacture. Additionally, by comparing the flow conditions to which the molecules are
exposed during the shipping simulator and extensional flow device, it can be seen that
the more damage to molecules is occurred during their exposure to the extensional flow
device.

Figure 7.9: Monomer fraction of 0.5 mg/mL MEDI3549 as determined from HPSEC.
Samples have been exposed to shipping simulator (purple bars), extensional flow device
(EFD) (100 passes, 8 mm/s) in glass (orange bars) and Silane B treated surfaces (green
bars) in the absence, n/a and in presence of surfactant formulations 0.02% w/v PS20,
PS80, P188, HS15, EL in 235 mM Sucrose, 25 mM Histidine, pH=6. Samples have been
incubated in tubes left on the bench (pink bars) and in equipment surface (syringe and
capillary bodies) corresponding to bare borosilicate glass (yellow bars) and silane B treated
surfaces (blue bars) for the longest experimental time (10 minutes). Errors indicate the
standard deviation between 2 samples loaded for each condition.

7.3.3 Visualisation of protein aggregates

The identification of soluble and insoluble protein aggregates is conducted firstly by visual
inspection. The need to ensure minimum introduction of unintended particulate matter to
patients during the delivery of injectable medication, requires the conduction of visual
inspection of parenteral products [288]. The assessment of visible particles, which is
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conducted by human visual inspection, is critically dependent by the performance of
the human vision, where it has been reported that the threshold for human vision is
generally accepted to be 50 µm [288]. The source of the development of particulate
matter in injectable drugs is reported to be induced by several parameters including
the environment, packaging materials, solution and formulation components, product
packaging interactions and process-generated particles [289]. The detailed report of
potential particle contaminants, their sources and intrinsic/extrinsic natures are defined
by United States Pharmacopeia (USP), Methods for the Determination of Particulate
Matter in Injections and Ophthalmic Solutions-Chapter <1788> [289]. The particular
chapter also specifies the classification of particulate matter as intrinsic and extrinsic. The
former corresponds to particulate matter which is associated with the package, formulation
and/or assembly process and capable of change upon aging, whereas the latter refers
to particulate matter as additive, foreign, unchanging, and not part of the formulation,
package or assembly process [289]. The visual inspection conducted in the current work is
focused on the intrinsic particulate matter driven by solution and formulation conditions
which correspond to a range of particulate materials including precipitates, oligomers,
degradants, agglomerates and undissolved material [289].

Aggregation visualisation pre and post extensional flow

As described previously, the e�ect of the equipment surface is also investigated with samples
exposed to untreated glass and a previously characterised protective surface corresponding
to silane B surface. Firstly, samples in quiescent conditions have been inspected on a black
background, as shown in figures 7.10 and 7.11 which corresponds to untreated glass surface.
The aim of the visual inspection is to quickly detect and assess the formulation state of the
sample in quiescent and flow conditions. To investigate the e�ects of flow on aggregation,
two respective controls are firstly obtained to allow their comparison with the flow exposed
samples. Quiescent samples, correspond to samples incubated in eppendorf tubes for the
longest experimental time, as well as samples incubated within the syringe and capillary
bodies of the extensional flow device also incubated for the longest experimental time.
The flow conditions applied to the samples correspond to the standard flow conditions
which have been previously shown (among others) to induce the aggregation of previously
studied antibodies [1–3], and correspond to a pass number of 100 and plunger speed of
8 mm/s. As shown in figure 7.10, there is no apparent detection of particles for all the
surfactant formulations investigated and shown by the visual inspection images presented
analytically in figures 7.10a, 7.10b, 7.10c, 7.10d and 7.10e which agrees with the monomer
fraction data, presented above (figure 7.9) indicating that the sample incubated in the
bench is fully monomeric.

The second set of control samples in quiescent conditions, was then inspected with the
samples incubated within the syringe and capillary bodies, corresponding to untreated
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(a) PS20 (b) PS80 (c) P188

(d) HS15 (e) EL

Figure 7.10: Visual inspection images of 0.5 mg/mL MEDI3549 under quiescent condi-
tions (absence of extensional flow) in presence of surfactant formulations 0.02% w/v PS20,
PS80, P188, HS15, EL (figs. 7.10a to 7.10e) in 235 mM Sucrose, 25 mM Histidine, pH=6.
Samples have been incubated in tubes left on the bench, for the longest experimental time
(10 minutes).
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glass surfaces. As shown in figure 7.11, no apparent formation of particles is detected
visually, suggesting the monomeric state of the sample for all the formulations.

(a) PS20 (b) PS80 (c) P188

(d) HS15 (e) EL

Figure 7.11: Visual inspection images of 0.5 mg/mL MEDI3549 under quiescent con-
ditions (absence of extensional flow) in presence of surfactant formulations 0.02% w/v
PS20, PS80, P188, HS15, EL (figs. 7.11a to 7.11e) in 235 mM Sucrose, 25 mM Histidine,
pH=6. Samples have been incubated in equipment surface (syringe and capillary bodies),
corresponding to bare borosilicate surfaces, for the longest experimental time (10 minutes).

Next, the samples have been then inspected after their exposure to extensional flow on the
untreated glass surface. As expected from the previous data, extensional flow induces the
aggregation of the particular molecule for all the formulations investigated. This is also
determined by the visual inspection of the samples which indicate the severe aggregation of
the molecule, resulted in cloudy solutions as shown in figure 7.12. Less particle formation
is also observed for the formulations of PS80 and EL, as shown in figures 7.12b and 7.12e
with lower sample cloudiness and particles can be detected corresponding to suppressed
aggregation levels. Linking this observation with the monomer fraction data, presented
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above (figure 7.9) the aggregation profile of the molecule is also detected to be suppressed
for the particular surfactant molecules with the corresponding monomer fraction data to
be ⇠0.58 compared to ⇠0.45 for the surfactant-free formulation.

(a) PS20 (b) PS80 (c) P188

(d) HS15 (e) EL

Figure 7.12: Visual inspection images of 0.5 mg/mL MEDI3549 under extensional flow
conditions (100 passes, 8 mm/s) in presence of surfactant formulations 0.02% w/v PS20,
PS80, P188, HS15, EL (figs. 7.12a to 7.12e) in 235 mM Sucrose, 25 mM Histidine, pH=6.
Samples have been exposed to flow in equipment surface (syringe and capillary bodies),
corresponding to bare borosilicate surfaces, for the longest experimental time (10 minutes).

The sample is then exposed to silane B treated surface, with firstly the quiescent samples
which were incubated within the syringe and capillary bodies and inspected as shown
in figure 7.13. For all the formulations examined, no apparent sample turbidity of the
samples is observed, suggesting that the samples have not aggregated so as no particles
can be detected via the visual inspection.

When the sample is then exposed to the extensional flow device on the silane B treated
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(a) PS20 (b) PS80 (c) P188

(d) HS15 (e) EL

Figure 7.13: Visual inspection images of 0.5 mg/mL MEDI3549 under quiescent con-
ditions (absence of extensional flow) in presence of surfactant formulations 0.02% w/v
PS20, PS80, P188, HS15, EL (figs. 7.13a to 7.13e) in 235 mM Sucrose, 25 mM Histidine,
pH=6. Samples have been incubated in equipment surface (syringe and capillary bodies),
corresponding to Silane B surfaces, for the longest experimental time (10 minutes).
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surface, a sample turbidity is observed for all the protein formulations as shown in figure
7.14. Interestingly, lower sample turbidity is observed for PS20 and PS80 formulations,
as shown in figures 7.14a and 7.14b. This agrees with previous data suggesting the
suppressed aggregation levels detected for the particular formulations corresponding to
monomer fraction of ⇠0.7. Therefore, visual inspection can be used as a visualisation tool
to qualitatively assess the particle formation, which is also linked with the results obtained
from HPSEC. However, the detection of aggregated and visible particle can be quite
challenging and from a practical perspective, it is a method which depends highly on the
individual operator, inspection device, inspection time, as well as the morphology, number
and refractive index of the particles [91]. Therefore, to overcome these limitations and
asses the particle formation both qualitatively and quantitively, the background membrane
imaging technique is then conducted to accurately detect the particle concentration as
well as the particle sizing for each experimental condition and protein formulation.

7.3.4 Particle concentration

The quantification of subvisible particulate (SVP) is then assessed using a novel membrane-
based, optical microscopy particle-counting method based on the technology of high-
throughput background membrane imaging (BMI) [290]. The HORIZON device, which
was used to conduct the aggregation characterisation, is a recently developed device
which was introduced in 2017 for the analysis of subvisible particle by BMI, in the size
range staring from ⇠2 µm [102]. The dynamic of the BMI method in the process of
particle characterisation has been investigated in recently published studies, focusing
on the characterisation of subvisible particulate from several model proteins including
enzymes and monoclonal antibodies as well as antibodies with surfactant formulations
[99, 102, 290–292]. The technique, which allows the visualisation and quantification of the
particles, it is used to characterise the aggregation tendency of the molecule during its
exposure to shipping simulator and extensional flow device. As indicated from the previous
data, HPSEC, the sample is highly aggregation prone when exposed to the extensional
flow device, particularly when exposed to the untreated glass surface. The enhancement
of its flow stability against aggregation was shown to be achieved by the presence of
surfactants and silane B equipment surface. To visually determine the protective e�ect of
the particular surface, BMI images are presented below indicating the particle formation
during the surface transition from the untreated glass to the silane B treated surface.

E�ect of low surfactant concentration

Initially, the e�ect of extensional flow was investigated at low concentrations of surfactant
formulation and particularly P188 which was shown to o�er the minimum protection
compared to the other surfactant molecules as shown previously in figure 7.9. As expected,
the contribution of extensional flow is significant in inducing the particle formation as
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(a) PS20 (b) PS80 (c) P188

(d) HS15 (e) EL

Figure 7.14: Visual inspection images of 0.5 mg/mL MEDI3549 under extensional flow
conditions (100 passes, 8 mm/s) in presence of surfactant formulations 0.02% w/v PS20,
PS80, P188, HS15, EL (figs. 7.14a to 7.14e) in 235 mM Sucrose, 25 mM Histidine, pH=6.
Samples have been exposed to flow in equipment surface (syringe and capillary bodies),
corresponding to Silane B surfaces, for the longest experimental time (10 minutes).
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shown in figure 7.15c compared to the absence of flow in bench and syringe body surfaces
shown in figures 7.15a and 7.15b respectively. No visible particles were detected for the
quiescent conditions where the sample is incubated in the bench and interestingly for the
control as shown in figure 7.15a whereas when the sample is incubated within the syringe
and capillary bodies the formation of few particles is observed as shown in figure 7.15b,
indicating the a�nity of proteins to interact with interfaces. In the previous chapter, it
was also shown that in the absence of extensional flow, it was shown that the protein can
form a monolayer on the surface, indicating its interaction with the surface. The surface
e�ect was then investigated by exposing the samples to the extensional flow device to the
untreated glass surface (figure 7.15) and silane B surfaces (figure 7.16), along with their
respective controls, where the samples were incubated in eppendorf tubes in the absence of
flow, on the bench (figure 7.16a) and within the syringe bodies (figure 7.16b) for the longest
experimental time. Interestingly, the formation of few particles is observed when the
sample is incubated within the silane B treated syringe and capillary bodies similar to the
formation of few particles observed when the sample is incubated within the syringe and
capillary bodies, untreated surfaces as shown in figures 7.16b and 7.15b. The protective
e�ect of the particular surface is clearly shown in figure 7.16c when the population of
aggregated particles is significantly suppressed compared to the particles generated during
their exposure to the untreated glass surface as shown in figure 7.15c. This observation
indicates that the protective e�ect of the particular surface is not molecule-specific, as its
suppressive aggregation e�ects have been previously shown on antibodies (as indicated in
the previous chapter) and here on a bispecific molecule.

(a) (b) (c)

Figure 7.15: BMI images of 0.5 mg/mL MEDI3549 under quiescent conditions (absence
of extensional flow) figs. 7.15a and 7.15b and flow conditions (100 passes, 8 mm/s) 7.15c
in the presence of P188 formulations 0.002% w/v in 235 mM Sucrose, 25 mM Histidine,
pH=6. Samples have been incubated in tubes left on the bench (7.15a), in equipment
surface (syringe and capillary bodies) (7.15b), and exposed to flow in equipment surface
corresponding to bare borosilicate glass surfaces for the longest experimental time (10
minutes).

E�ect of surfactant library on untreated extensional flow device surface

Next, to investigate the e�ect of formulation in the aggregation, the surfactant library
including PS20, PS80, P188, HS15 and EL molecules was studied both in quiescent
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(a) (b) (c)

Figure 7.16: BMI images of 0.5 mg/mL MEDI3549 under quiescent conditions (absence
of extensional flow) figs. 7.16a and 7.16b and flow conditions (100 passes, 8 mm/s) 7.16c
in the presence of P188 formulations 0.002% w/v in 235 mM Sucrose, 25 mM Histidine,
pH=6. Samples have been incubated in tubes left on the bench (7.16a), in equipment
surface (syringe and capillary bodies) (7.16b), and exposed to flow in equipment surface
corresponding to Silane B surfaces for the longest experimental time (10 minutes).

conditions, with samples incubated in bench, and device equipment surface (syringe
body and capillary) and flow conditions. Firstly, the e�ect of surfactant molecules was
investigated by exposing the molecules to the untreated glass surface of the extensional
flow device, which is previously shown to correspond to the surface in which the molecule is
highly aggregation prone. As shown in figure 7.15, there is an absence of significant particle
formation when the samples are incubated on the bench, with few particles observed
for the cases where no surfactant (figure 7.17a) is present in the formulations, and few
particles observed for PS20 (figure 7.17b), PS80 (figure 7.17c) and HS15 (figure 7.17e)
formulations. Formulations including P188 and EL indicated the absence of any particle
formation, as shown in figures 7.17d and 7.17f.

The control samples which represent the sample incubation within the equipment surface,
syringe and capillary surfaces, are then presented as shown in figure 7.18 indicating
similar e�ects with the samples incubated in tubes on the bench. Similar to the samples
incubated in bench, it is shown that there are few particles generated for particular protein
formulations including surfactant-free formulation (figure 7.18a), PS20 (figure 7.18b), HS15
(figure 7.18e), whereas no particles were detected for the formulations including P188 and
EL, as shown in figures 7.18d and 7.18f respectively.

The e�ect of the surfactant formulation, can be then investigated when the sample is
exposed to the extensional flow device as shown in figure 7.19. When the sample is exposed
to extensional flow conditions, it is shown that it is highly aggregated, with significant
particle formation observed for all the formulations investigated. From the previous
data, it was shown that the sample in surfactant-free formulation, is highly aggregated
when exposed to the untreated glass surface (figure 7.9), which can be also correlated
with the BMI images indicating significant particle generation as shown in figure 7.19a
indicating the formation of aggregated protein molecules. The addition of surfactant to
the protein’s formulation is shown to significantly a�ect the particle formation, with the
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(a) n/a (b) PS20 (c) PS80

(d) P188 (e) HS15 (f) EL

Figure 7.17: BMI images of 0.5 mg/mL MEDI3549 under quiescent conditions (absence
of extensional flow) in the absence, n/a (7.17a) and presence of surfactant formulations
0.02% w/v PS20, PS80, P188, HS15, EL (figs. 7.17b to 7.17f) in 235 mM Sucrose, 25 mM
Histidine, pH=6. Samples have been incubated in tubes left on the bench, for the longest
experimental time (10 minutes).

(a) n/a (b) PS20 (c) PS80

(d) P188 (e) HS15 (f) EL

Figure 7.18: BMI images of 0.5 mg/mL MEDI3549 under quiescent conditions (absence
of extensional flow) in the absence, n/a (7.18a) and presence of surfactant formulations
0.02% w/v PS20, PS80, P188, HS15, EL (figs. 7.18b to 7.18f) in 235 mM Sucrose, 25 mM
Histidine, pH=6. Samples have been incubated in equipment surface (syringe and capillary
bodies), corresponding to bare borosilicate glass surfaces, for the longest experimental
time (10 minutes).
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particle population shown to be suppressed for all the surfactants investigated, as shown
in figures 7.19b, 7.19c, 7.19d, 7.19e and 7.19f. Visually, it can be also observed that the
formulation consisting of P188 shows to correspond to the formulation containing relatively
large particles among the surfactant molecules investigated, as shown in figure 7.19d. This
observation can be correlated with the results presented previously in figure 7.9, indicating
that the particular surfactant was shown as the weakest among the library when exposed
to the untreated glass surface, based on the minimum monomer fraction corresponding to
⇠0.58 compared to ⇠0.7 obtained for formulations including HS15.

(a) n/a (b) PS20 (c) PS80

(d) P188 (e) HS15 (f) EL

Figure 7.19: BMI images of 0.5 mg/mL MEDI3549 under extensional flow conditions
(100 passes, 8 mm/s) in the absence, n/a (7.19a) and presence of surfactant formulations
0.02% w/v PS20, PS80, P188, HS15, EL (figs. 7.19b to 7.19f) in 235 mM Sucrose, 25
mM Histidine, pH=6. Samples have been exposed to flow in equipment surface (syringe
and capillary bodies), corresponding to bare borosilicate glass surfaces, for the longest
experimental time (10 minutes).

E�ect of surfactant library on silane B treated extensional flow device sur-
face

As the liquid interface was investigated by the variation of surfactant formulation, the
experimental procedure was then conducted by exposing the molecules to surfaces where
the component parts of the extensional flow device have been previously treated with
silane B. The aim of this set of experiments is to identify and predict the best formulation
and surface combination that will allow the enhancement of the molecule stability against
aggregation. Firstly, the control samples are presented as shown in figure 7.20 indicating
the formation of few particles specifically for the surfactant-free formulation, and P188
formulation as shown in figures 7.20a and 7.20d respectively. The formation of few particles
in quiescent conditions, in which the sample is incubated and left to interact with the
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equipment surface. This implies to the fact that the protein is expected to interact with
the interface, where the formation of a monolayer was shown in previous experiments,
presented in the previous chapter.

(a) n/a (b) PS20 (c) PS80

(d) P188 (e) HS15 (f) EL

Figure 7.20: BMI images of 0.5 mg/mL MEDI3549 under quiescent conditions (absence
of extensional flow) in the absence, n/a (7.20a) and presence of surfactant formulations
0.02% w/v PS20, PS80, P188, HS15, EL (figs. 7.20b to 7.20f) in 235 mM Sucrose, 25
mM Histidine, pH=6. Samples have been incubated in equipment surface (syringe and
capillary bodies), corresponding to Silane B surfaces, for the longest experimental time
(10 minutes).

The e�ect of surfactant formulation is then investigated by the exposure of the molecule to
the treated extensional flow device. Interestingly, in surfactant-free formulation conditions,
the particles are smaller and sparsely distributed along the wall plate of the instrument
as it is shown in figure 7.21a compared to the populated particles detected when the
molecule is exposed to the untreated glass surface 7.19a. The particular surface is shown
to o�er protective properties during the exposure of the molecule to the extensional flow,
highlighting the significance of the solid interface in which the molecule is interacting with
during its exposure to flow environments. This also acknowledges the synergy of flow and
surface in a�ecting the aggregation propensity of the molecule. The presence of surfactant
molecules in the formulation, is shown to enhance further the stability of the molecule, as
the size of the particles generated is smaller for all the surfactant formulations (figs. 7.21b
to 7.21f) compared to the surfactant-free formulation (fig. 7.21a). These results shed light
into the simultaneous e�ects of flow and interfaces on the aggregation propensity of the
molecule, in which the e�ects of the particular interfaces can be detected visually.
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(a) n/a (b) PS20 (c) PS80

(d) P188 (e) HS15 (f) EL

Figure 7.21: BMI images of 0.5 mg/mL MEDI3549 under extensional flow conditions
(100 passes, 8 mm/s) in the absence, n/a (7.21a) and presence of surfactant formulations
0.02% w/v PS20, PS80, P188, HS15, EL (figs. 7.21b to 7.21f) in 235 mM Sucrose, 25 mM
Histidine, pH=6. Samples have been exposed to flow in equipment surface (syringe and
capillary bodies), corresponding to Silane B surfaces, for the longest experimental time
(10 minutes).

Shipping simulator

Alongside the exposure of the molecule to the extensional flow device representing the
fluid forces in which the molecule is expected to be encountered during its manufacture,
shipping simulator studies have been also conducted. Based on the monomer fraction data,
the sample is fully monomeric for all the conditions investigated, for both quiescent and
flow conditions. This observation is also verified by the particle concentration obtained
based on the BMI images as shown in figure 7.22. As expected from the monomer
fraction data, the sample is not aggregated with the absence of severe particle formation.
This implies that the flow developed within the shipping simulator is di�erent and not
comparable with the flow fields developed within the extensional flow device. Moreover,
the temperature in which the two di�erent stress experiments performed was di�erent.
Extensional flow experiments were performed at a room temperature of ⇠25 � compared
to the ⇠4 � of samples stressed within the shipping simulator. Additionally, the two stress
experiments involve the presence of di�erent interfaces. Particularly, the extensional flow
experiments are conducted in the presence of solid-liquid interface, whereas the shipping
simulator experiments consist of solid-liquid-air interfaces. Therefore, as the parameter
space involved in two of these setups is not the same, they cannot be directly compared.
From the shipping simulator data presented, it can be concluded that the molecule is not
expected to further unfold or aggregate during its shipping.
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(a) n/a (b) PS20 (c) PS80

(d) P188 (e) HS15 (f) EL

Figure 7.22: BMI images of 0.5 mg/mL MEDI3549 under shear flow conditions in
shipping simulator in the absence, n/a (7.22a) and presence of surfactant formulations
0.02% w/v PS20, PS80, P188, HS15, EL (figs. 7.22b to 7.22f) in 235 mM Sucrose, 25 mM
Histidine, pH=6.

7.3.5 Aggregation size

As the aggregation was firstly characterised qualitatively by visual inspection and particle
visualisation using BMI, the quantitive characterisation is then investigated. The BMI
method has also the flexibility to provide information about the quantity of the particle
concentration, as well as providing detailed size range of the aggregated particles. To
determine the e�ect of the various surfactant molecules on the aggregation propensity of
the molecule, the total number of particles detected for each flow condition representing
extensional flow device (for untreated and silane B treated glass surface) and shipping
simulator is shown in figure 7.23. According to the previous results obtained from
HPSEC, visual inspection and BMI images, the samples in quiescent conditions represent
monomeric samples with monomer fraction corresponding to ⇠1, with no apparent particles
being detected from visual inspection, as well as from BMI images. Apart from the
quiescent conditions, no aggregation was detected when the samples were exposed to
the shipping simulator, for all the surfactant formulations investigated. Linking to the
previous observations, the total number of particles detected for the samples exposed to the
shipping simulator is significantly lower compared to the number of particles detected when
the samples were exposed to the extensional flow device. Specifically, for surfactant-free
formulations (n/a), the total number of particles detected during the molecule exposure
to shipping simulator corresponds to ⇠7⇥103 particles/mL compared to ⇠4.5⇥105 when
exposed to extensional flow device on the untreated glass surface.
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The presence of surfactants in the formulation shows to suppress the particle formation
when the sample was exposed to the shipping simulator (purple bars) for the whole
surfactant library. On the other hand, the opposite e�ect is shown, leading to increase in
the total number of particles detected when the sample was exposed to the extensional flow
device (orange and green bars). This suggests that the particle formation of aggregates is
critically dependent on the type of flow they encountered, with the extensional flow to
induce severe aggregation of particles inducing an increase in the particle concentration
of 2 orders of magnitude compared to the shipping simulator. Regarding the quiescent
samples, the minimum number of particles was detected for the control samples which
were incubated in bench for the longest experimental time (pink bars), which was lower or
similar compared to the shipping simulator induced particle for surfactant-free formulations,
PS20, PS80, P188 and EL formulations. Quiescent samples which were incubated within
the device’s components (syringe body and capillary) incubated within the glass untreated
surface (yellow bars), are shown to induce similar number of particles with the samples
incubated in bench for the surfactant-free formulation, and higher number of particles for
the whole surfactant library, suggesting the surface activity of the surfactants. On the
other hand, quiescent samples which were incubated within the silane B treated surface
(blue bars) corresponding to surfactant-free formulations, induce the formation of a high
number of particles corresponding to 2 orders of magnitude compared to quiescent samples
incubated in bench and untreated glass surface for surfactant-free formulation. The distinct
e�ect of the solid interface under extensional flow conditions and specifically of silane B
surface is significant as shown for the surfactant-free formulations. The total number of
particles is shown to significantly suppressed by ⇠2⇥105 particles/mL when the samples
are exposed to the extensional flow device which is treated with the silane B. However,
with the addition of surfactants into the protein formation, the suppressive e�ect of the
silane B surface, on the particle concentration is no longer observed. The total number
of particles is increased with surfactant formulations corresponding to P188, HS15 and
EL compared to the respective formulation exposed to the untreated glass surface. The
maximum number of particles is detected for the surfactant formulations of HS15 and EL
when exposed to the extensional flow device treated with silane B surface, reaching a total
number of particles corresponding to ⇠8⇥105 and ⇠1⇥106 particles/mL respectively.

The instrument provides the size distribution for various size groups which are analytically
shown, in figures 7.24, 7.25 and 7.26 corresponding to size groups for control samples,
samples exposed to the shipping simulator as well as for samples exposed to the extensional
flow device for untreated and silane B treated surfaces. Particles were detected in size
groups, with the detectable size beginning from 2 µm up to >25 µm, with size groups
categorised within a range of 1 µm (i.e., 2-3 µm, 3-4 µm, 4-5 µm, etc). As shown in figure
7.24a, for surfactant-free formulations, the particle concentration detected for quiescent
samples which were incubated on the bench (pink bars) and within the extensional flow
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Figure 7.23: Total number of particles/mL of 0.5 mg/mL MEDI3549 as determined from
HORIZON. Samples have been exposed to shipping simulator (purple bars), extensional
flow device (EFD) (100 passes, 8 mm/s) in glass (orange bars) and Silane B treated
surfaces (green bars) in the absence, n/a and in presence of surfactant formulations 0.02%
w/v PS20, PS80, P188, HS15, EL in 235 mM Sucrose, 25 mM Histidine, pH=6. Control
samples have been incubated in tubes left on the bench (pink bars), in equipment surface
(syringe and capillary bodies) corresponding to bare borosilicate glass surfaces (yellow
bars) and silane B treated surfaces (blue bars). Errors indicate the standard deviation
between 3 samples loaded for each condition.
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device components in untreated glass (yellow bars) present similar size distribution to
the similar extent. The maximum number of particles correspond to particles with a
size range of 2-3 µm which is detected to correspond to ⇠1,000 particles/mL. On the
other hand, for the quiescent samples which were incubated in extensional flow device
components treated with silane B, particle concentration was detected to a much higher
extent corresponding to a maximum particle concentration of ⇠4,000 particles/mL. For
PS20 formulations, the size distribution is shown in figure 7.24b, exhibiting similar profile
between the three control samples, with the maximum particle concentration corresponding
to silane B control with particle concentration reaching ⇠2.5⇥103 particles/mL compared
to ⇠0.8⇥103 particles/mL for control samples incubated in bench for the size group of 2-3
µm. The same group, with particle size of 2-3 µm, is shown in figure 7.24c to correspond
to the most particles detected for the particular size group, for PS80 formulations with
a maximum number detected at ⇠2.5⇥103 particles/mL for samples incubated within
the untreated glass surface components of the extensional flow device (yellow bars). The
same maximum number of ⇠2.5⇥103 particles/mL is detected for P188 formulation for
control samples incubated within silane B treated surfaces (blue bars), as shown in
figure 7.24d. Interestingly, for HS15 formulations the particles detected correspond to
the maximum among all the formulation conditions examined for the quiescent samples,
reaching an average particle concentration of ⇠6⇥103 particles/mL, as shown in figure
7.24e. For EL formulations, minimum particles were detected for samples incubated in the
bench, and the maximum number of particles was detected for ⇠2.5⇥103 particles/mL
for samples incubated within silane B treated syringes as shown in figure 7.24f. From the
size distribution analysis of quiescent samples, it can be observed that the interaction
between the surfactant molecules investigated, and the surface aspect have distinct e�ects
on the particle formation detected. Overall from quiescent samples the maximum particles
detected had a size range of 2-3 µm, and the size distribution of the molecules was similar
throughout the formulation conditions examined, with di�erent extents between the control
samples and surfactant formulations.

Firstly, the size distribution of particles was investigated for the samples exposed to flow
e�ects within the shipping simulator, as shown in figure 7.25. From previous data, it
was shown that the protein state of the molecules during their exposure to the shipping
simulator remained as monomeric. Compared to the control samples, the shipping simulator
data were similar to the control samples, suggesting that the samples are expected to
have no aggregation tendency during their shipping based on the shipping simulator
data. To investigate the size profile of the samples and how these correlate with their
respective controls, the detailed size distribution for all the formulation conditions is then
investigated. As an overall observation, the profile of the size distribution is shown to be
the same between the quiescent and shipping simulator samples, where the majority of the
samples have a size of 2-3 µm. This suggests that the molecules have not been aggregated,



7.3. CHARACTERISING THE SURFACTANT EFFECT 187

(a) n/a

(b) PS20

Figure 7.24: Average number of particles/mL of 0.5 mg/mL MEDI3549 as determined
from HORIZON. Quiescent samples have been incubated to bench in tube (control bench,
pink bars) and in device’s surface, syringe and capillary bodies for untreated glass (control
syringe glass, yellow bars) and silane B treated surfaces (control syringe silane B, blue
bars), in the absence, n/a (7.24a) and in presence of surfactant formulations 0.02% w/v
PS20, PS80, P188, HS15, EL (figs. 7.24b to 7.24f) in 235 mM Sucrose, 25 mM Histidine,
pH=6. Control samples have been incubated in tubes left on the bench (pink bars),
in equipment surface (syringe and capillary bodies) corresponding to bare borosilicate
glass surfaces (yellow bars) and silane B treated surfaces (blue bars). Errors indicate the
standard deviation between 3 samples loaded for each condition.
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(c) PS80

(d) P188

Figure 7.24: Average number of particles/mL of 0.5 mg/mL MEDI3549 as determined
from HORIZON. Quiescent samples have been incubated to bench in tube (control bench,
pink bars) and in device’s surface, syringe and capillary bodies for untreated glass (control
syringe glass, yellow bars) and silane B treated surfaces (control syringe silane B, blue
bars), in the absence, n/a (7.24a) and in presence of surfactant formulations 0.02% w/v
PS20, PS80, P188, HS15, EL (figs. 7.24b to 7.24f) in 235 mM Sucrose, 25 mM Histidine,
pH=6. Control samples have been incubated in tubes left on the bench (pink bars),
in equipment surface (syringe and capillary bodies) corresponding to bare borosilicate
glass surfaces (yellow bars) and silane B treated surfaces (blue bars). Errors indicate the
standard deviation between 3 samples loaded for each condition. (cont.)
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(e) HS15

(f) EL

Figure 7.24: Average number of particles/mL of 0.5 mg/mL MEDI3549 as determined
from HORIZON. Quiescent samples have been incubated to bench in tube (control bench,
pink bars) and in device’s surface, syringe and capillary bodies for untreated glass (control
syringe glass, yellow bars) and silane B treated surfaces (control syringe silane B, blue
bars), in the absence, n/a (7.24a) and in presence of surfactant formulations 0.02% w/v
PS20, PS80, P188, HS15, EL (figs. 7.24b to 7.24f) in 235 mM Sucrose, 25 mM Histidine,
pH=6. Control samples have been incubated in tubes left on the bench (pink bars),
in equipment surface (syringe and capillary bodies) corresponding to bare borosilicate
glass surfaces (yellow bars) and silane B treated surfaces (blue bars). Errors indicate the
standard deviation between 3 samples loaded for each condition. (cont.)
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where in the case of aggregation and potential protein unfolding the samples would be
expected to have a bigger size, confirming the further unfolding and aggregation. The
maximum number of particle concentration is detected for the surfactant-free formulation
sample, as it is shown in figure 7.25a, and the maximum number of particles detected
corresponds to ⇠3.2⇥103 particles/mL for the size group of 2-3 µm. For samples with
surfactant formulations, the size distribution is similar, however with suppressive e�ect on
the overall size distribution of the particles, with the e�ect being more pronounced for
the particles with the size 2-3 µm. Particle concentration corresponding to ⇠1.25⇥103,
⇠0.7⇥103, ⇠0.5⇥103, ⇠1.5⇥103 and ⇠0.9⇥103 particles/mL is detected for formulations
with PS20, PS80, P188, HS15 and EL as shown in figures 7.25b, 7.25c, 7.25d, 7.25e
and 7.25f respectively. Overall, the minimum number of particles is detected for P188
formulation, indicating its suppressive e�ect on the particle concentration for size group
2-3 µm, with the particle concentration decrease by ⇠80% compared to surfactant-free
formulation.

The e�ect of extensional flow on the size and quantity of particles induced during their
exposure to extensional flows is shown in figure 7.26. From previously presented data, it
was shown that the molecule is highly aggregation prone during its exposure to extensional
flow, whereas its stability against aggregation is enhanced by the presence of surfactants
within its formulation bu�er. To further investigate how this observation can be linked with
the quantity and size distribution of particles alongside the monomer fraction data obtained
from HPSEC data, the size distribution of particles is presented for each experimental
setup. For each formulation condition, the molecule has been exposed to two solid surfaces
of interest, corresponding to the untreated glass surface (orange bars) and the surface
treated with silane B agent (green bars).

Initially, for the surfactant-free formulations as shown in figure 7.26a, the type of solid
surface is shown to strongly influence the quantity of particles detected as well as their
relative size. Specifically, when the molecule is exposed to the untreated glass surface,
the maximum particle concentration detected corresponds to ⇠4.9⇥104 particles/mL for
particles with size of 5-6 µm. Interestingly, when the molecule is exposed to the silane B
surface, the size of the particles induced, is reduced to 2-3 µm which corresponds to the
size of particles with the maximum concentration ⇠3.4⇥103 particles/mL. This implies
that the silane B exhibits protective e�ects to the molecule as it is exposed to extensional
flow. The majority of the molecules have a size of 2-3 µm which agrees with the size of the
particles detected during quiescent conditions (figure 7.24). The size distribution profile
for the silane B treated surface is similar to the profile detected for the quiescent and
shipping simulator flow conditions, with the maximum particle size detected for size groups
of 2-3 µm, in contrast with the size distribution of particles detected after the exposure to
the extensional flow device on glass untreated surface. Moreover, the aggregation prone
profile of the molecule to the extensional flow is also shown based on the formation of
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(a) n/a

(b) PS20

Figure 7.25: Size distribution of particles/mL of 0.5 mg/mL MEDI3549 as determined
from HORIZON. Samples have been exposed to the shipping simulator, in the absence,
n/a (7.25a) and in presence of surfactant formulations 0.02% w/v PS20, PS80, P188, HS15,
EL (figs. 7.25b to 7.25f) in 235 mM Sucrose, 25 mM Histidine, pH=6. Errors indicate the
standard deviation between 3 samples loaded for each condition.
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(c) PS80

(d) P188

Figure 7.25: Size distribution of particles/mL of 0.5 mg/mL MEDI3549 as determined
from HORIZON. Samples have been exposed to the shipping simulator, in the absence,
n/a (7.25a) and in presence of surfactant formulations 0.02% w/v PS20, PS80, P188, HS15,
EL (figs. 7.25b to 7.25f) in 235 mM Sucrose, 25 mM Histidine, pH=6. Errors indicate the
standard deviation between 3 samples loaded for each condition. (cont.)
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(e) HS15

(f) EL

Figure 7.25: Size distribution of particles/mL of 0.5 mg/mL MEDI3549 as determined
from HORIZON. Samples have been exposed to the shipping simulator, in the absence,
n/a (7.25a) and in presence of surfactant formulations 0.02% w/v PS20, PS80, P188, HS15,
EL (figs. 7.25b to 7.25f) in 235 mM Sucrose, 25 mM Histidine, pH=6. Errors indicate the
standard deviation between 3 samples loaded for each condition. (cont.)
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bigger particles, which can correspond to aggregated particles having a size of >25 µm.
The suppressive e�ect of silane B surface is also pronounced on the formation of bigger
particles, that can be detected from the instrument. Particularly, silane B suppressed the
formation of bigger particles by ⇠40% compared to particles detected after the exposure
to the untreated glass surface within the extensional flow device. These results further
highlight the previously observed e�ect of synergy between flow and interface in a�ecting
the aggregation propensity of several molecules.

Moving to surfactant formulation conditions, it can be observed that the profile distribution
of particles is similar for the two (solid) surfaces of glass and silane B, however with di�erent
extents for all the surfactant molecules investigated, as shown in figures 7.26b, 7.26c, 7.26d,
7.26e and 7.26f, with increased particles detected for silane B treated surface. The di�erent
extent in particle concentration between the two solid surfaces, clearly indicates that
the solid-liquid aspect is important in a�ecting the aggregation pathway of the molecule.
With the addition of surfactants in the protein formulation, the maximum number of
particles detected is higher compared to the surfactant-free formulations. Additionally, as
observed previously from quiescent and shipping simulator samples, the most common
size of particles corresponds to 2-3µm. From the shipping simulator data, it was shown
that the minimum number of particles was detected for P188 formulation (figure 7.25d).
From the extensional flow experiments, minimum particles were also detected for the same
formulation with P188, when exposed to untreated glass and silane B treated surfaces
(figure 7.26d).

To summarise the e�ects of the parameters involved in the conduction of the particular
experiments, including solid and liquid interfaces alongside with the type of flow distri-
bution, the particles have been grouped in larger size bins. Particularly, particles are
presented in three group sizes, such as particles are grouped in 2-10 µm, 10-25 µm and
>25 µm. Particles have been grouped in quiescent conditions (absence of flow) and in flow
conditions after their exposure to shipping simulator and extensional flow device as shown
in tables 7.1 and 7.2 respectively. As the size distribution is automatically obtained in
the size groups with 1 µm range from HORIZON instrument, to summarise the data in
bigger size groups is obtained by the total sum of the particles in each size group. The
categorisation of particles in bigger range groups allows their comparison with literature
findings, where the particle concentration is typically presented as groups of >2 µm, >10
µm and >25 µm. Moreover, limits for subvisible particles of sizes �10 µm and �25 µm
have been defined by the United States of Pharmacopeia chapter <788> [102].

Firstly, a summary of the control samples in quiescent conditions is presented in table 7.1.
For all the formulation conditions explored, the majority of particles detected correspond
to the size group of 2-10 µm. For control samples incubated in the bench during the
conduction of the experiment, the maximum number of particles is shown to correspond
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(a) n/a

(b) PS20

Figure 7.26: Size distribution of particles/mL of 0.5 mg/mL MEDI3549 as determined
from HORIZON. Samples have been exposed to extensional flow device (EFD) (100 passes,
8 mm/s) in glass (orange bars) and Silane B treated surfaces (green bars) in the absence,
n/a (7.26a) and in presence of surfactant formulations 0.02% w/v PS20, PS80, P188, HS15,
EL (figs. 7.26b to 7.26f) in 235 mM Sucrose, 25 mM Histidine, pH=6. Errors indicate the
standard deviation between 3 samples loaded for each condition.
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(c) PS80

(d) P188

Figure 7.26: Size distribution of particles/mL of 0.5 mg/mL MEDI3549 as determined
from HORIZON. Samples have been exposed to extensional flow device (EFD) (100 passes,
8 mm/s) in glass (orange bars) and Silane B treated surfaces (green bars) in the absence,
n/a (7.26a) and in presence of surfactant formulations 0.02% w/v PS20, PS80, P188, HS15,
EL (figs. 7.26b to 7.26f) in 235 mM Sucrose, 25 mM Histidine, pH=6. Errors indicate the
standard deviation between 3 samples loaded for each condition. (cont.)
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(e) HS15

(f) EL

Figure 7.26: Size distribution of particles/mL of 0.5 mg/mL MEDI3549 as determined
from HORIZON. Samples have been exposed to extensional flow device (EFD) (100 passes,
8 mm/s) in glass (orange bars) and Silane B treated surfaces (green bars) in the absence,
n/a (7.26a) and in presence of surfactant formulations 0.02% w/v PS20, PS80, P188, HS15,
EL (figs. 7.26b to 7.26f) in 235 mM Sucrose, 25 mM Histidine, pH=6. Errors indicate the
standard deviation between 3 samples loaded for each condition. (cont.)



198 CHAPTER 7. SURFACTANT EFFECT ON FLOW INDUCED AGGREGATION

to HS15 formulation with a total number of particles detected to 5,880 particles/mL for
particles sided within the range of 2-10 µm. No particles were detected for the bigger
size group of >25 µm in the P188 formulation. For samples incubated within the device
components of glass untreated surface, the maximum particle concentration is detected
for HS15 formulations for the size group of 2-10 µm similar with the control bench
incubation samples. On the other hand, for these control samples, the minimum number
of particles was detected for PS20 formulation, corresponding to 53 particles/mL. For
samples incubated within the silane B treated surface, the maximum number of particles
was detected for surfactant-free formulations corresponding to a total number of 10,587
particles/mL (2-10 µm) whereas minimum particles were detected for PS80 formulation
corresponding to 40 particles/mL (>25 µm).

Table 7.1: Data summary of MEDI3549 (0.5 mg/mL) indicating the total number of
particle concentration for the size groups of 2-10 um, 10-25 um and >25 um in the absence
(n/a) and presence of surfactants (PS20, PS80, P188, Kolliphor HS15 & Kolliphor EL)
under quiescent conditions. Samples have been incubated in bench, extensional flow device
on glass, SiO2 and Silane B treated surfaces. All surfactant samples have been formulated
at the same surfactant concentration = 0.02% w/v in 235 mM Sucrose, 25 mM Histidine,
pH=6.

Surfactant Size group Control bench (Particles/mL) Control syringe glass (Particles/mL) Control syringe silane B (Particles/mL)
n/a 2-10 um 1,933 2,827 10,587
n/a 10-25 um 227 360 945
n/a >25 um 120 107 253

PS20 2-10 um 2,093 4,320 5,893
PS20 10-25 um 200 120 320
PS20 >25 um 107 53 93
PS80 2-10 um 2,040 3,947 2,107
PS80 10-25 um 133 80 187
PS80 >25 um 80 187 40
P188 2-10 um 813 3,347 4,987
P188 10-25 um 27 160 213
P188 >25 um - 147 93
HS15 2-10um 5,880 10,800 4,080
HS15 10-25 um 27 307 120
HS15 >25 um 40 80 93
EL 2-10 um 93 2,027 6,107
EL 10-25 um 13 173 253
EL >25 um 13 67 67

A summary of particle concentration of the samples exposed to shipping simulator, ex-
tensional flow device with untreated and silane B treated surfaces is shown in table 7.2.
Among the three flow conditions examined, minimum particles have been detected when
the particles were exposed to shipping simulator. Based on the previous data presenting
the monomer fraction, it was shown that the particles were fully monomeric, which can be
linked to the low particle concentration detected for the shipping simulator. Between the
samples exposed to the shipping simulator, maximum number of particles was detected for
surfactant-free formulations with size group of 2-10 µm corresponding to a total number
of 6,947 particles/mL, whereas no particles with size of >25 µm have been detected for
surfactant free, P188, HS15 and EL formulations. When the sample is then exposed to the
extensional flow device, the number of particles is increased by two orders of magnitude for
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particles with size group of 2-10 µm for both solid surfaces including untreated glass and
silane B treated surface. For samples exposed to the untreated glass surface, the maximum
number of particles detected corresponds to a total number of 499,027 corresponding to
particles with size group of 2-10 µm for PS80 formulation. The minimum number of
particles for the upper detectable size range of >25 µm corresponds to a total number of
1,053 also for PS80 formulation. For samples exposed to the silane B treated surface of
the extensional flow device, the maximum number of particles was detected for the size
group of 2-10 µm corresponding to a total particle concentration of 889,960 particles/mL
for EL formulation. Minimum particles have been detected for the size group of >25 µm
with a total particle concentration of 800 particles/mL also for EL formulation.

Comparing the e�ects of surfactant molecules between the three di�erent flow conditions,
it can be observed that the suppressive e�ect of surfactants in particle concentration is
both flow and surface dependent. The impact of the extensional flow on the particle
concentration, is significant when compared to the samples exposed to shear flow during
their exposure to the shipping simulator. This suggests that the molecule is more prone
to potential unfolding and aggregation during its manufacture compared to its shipping,
however with formulation strategies and silane B protective surface, their stability is
improved.

The particle concentration detected for the samples exposed to the shipping simulator can
be compared with the study conducted in [282] where the aggregation of samples in a
range of formulation and concentration conditions was investigated using various agitation
methods, including a shipping simulator. Based on the results presented in [282], the
authors showed that the concentration of the particles with size of 2-10 µm correspond
to a concentration of ⇠1,000 particles/mL. For particles with size of 10-25 µm a particle
concentration of ⇠10 particles/mL was observed, and for bigger particles with size of
>25 µm, ⇠2 particles/mL. The data corresponds to the antibody investigated with the
lower concentration considered in [282], (6 mg/mL with the antibody formulated within
sugar excipient). Their data correlates and agree with the particles detected in the current
study within the same order of magnitude for particles with size of 2-10 µm and similar
concentration for particles with size of >25 µm. However, for particles with size of 10-25
µm the particles detected in the current study compared with the study in [282] have a
di�erence of two orders of magnitude. Particularly, for the surfactant-free formulation,
particle concentrations for size groups of 2-10 µm, 10-25 µm were ⇠6,947 particles/mL
and ⇠200 particles/mL whereas no particles with size of >25 µm were detected as shown
in table 7.2. The disparity in the actual particles detected between the current study
and literature study in [282] is expected due to the di�erence in the parameter space
involved between the two studies including protein molecule, concentration, formulation
and volume.
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Table 7.2: Data summary of MEDI3549 (0.5 mg/mL) indicating the total number of
particle concentration for the size groups of 2-10 um, 10-25 um and > 25 um in the absence
(n/a) and presence of surfactants (PS20, PS80, P188, Kolliphor HS15 & Kolliphor EL)
under the exposure to the shipping simulator, and extensional flow for 100 passes at 8
mm/s. Samples have been exposed to extensional flow device on glass, SiO2 and Silane
B treated surfaces. All surfactant samples have been formulated at the same surfactant
concentration = 0.02% w/v in 235 mM Sucrose, 25 mM Histidine, pH=6.

Surfactant Size group Shipping simulator (Particles/mL) EFD, Glass (Particles/mL) EFD, Silane B (Particles/mL)
n/a 2-10 um 6,947 274,973 118,533
n/a 10-25 um 200 145,840 32,880
n/a >25 um - 23,867 13,307

PS20 2-10 um 2,160 389,693 470,613
PS20 10-25 um 27 77,480 30,627
PS20 >25 um 13 1,840 1,293
PS80 2-10 um 1,293 499,027 527,467
PS80 10-25 um 40 72,160 32,840
PS80 >25 um 13 1,053 880
P188 2-10 um 1,027 251,667 416,160
P188 10-25 um 13 102,733 99,587
P188 >25 um - 7,200 6,627
HS15 2-10 um 2,813 430,867 783,587
HS15 10-25 um 107 114,413 48,080
HS15 >25 um - 4,747 1,147
EL 2-10 um 1,693 467,093 889,960
EL 10-25 um 27 87,093 63,747
EL >25 um - 1,720 800

To allow an overview of the results, the link between the monomer fraction data along
with the particle concentration data will permit the comparison between the formulation
surfactants, for each experimental setup. The parallel correlation between the monomer
fraction and particle concentration in groups of particles of 2-10 µm, 10-25 µm and �25
µm will shed light into selecting the suitable formulation conditions and candidates that
enhance molecule stability against unfolding and aggregation. The surfactant molecules
in a range of flow conditions including shipping simulator and extensional flow device in
untreated and silane B treated surfaces are presented in figures 7.27, 7.28 and 7.29. As
shown in figure 7.27, the e�ect of surfactant formulation is pronounced mostly for the small
and intermediate size range groups of 2-10 µm and 10-25 µm. The shipping simulator has
no e�ect on the monomer fraction of the molecule, however, concentration-wise, there is
slight di�erence between some of the formulations (within one order of magnitude). Based
on figures, it can be proposed that all the surfactant molecules can be good formulation
candidates. However, the HS15 formulation induced the maximum particle concentration
observed across the surfactant library (figs. 7.27b and 7.27c). Therefore, formulations
including PS20, PS80, P188 and EL can be considered as the best candidates during
shipping conditions.

For extensional flow conditions on untreated glass surface, it was shown that the maximum
average monomer fraction was detected for HS15 formulation, however within error
the monomer fraction is similar to the rest of the formulation molecules. Therefore,
the comparison between formulations can be based on the surfactant formulation that
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Figure 7.27: Correlation between monomer fraction and particle concentration data for
a range of surfactant formulations including n/a, PS20, PS80, P188, HS15 and EL of
MEDI3549 (0.5 mg/mL) in 235 mM Sucrose, 25 mM Histidine, pH=6, after exposure to
shipping simulator. Particle concentration is presented for sized groups of 2-10 µm (7.27a),
10-25 µm (7.27b), and > 25 µm (7.27c).
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contributed the least particle concentration across the size groups of interest. As it is
shown in figure 7.28 the particle concentration between the surfactant molecules lies within
the same order of magnitude between the molecules for sized groups of 2-10 µm and > 25
µm. Particle concentration for size group of 2-10 µm lies within the order of 105 and for
particles with size of > 25 µm, concentration lies within the order of 103. The significant
di�erence between induced particle concentration corresponds to a di�erence of one order
of magnitude, ranging from 104 to 105 for particles of 10-25 µm as shown in figure 7.28b.
Based on the particle concentration for the specific size group, minimum particles were
detected for PS20, PS80 and EL formulations.

For extensional flow conditions within silane B treated surface (figure 7.29), it was shown
that the surfactant formulations have significant e�ects with di�erence of one order of
magnitude on particle concentration for particle size groups of 10-25 µm, and > 25 µm.
Particle concentration has been detected to lie within the same order of magnitude for
particles with size of 2-10 µm as shown in figure 7.29a. Specifically, for particles with
size of 10-25 µm, the range of particle concentration between the surfactant formulations
lies in the order of magnitudes between 104 and 105 (figure 7.29b), whereas for particles
with size group of > 25 µm particle size group ranges between 102 and 103 (figure 7.29c).
Based on the monomer fraction data, the maximum surfactant monomer was detected
for the formulations of PS20 and PS80 formulations. Combining the monomer fraction
and particle concentration data, PS20 and PS80 formulations can be proposed as suitable
formulation candidates.

7.4 Extensional flow device as a screening tool to
identify e�ective formulation conditions

Following the work presented in the previous section, extensional flow device can contribute
into an e�ective formulation tool. Extensional flow device, as shown in the previous section,
allows the di�erentiation between surfactant molecules on the aggregation propensity
and monomer fraction. However, their e�ects were investigated at the same surfactant
concentration (0.02% w/v) which corresponds relative to the critical concentration CMC,
in which they form micelles as previously summarised in table 5.6. Therefore, to get a
better understanding about the association state in which surfactants can o�er molecule
stability against aggregation, the association state of surfactants will be explored in the
current section. The e�ect of the association state can be investigated by the variation of
proportionality between surfactant and protein molecule concentrations. Specifically, a
schematic summarising the analysis framework followed for the conduction of the surfactant
screening experiments is shown in figure 7.30. The analysis is based on MEDI8852 as the
protein molecule, using the same surfactant library previously constructed (PS20, PS80,
P188, HS15 and EL) for the analysis of flow induced aggregation of MEDI3549.
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(a)

(b)

(c)

Figure 7.28: Correlation between monomer fraction and particle concentration data
for a range of surfactant formulations including n/a, PS20, PS80, P188, HS15 and EL
of MEDI3549 (0.5 mg/mL) in 235 mM Sucrose, 25 mM Histidine, pH=6, after exposure
to extensional flow device for bare borosilicate glass surface. Particle concentration is
presented for size groups of 2-10 µm (7.28a), 10-25 µm (7.28b) and > 25 µm (7.28c).
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(a)

(b)

(c)

Figure 7.29: Correlation between monomer fraction and particle concentration data for
a range of surfactant formulations including n/a, PS20, PS80, P188, HS15 and EL of
MEDI3549 (0.5 mg/mL) in 235 mM Sucrose, 25 mM Histidine, pH=6, after exposure to
extensional flow device for silane B treated surface. Particle concentration is presented for
size groups of 2-10 µm (7.29a), 10-25 µm (7.29b) and > 25 µm (7.29c).
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The variation of surfactant concentration is then expressed as a ratio between and surfactant
(S) and protein (P) molecules, at a constant protein concentration. The ratios of interest,
correspond to various association states of surfactants including an excess state of protein
molecules represented by 0.2:1 (S:P). This is followed by an equilibrium state corresponding
to the equal proportion between surfactant and protein molecules, represented by a ratio
of 1:1 (S:P). The last concentration of interest corresponds to the condition where the
surfactant molecules are in excess compared to proteins, and the concentration is such
that the surfactants are above their critical micelle concentration, represented by a ratio
of >CMC:1 (S:P). As the focus of this set of experiments is the association state of
surfactants, the surfaces of interaction (syringes, plungers, capillary) remained chemically
unmodified using the standard glass surface (as received from the manufacturer) of the
extensional flow device. Finally, the analysis of the stability of the molecule will be followed
by the techniques of fluorescence spectroscopy, optical density and the pelleting assay. The
overall aim of the current set of studies, is to investigate the surface activity of surfactants
and extensional flow stability on MEDI8852 which is an IgG. Comparison between a
range of surfactant molecules will be investigated mainly on the influence of surfactant
concentrations (below and above CMC) at a constant protein concentration which is found
to induce high aggregation levels (e.g. 0.5 mg/mL).

Analysis

Fluorescence spectroscopy
Optical density
Pelleting assay

MEDI8852

Surfactant library
PS20
PS80
P188
HS15
EL

Molecule of interest
Surfactant (S) to protein (P)
ratio (S:P)

0.2:1
1:1
>CMC:1

Extensional Flow Device

Stress TestsSurface library

Glass

Figure 7.30: Experimental analysis framework followed for characterising the surfactant
e�ect in flow induced aggregation of 0.5 mg/mL MEDI8852.
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7.4.1 Experimental determination of critical micelle concentra-
tion, CMC

As the e�ect of the association state of surfactants is based on their tendency to form
micelles, the experimental determination of the concentration in which they form micelles,
is firstly investigated. Several techniques have been reported in literature as means to
experimentally determine CMC, including surface tension, osmotic pressure, fluorescence,
electrokinetic chromatography, calorimetry, light scattering, electron paramagnetic reso-
nance and analytical ultracentrifugation [111]. Among these techniques, fluorescence was
selected due to its higher sensitivity in detecting and quantifying analytes compared to
most other techniques [293]. Therefore, fluorescence spectroscopy is conducted for the
determination of CMC. Particularly, the indirect approach is followed, which involves the
emission spectra of an added reporter, where its relative change is correlated with the
surfactant concentration. The added reporter corresponds to a turn on probe, where turn
on probes show weak emission in solutions before CMC but strong emission in micelles
[293]. This will be translated into the increment of the fluorescence intensity of the
probe, as the concentration of the added surfactant within the sample formulation also
increases.

Fluorescence probe selection

ANS probe has been employed as the selected probe among several fluorescence probes that
have been reported in literature including Pyrene, Fluorescein, Coumarin, Hoechst 33342,
Curcumin, Acridine Orange, poly [2,5-di (propyloxysulfonate)-1,4-phenylene-ethynylene-
9,10-anthrylene], 3-(benzoxazol-2-yl)-7-(N,N-diethylamino)chromen-2-one, and 4- [2- [6-
(dioctylamino)-2-naphthalenyl]ethenyl]-1-(3-sulfopropyl)-pyridinium (di-8-ANEPPS) [293].
The use of ANS corresponds to a suitable fluorescence probe, and as it is described in
[294] the CMC values determined with the particular probe, agree with the data reported
in literature from other methods.

The selection of the suitable probe is critical for the possibility of the CMC evaluation
based on the charge of the selected probe and surfactant molecule. Specifically, in the
study conduced in [295], the authors proposed the use of the non-ionic ANS to be used
with non-ionic surfactants. Based on their experiments, the authors showed that when
the probe and surfactant carry the same charge, the fluorimetric titrations curves showed
two straight lines. On the other hand, when the probe and surfactant have opposite
charges, the titration curves present complex titration curves, not readily amendable for
estimating the CMC. Therefore, the selection of the ANS probe is suitable, as all the
surfactant molecules are non-ionic. ANS at a concentration of 40 µm has been used to
experimentally determine the CMC of the surfactant library, allowing the comparison of the
experimentally obtained critical concentrations with the critical concentrations reported
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in literature. The ANS experiments will o�er the determination of CMC experimentally,
so as the e�ect of surfactant association state experiments can be conducted ensuring that
the critical concentration is included to represent their association state where they can
form micelles.

Fluorimentric titrations

Fluorimetric titrations of the surfactant molecules have been conducted at a concentration
range of 0.001-0.1 mM as shown in figure 7.31. The critical concentration in which
the surfactants form micelles is determined by the breakpoint in which the fluorescence
intensity suddenly increases. It has been reported that the break point can be exhibited by
the environmentally sensitive fluorescent probes, when the surfactant concentration reaches
the CMC [296]. Below CMC, fluorescent probes exist mainly in an aqueous medium [296].
The CMC for each molecule is then determined by a linear fitting of the fluorescence
emission spectra, upon excitation at 389 nm against the surfactant concentration. As it is
shown in figure 7.31, two straight lines have been fitted through the experimental points
for PS20, PS80, P188, HS15 and EL (figs. 7.31a to 7.31e), and their intersection is taken
as the CMC, as also described in [296]. The highest CMC is shown to correspond to HS15,
as shown in figure 7.31d, whereas the lowest corresponds to PS20 and PS80 as shown in
figures 7.31a and 7.31b respectively.

Analytically, to allow the comparison between the CMCs in exact terms, the point of
intersection of each surfactant is reported in table 7.3, alongside with their respective
CMCs as reported in literature. Comparing the CMC as determined in the current work,
with the work conducted in literature studies, it can be observed that there is a disparity
between the values reported here and literature. This is expected, as the CMC experiments
conducted in this work, have been performed in the desired formulation conditions required
for the following up extensional flow experiments. In particular, the desired formulation
bu�er is 235 mM Sucrose, 25 mM Histidine, pH=6, whereas the conditions in which CMCs
are reported in literature, are usually conducted in standard systems such as deionised
water or PBS bu�er. Moreover, the studies employed di�erent strategies to determine the
CMC; therefore this is another parameter that can explain the di�erence observed between
the current work and literature. Additionally, for the case where the same technique is
followed (fluorescence spectroscopy) the fluorescence probe used was di�erent (Pyrene)
than the probe used in the current work (ANS). This comparison highlights the importance
and e�ect of the formulation bu�er in which the surfactant micelles can be formed, as well
the strategy selected for determining the CMC.
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(a) PS20 (b) PS80

(c) P188 (d) HS15

(e) EL

Figure 7.31: Fluorimetric titrations of 40 µM ANS with PS20 (7.31a), PS80 (7.31b),
P188 (7.31c), HS15 (7.31d) and EL (7.31e). Di�erent concentrations of PS20, PS80, P188,
HS15 and EL (0.001 - 1 mM) were prepared in 235 mM Sucrose, 25 mM Histidine, pH=6,
by dilution of a 10% w/v stock solution of PS20, PS80, P188, HS15 and EL respectively.
The point of intersection between the fitted straight lines on the experimental data indicate
the critical micelle concentration (CMC) of each surfactant molecule. Errors indicate the
standard deviation between 3 sample repeats.
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Table 7.3: CMC determined from the point of intersection between the fitted straight
lines from the experimental data as taken from fluorimetric titrations of 40 µm ANS (figure
7.31), along with their respective CMCs as reported in literature. Point of intersection is
determined using the Intersection Gadget in OriginPro.

Surfactant CMC determined in the current work (mM) CMC reported in literature (mM)
PS20 0.045 0.049 [296]
PS80 0.054 0.015 [111]
P188 0.083 0.04 [297]
HS15 0.213 0.06-0.1 [298]
EL 0.067 0.04 [299]

7.4.2 E�ect of surfactant association state

As the CMCs have been determined, the association state of surfactants can be then
explored in surfactant-protein ratio terms, so as to investigate the parameter of propor-
tionality of surfactant molecules compared to the protein molecules. The aim of the
current set of studies is to address various states between the molecules such as there
is an excess in protein molecules, equivalence between protein and surfactant molecules
and a state where there is an excess of surfactant molecules which is close or above its
CMC. Analytically, the conversion of molarity to the desired surfactant to protein ratios
was previously summarised in table 5.6. Specifically, the proportion ratios of 0.2:1 and
1:1 representing protein excess and equivalence, correspond to the same converted molar
concentration for all the surfactant molecules. However, for the surfactant excess state, the
experimentally determined CMC was taken into consideration for each surfactant molecule.
This is required to include the state in which the surfactant molecules, which are in excess
compared to the protein molecules, are also in their micelle formation state. Based on
these requirements, surfactant, (S) to protein, (P) ratios (S:P) correspond to 0.2:1, 1:1
and >CMC:1 respectively.

Fluorescence spectroscopy, single peptide system - NATA

To understand the exclusive e�ect of surfactant binding in the presence and absence of
extensional flow, NATA (N-Acetyl-L-tryptophanamide) is used as a simplified system. The
experiments have been performed in the same formulation condition bu�er as the one
used for the conduction of the CMC experiments with the addition of 40 µM NATA in
235mM Sucrose, 25mM His, pH=6 which is the formulation bu�er. Figure 7.32 shows the
emission scans of NATA in the various surfactant to protein ratios as previously described.
Based on the values summarised in the table 5.6, these ratios correspond to the molar
concentrations of 0.67 and 3.35 µM for 0.2:1 (S:P) and 1:1 (S:P) ratios respectively. For
the association state in which the surfactant molecule form micelles, the respective S:P
ratio is accordingly determined and corresponds to molar concentrations of 67 µM - 20:1
(S:P) for PS20, 67 µM - 20:1 (S:P) for PS80, 134 µM - 40:1 (S:P) for P188, 335 µM - 100:1
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(S:P) for HS15 and 83.8 µM - 25:1 (S:P) for EL (figs. 7.32b to 7.32f) and can be found
analytically in table 5.6.

To firstly investigate the e�ect of di�erent surfactant association states, in the absence of
flow contributions, NATA was selected as the model system as it is providing a simplified
protein structure and realistic model for Tryptophan (Trp) peptide which is found in
proteins [93]. The use of NATA as a model system, applies to its single Trp as it is a
single peptide. Therefore, its molecular weight is relative small ⇠245 Da compared to the
average molecule weight of antibody proteins ⇠150 kDa. This simplified protein system
will allow firstly to investigate whether the various association states of surfactants can
a�ect the stability of the protein under quiescent conditions in the absence of extensional
flow.

As shown in figure 7.32, all surfactant molecules, irrespective their association state, show
an emission maximum at 350 nm which is the emission maximum that Trp exhibits. When
Trp exhibits an emission maximum (�max) at 350 nm, this corresponds to the condition
where it is completely exposed to water, i.e., a polar environment [93]. This will suggest that
for the condition of a non-polar environment where micelles form, there is no interaction
between the surfactant with the protein a�ecting the protein’s conformational state as
the emission maximum remains at 350 nm. It has been reported that the conformational
changes in which the protein can be encountered are accompanied by changes in the local
environment of the Trp residue [93]. The changes in the microenvironment of Trp which can
consequently be encountered upon unfolding, can be reflected as a change in the intensity
or the transition of the emission wavelength [93]. From the results presented here, it can be
observed that the surfactant molecules investigated in their various association states can
slightly a�ect the average Trp intensity for specific formulation conditions, including PS80,
HS15 (with the least variation), and EL as seen from the variation in the Trp intensity,
within the magnitude of error (figs. 7.32c, 7.32e and 7.32f). At increased surfactant
concentrations, the intensity is decreased for PS80 and EL formulations (within error)
(figs. 7.32c and 7.32f), whereas for PS20 and P188 formulation conditions, the Trp intensity
remains stable at increased surfactant concentrations (figs. 7.32b and 7.32d). The data
could suggest that under quiescent conditions (absence of flow), the conformational state of
NATA can be conserved as the emission of Trp for all the surfactant formulations remains
at 350 nm and the intensity remains constant within error, which is also comparable with
the Trp emission wavelength in the absence of surfactant formulation (figure 7.32a).

Fluorescence spectroscopy, antibody system - MEDI8852

To further investigate the e�ect of the various association state of surfactants during the
contribution of flow, extensional flow experiments were then conducted using MEDI8852
as model protein. As previously mentioned, the emission wavelength of Trp will shed
light into possible conformation changes of the proteins under flow. From the fluorescence
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(a) n/a (b) PS20

(c) PS80 (d) P188

(e) HS15 (f) EL

Figure 7.32: Representative intrinsic tryptophan (Trp) fluorescence spectra of 40 µM

NATA in formulations with the absence n/a (7.32a), and presence of surfactants PS20
(7.32b), PS80 (7.32c), P188 (7.32d), HS15 (7.32e) and EL (7.32f). The concentration series
of surfactants were expressed as a surfactant (S) to protein (P) ratio (S:P), up to the ratio
representing >CMC (0.2:1->CMC:1). The concentration series of surfactants were 0.2:1
(S:P), 1:1 (S:P) and >CMC:1 (S:P) ratios. The formulations were in the primary bu�er of
235 mM Sucrose, 25 mM His at pH 6.0 under quiescent conditions (absence of extensional
flow). The excitation wavelength is 295 nm. All spectra were measured in triplicates from
formulations subtracted by the corresponding bu�er blank. Errors indicate the standard
deviation between two sample repeats.
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experiments, the e�ect of surfactant molecules on the protein stability allows to be
investigated based on the emission of Trp. Other techniques previously conducted such
as pelleting assay, DLS, HPSEC and Horizon, all quantify the propensity for aggregation
either qualitatively or quantitively; however, they do not provide any information about
the e�ect of the desired parameters on the conformational state of the protein. As
the project addresses the encounter of flow into the biological manufacture of protein-
based pharmaceuticals, the parameter of protein stability is desired. From a formulation
perspective of view, the surfactant screening, examining their e�ect on the protein stability
will allow the selection of suitable formulation candidates that will o�er the desired
molecule stability.

Based on the results presented above, the range of surfactant association states did not
contribute to the instability of NATA based on the expected emission of NATA at ⇠350
nm. However, when a more complicated system is considered; represented by that of a
protein, the emission spectra of Trp vary compared to that of NATA as shown in figure
7.33. Firstly, it can be observed that the Trp emission occurs at shorter wavelengths such
as ⇠323-326 nm compared to the ⇠350 nm of NATA. The blue-shifted emission of Trp
which corresponds to the emission at shorter wavelength, emitted when MEDI8852 is
considered, agrees with data reported in literature. In particular, in the study conducted
in [300], the maximum emission of Ovalbumin Trp was reported at ⇠330 nm and the
maximum emission of two IgG1 monoclonal antibodies was reported at ⇠328 and ⇠330
nm as shown in [95]. This blue-shifted emission of Trp indicates that the tryptophan
residue is buried in a hydrophobic environment within the protein [300]. As reported
in [93], the maximum emission wavelength at 330 nm corresponds to spectral class I of
Trp which is observed when it lies in a relatively polar but a rigid environment. This
contradicts with the red-shifted emission at longer wavelengths of that of NATA with
longer emission maximum at ⇠350 nm corresponding to spectral class III indicating the
protein contact with free water molecules. The particular spectral class also represents
a typical condition for the unfolded state of proteins [93]. Additional to spectral classes
I and III, spectral class II corresponds to Trp which lies on the protein surface and is
exposed to water (bound water) and other polar groups, exhibiting a maximum wavelength
around 340 nm [93]. Apart from the emission maximum observed, the emission spectra
of MEDI8852 show to di�er when the molecule is exposed to flow. When the sample is
exposed to extensional flow, a red-shift is shown from ⇠323 nm (control incubated in
bench) and ⇠324 nm (control incubated in syringe and capillary bodies) to ⇠326 nm,
corresponding to 3 nm wavelength range.

Additionally, at the extensional flow condition, the appearance of a shoulder at 300 nm is
observed, compared to the quiescent condition samples, corresponding to sample incubation
in bench and device equipment surface bodies, for a surfactant-free formulation condition
as shown in figure 7.33. The analysis of a surfactant-free formulation allows to firstly build
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an understanding of the unfolded state of the protein compared to its respective controls,
enabling the incorporation of surfactant into the protein formulation to be investigated
and compared. Additional to the variation in the emission wavelength, variation in the
intensity of fluorescence emitted is observed, indicating higher fluorescence intensity for
the sample incubated in the bench compared to the respective control sample incubated
within syringe bodies and sample exposed to the extensional flow. In particular, a decrease
in fluorescence intensity can be observed for the samples incubated within the syringe
bodies as shown in red and for samples exposed to flow as shown in blue (figure 7.33).
The decrease in fluorescence intensity in spectral class I, is correlated with the unfolding
event of protein, as proposed in [93]. Therefore, this will suggest that the conformation
state of the protein is also a�ected during its incubation within the equipment surface
bodies, indicating the contribution of the surface on protein’s structure. This phenomenon
has been observed from previous experiments, indicating low levels of aggregation ⇠10-20
% for the condition in which the protein is incubated in syringe and capillary bodies (CS).
This highlights the sensitivity of protein’s structure during its contact with surfaces, which
can vary to several such as glass to aluminium to plastic to name a few, throughout the
production line.

Additionally, the exposure of the protein to flow induces its structure perturbation, as
indicated by a decrease in fluorescence. However, the link between fluorescence intensity
and unfolding is reported to be protein-dependent. Specifically, as reported in [301], the
emission of tryptophan is highly quenched suggesting fluorescence decrease in the native
state of protein (e.g., heme proteins) with the protein unfolding inducing increase in the
fluorescence intensity. However, the opposite observation is reported for other proteins
including staphylococcal nuclease, where the tryptophan has a relatively high quantum
yield, emitting strong fluorescence in the native state, whereas its fluorescence is e�ciently
quenched, inducing fluorescence decrease in the unfolded state [301].

As the unfolding of the particular protein is firstly characterised in a surfactant-free
formulation condition, the surfactant screening using the extensional flow device as a tool
is followed. The aim of the particular set of experiments was firstly to identify the role
of the di�erent association states of surfactants and secondly identify which surfactant
molecules preserve the conformational state of the model protein (MEDI8852) when
exposed to flow. As previously described, the variation of surfactant association states
is conducted by varying the surfactant (S) to protein (P) ratio (S:P). Three surfactant
association states are investigated, with the first corresponding to conditions in which the
protein molecules are in excess compared to protein, with the corresponding surfactant to
protein ratio of 0.2:1 (S:P). The second corresponds to the condition where there is an
equal amount of surfactant and protein molecules corresponding to a ratio of 1:1, whereas
the third association state corresponds to the condition where surfactants form micelles
based on their CMC, such as the surfactant to protein ratio corresponds to >CMC:1
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Figure 7.33: Representative intrinsic tryptophan (Trp) fluorescence spectra of 0.5 mg/mL
MEDI8852 quiescent, sample incubated in bench CB (shown in black), control left in
syringe, sample incubated in untreated glass syringe and capillary bodies (CS) (red), under
flow for 100 passes at 8 mm/s (100P) (blue) in the absence of surfactant formulation
n/a.) The formulation was in the primary bu�er of 235 mM Sucrose, 25 mM His at pH
6.0. The excitation wavelength is 295 nm. All spectra were measured in triplicates from
formulations subtracted by the corresponding bu�er blank. N=3, area under curve=sd.
The wavelength at the maximum peak of the emission spectra for each sample is indicated
using the Peak Analyzer in OriginPro.

(S:P). The emission scans of tryptophan for each association state for the surfactant
library molecules is shown in figure 7.34. A big variation between the samples can be
observed at particular concentrations, which are indicated by the areas under the curves.
This variation in results can be explained due to the manual setting of slit widths in the
instrument, which is required for the conduction of the experiments. Therefore, the results
are compared and analysed based on their average fluorescence intensity and emission
wavelength values. As shown in figures 7.34a, 7.34b and 7.34c the di�erent association
states of surfactants are shown to a�ect the fluorescence intensity of the tryptophan
to di�erent extents depending on the association state of the surfactant. Based on the
previous observation for the surfactant-free formulation condition, the intensity is shown
to decrease for samples incubated within the syringe and capillary bodies and samples
exposed to the extensional flow device.

The same e�ect is shown for all PS20 ratios explored, indicating higher fluorescence
intensity for quiescent control samples. Interestingly, among the three association states
explored, in the protein excess state (figure 7.34a) the variation between fluorescence
intensity between the control and flow samples is less when compared to the surfactant
to protein ratios (S:P) of 1:1 and >CMC:1 (figures 7.34b and 7.34c). This will suggest
that the least variation between the emission of the fluorescence of tryptophan induces
the least conformational perturbation on the protein, suggesting that the association state
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of surfactants is important for preserving the protein structure. This also suggests that
the surfactant concentration can be more e�ective at a lower concentration than the CMC
of PS20, based on the least variation of the tryptophan emission (figure 7.34a).

On the other hand, it is shown that the structural conformation of the protein can be
conserved for the condition where the surfactant molecules form micelles as shown in figure
7.34f using PS80 as a formulation agent compared to the lower concentrations (figures
7.34d and 7.34e), suggesting that the e�ectiveness of the particular surfactant is defined by
the condition in which there is micelle formation. The enhanced stability of the molecule
at the condition where there is a micelle formation, is indicated by the overlapping of the
fluorescence spectra between the three samples. This is also indicated by the minimum
wavelength shift between quiescent and samples exposed to the extensional flow, with
wavelength shift in a range of 1 nm (7.34f) compared to 3 nm for the surfactant-free
formulation condition (7.33).

For formulations using P188 as the surfactant agent, it is also shown that the association
state of the surfactant matters on maintaining protein’s conformational state. Higher
tryptophan fluorescence variations are observed for surfactant to protein ratios correspond-
ing to 0.2:1 and 40:1 (S:P) as shown in figures 7.34g and 7.34i respectively. Interestingly,
minimum variation in the tryptophan intensity is observed for the condition where there
is an equal proportionality between surfactant and protein molecules 1:1 (S:P) as shown
in figure 7.34h.

For HS15 formulations, the condition in which the particular surfactant forms micelles
with a surfactant to protein ratio of 100:1 (S:P), corresponds to the condition where the
protein conformation is conserved. This is shown from the overlapping of fluorescence
intensity of tryptophan between the samples incubated in the bench and within the syringe
and capillary bodies, as shown in figure 7.34l, compared to surfactant to protein ratios
of 0.2:1 and 1:1 HS15 as shown in figures 7.34j and 7.34k respectively. Additionally, the
enhancement of the protein structure at the particular concentration of HS15 (figure 7.34l),
is shown by the fact that the wavelength of the maximum fluorescence intensity is shifted
only to 1 nm compared to 3 nm for the condition of surfactant free formulation (figure
7.33).

Lastly, for EL formulations the variation between the tryptophan intensity is shown for all
the surfactant to protein ratios as shown in figures 7.34m, 7.34n and 7.34o respectively,
following the same observation shown previously. The control sample incubated in the
bench inducing higher fluorescence intensity with respect to samples incubated in syringe
and samples exposed to extensional flow. Particularly, for the lowest surfactant to protein
ratio, the biggest variation between tryptophan intensity is shown (figure 7.34m) indicating
compared to the remaining ratios investigated.

Overall, the results suggest that the proportionality between surfactant and protein
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(a) 0.2:1 PS20 (b) 1:1 PS20 (c) 20:1 PS20

(d) 0.2:1 PS80 (e) 1:1 PS80 (f) 20:1 PS80

(g) 0.2:1 P188 (h) 1:1 P188 (i) 40:1 P188

Figure 7.34: Representative intrinsic tryptophan (Trp) fluorescence spectra of 0.5 mg/mL
MEDI8852 quiescent, sample incubated in bench (CB shown in black), control left in
syringe, sample incubated in untreated glass syringe and capillary bodies (CS, red), under
flow for 100 passes at 8 mm/s (100P, blue) in the presence of surfactant formulations with
PS20 (7.34a, 7.34b, 7.34c), PS80 (7.34d, 7.34e, 7.34f), P188 (7.34g, 7.34h, 7.34i), HS15
(7.34j, 7.34k, 7.34l) and EL (7.34m, 7.34n, 7.34o). The concentration series of surfactants,
were expressed as a surfactant (S) to protein (P) ratio (S:P), up to the ratio representing
CMC (0.2:1->CMC:1). The concentration series of surfactants were 0.2:1 (S:P), 1:1 (S:P)
and >CMC:1 (S:P) ratios. The formulations were in the primary bu�er of 235 mM Sucrose,
25 mM His at pH 6.0. The excitation wavelength is 295 nm. All spectra were measured in
triplicates from formulations subtracted by the corresponding bu�er blank. N=3, area
under curve=sd. The wavelength at the maximum peak of the emission spectra for each
sample is indicated using the Peak Analyzer in OriginPro.
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(j) 0.2:1 HS15 (k) 1:1 HS15 (l) 100:1 HS15

(m) 0.2:1 EL (n) 1:1 EL (o) 25:1 EL

Figure 7.34: Representative intrinsic tryptophan (Trp) fluorescence spectra of 0.5 mg/mL
MEDI8852 quiescent, sample incubated in bench (CB shown in black), control left in
syringe, sample incubated in untreated glass syringe and capillary bodies (CS, red), under
flow for 100 passes at 8 mm/s (100P, blue) in the presence of surfactant formulations with
PS20 (7.34a, 7.34b, 7.34c), PS80 (7.34d, 7.34e, 7.34f), P188 (7.34g, 7.34h, 7.34i), HS15
(7.34j, 7.34k, 7.34l) and EL (7.34m, 7.34n, 7.34o). The concentration series of surfactants
were expressed as a surfactant (S) to protein (P) ratio (S:P), up to the ratio representing
>CMC (0.2:1->CMC:1). The concentration series of surfactants were 0.2:1 (S:P), 1:1
(S:P) and >CMC:1 (S:P) ratios. The formulations were in the primary bu�er of 235 mM
Sucrose, 25 mM His at pH 6.0. The excitation wavelength is 295 nm. All spectra were
measured in triplicates from formulations subtracted by the corresponding bu�er blank.
N=3, area under curve=sd. The wavelength at the maximum peak of the emission spectra
for each sample is indicated using the Peak Analyzer in OriginPro. (cont.)
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molecules, has a significant e�ect on the conformational stability of the protein, in quiescent
and flow conditions. It was also shown that potential perturbation on protein’s structure
can be observed when the sample is incubated within the syringe and capillary surface
bodies, suggesting the e�ect of protein-surface interactions is present in the absence of flow
(at least to some extent). The enhancement and conservation of protein’s conformational
state is shown to be reached by the application of particular surfactant formulations in
the concentration in which they form micelles. Particularly, among the surfactant library
investigated, PS80 and HS15 surfactants, indicated the maximum molecule stability based
on the emission of the protein’s tryptophan by conserving the intensity of the tryptophan
among the quiescent and flow conditions. Interestingly, the desired e�ect of the protein
molecule is reached when the surfactant molecules associate into micelles, by the respective
surfactant to protein ratios corresponding to 20:1 (S:P) for PS80 and 100:1 (S:P) for HS15
formulations as shown in figures 7.34f and 7.34l respectively.

Overall, the data indicates the importance of surfactant to protein ratio into the enhance-
ment of protein stability under extensional flow. The criteria for determining the suitable
formulation candidates were based on the fluorescence intensity changes as well as on the
emission wavelength. Based on this set of requirements, the suitable candidates enhancing
molecule stability, correspond to PS80 and HS15 formulations, at the condition where
they are in excess in proportionality compared to the protein molecules, forming micelles.
As shown in figures 7.34f and 7.34l, PS80 and HS15 formulations with a surfactant to
protein ratio of 20:1 (S:P) and 100:1 (S:P) respectively, minimum changes in fluorescence
intensity and wavelength shifts are observed, indicating the maximum stability among the
concentrations investigated.

The enhancement of molecule stability at increased surfactant concentrations is also shown
in the study conducted in [95], highlighting that the protein stability depends on the
type and concentration of both surfactants and protein molecules. However, the authors
concluded that the stabilising e�ects of the surfactant library investigated, relied on their
absolute concentrations, and the concentration does not have to be above their CMC.
This contradicts with the findings of the current study, indicating that specific surfactant
formulations provided the enhancement of the molecule stability at concentrations close
or above their CMC. The conflict between the current study and literature findings can
be relied on the CMC values which were taken as a reference for the conduction of the
surfactant screening experiments. Particularly, the authors based their findings relative
to the CMC values as reported in other literature studies conducted in water, whereas
their experiments were performed in 20 mM HisHCl at pH 6.0. The majority of the CMC
values, as reported in literature, corresponds to data determined in pure water; however, it
is known that the presence of protein in the formulation can a�ect the corresponding CMC.
This highlights the need to confirm the CMC at the desired formulation conditions of the
experiment. In the current study, the CMC values have been determined experimentally
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under the same formulation bu�er as the flow experiments, in 235 mM Sucrose, 25 mM
Histidine, pH=6, confirming that CMC. Therefore, the findings conducted in the current
study are objective and based on the desired bu�er formulation.

Optical density

To determine the e�ect of the surfactant library on the overall aggregation profile of the
molecule, additional techniques can be combined to allow a conclusive overview of the
surfactant formulation. Optical density experiments were performed investigating the
aggregation propensity of the molecule through wavelength excitation at 350 nm, indicating
the turbidity of the samples as shown in figure 7.35. Turbidity technique is commonly
applied (among others) for the investigation of mAbs stability studies, as reviewed in [9].
The report of opalescence solutions is conducted based on the European Pharmacopeia
reference suspensions measured photometrically in the wavelength range of 340-360 and
350 nm [13]. Generally, the analysis of turbidity measurements, is performed at 350 nm
as the desired wavelength, as the sensitivity required for turbidity detection is higher at
lower wavelengths [13]. Optical density, which is also called turbidity or opalescence, can
be described as a cloudy-white translucent appearance for opalescence and a cloudiness
of fluids as turbidity caused by individual particles consisting of various sizes [13]. The
analysis of samples through turbidity measurements is also reported in the European
Pharmacopeia as a complementary method required for the overview characterisation of
uniform opalescent solutions [13]. Protein aggregation is correlated with the turbidity, as
it has been reported that increase in turbidity is induced by aggregation over storage or
stress conditions [13]. Optical density can also be investigated through visual inspection
strategies, as previously presented, comparing the aggregation induced by the shipping
simulator and extensional flow device. However, visual inspection can be also conducted
based on arithmetic values indicating the optical density of the samples, allowing the
comparison between quiescent (control) and stressed samples with various surfactant
formulations, based on actual numerical values. As a complementary analysis along
with visual inspection, turbidity measurements present the visual information, which
indicate that higher absorbance values at 350 nm correspond to solutions that appear
more opalescent to the eye [48].

As it is shown in figure 7.35, the optical density values of quiescent samples correspond
to ⇠0 indicating the absence of particles. However, when the samples are exposed to
the extensional flow device the optical density values are increased, indicating protein
aggregation. Analytically, PS20 formulations as it is shown in figure 7.35a, indicated
maximum average value of optical density corresponding to surfactant to protein ratios
(S:P) of 1:1 and 20:1 respectively, reaching an average optical density value of ⇠0.20
compared to surfactant-free and 0.2:1 formulations reaching ⇠0.15. The range of the
detected optical density data lie within the turbidity data analysis detected from samples
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during the filtration process of the biopharmaceutical production and particularly during
diafiltration in the presence of excipient, reaching a turbidity value of 0.166 and during
ultrafiltration in the absence of excipient reaching a turbidity value of 0.2 as shown in [48]
which is close to the maximum value detected from the extensional flow experiments. This
suggests that the molecule quality as characterised in the current study can be correlated
and compared with the quality of products throughout the purification process of the
biopharmaceutical production.

The slight increase in the optical density of higher surfactant concentrations can be
linked with the previous observation of MEDI3549, where the particle concentration of
the samples was increased with the addition of surfactants in the formulation. For the
remaining surfactant formulations of PS80, P188, HS15 and EL (figs. 7.35b to 7.35e)
similar levels of optical density values were detected among the various association states
of surfactant molecules. This indicates that the optical density experiments do not bring
additional quantitative information about the e�ects of each surfactant on the aggregation
propensity. However, the aggregation propensity of all the formulation conditions was
determined between control and samples exposed to the extensional flow, indicating that
the aggregation propensity is linked with the increase in optical density.

The optical density results qualitatively show the significance of the extensional flow, they
could not provide any further insights into the specific e�ects of surfactants and their
corresponding association states (S:P ratios) on the overall aggregation propensity.

Pelleting assay

To investigate the e�ect quantitatively, pelleting assay experiments were performed to
investigate the aggregation propensity of the molecule. As the addition of surfactant into
the solution formulation induced the increment of particles (size group of 2-10 µm) when
exposed to the extensional flow device, final results obtained from the pelleting assay have
been modified accordingly. The increase in particle concentration for the particular size
group of 2-10 µm as seen in table 7.2, correlates with the addition of surfactants into the
protein formulation when samples were exposed to the extensional flow device. Therefore,
potential increase in particles can accumulate in the pellet of the sample after completing
ultracentrifugation, with the results to include the addition of surfactant particles and not
protein aggregated particles. The modification of the results correspond to a final ratio
of supernatant, which has been determined by normalising the amount of supernatant
of each sample by its corresponding control incubated in the bench. The increase in
supernatant ratio corresponds to the minimum aggregation propensity of the sample and
vice versa.

The overall supernatant ratio results are shown in figure 7.36 corresponding to the range
of the surfactant library molecules along with the respective surfactant-free formulation.
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(a) PS20 (b) PS80

(c) P188 (d) HS15

(e) EL

Figure 7.35: Optical density data, excited at 350 nm (OD350) of 0.5 mg/mL MEDI8852
quiescent, sample incubated in bench (CB shown in black), control left in syringe, sample
incubated in untreated glass syringe and capillary bodies (CS, red), under flow for 100
passes at 8 mm/s (100P, blue) in the absence (0), and presence of surfactant formulations
with PS20 (7.35a), PS80 (7.35b), P188 (7.35c), HS15 (7.35d) and EL (7.35e). The
concentration series of surfactants, (S) were expressed as a surfactant to protein ratio (S:P)
up to the ratio representing >CMC (0.2:1->CMC). The formulations were in the primary
bu�er of 235 mM Sucrose, 25 mM His at pH 6.0 under quiescent conditions (absence of
extensional flow). All optical density data were measured in duplicates from formulations
subtracted by the corresponding bu�er blank. Errors indicate the standard deviation
between three sample repeats.
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As it is shown in figure 7.36a, the supernatant ratio is shown to increase with increased
surfactant to protein ratios specifically for 1:1 and to the state of micelles formation 20:1
indicating the suppression of protein aggregation, reaching an average supernatant ratio
of ⇠0.8 compared to ⇠0.6 for surfactant-free formations and protein excess formulation
conditions (0.2:1).

A similar observation is shown for PS80 formulation, indicating the enhancement of
molecule stability at the state in which micelles are formed, as shown in figure 7.36b,
reaching an average supernatant ratio of ⇠0.75. Interestingly, for P188 formulations as
shown in figure 7.36c, the maximum supernatant ratio of ⇠0.8 is shown to be reached
for the condition where surfactant and protein molecules are in equilibrium state (1:1),
highlighting the e�ect of the association state of surfactants into the overall aggregation
propensity of the molecule.

On the other hand, for HS15 formulations, as shown in figure 7.36d, the maximum average
supernatant ratio corresponds to ⇠0.85 at the micelle formation state for surfactant to
protein ratio corresponding to 100:1 which is shown to correspond with the maximum
average supernatant ratio among all the surfactant candidates investigated.

Lastly, for EL formulations as shown in figure 7.36e, the maximum supernatant ratio is
determined at the condition where there is an equilibrium between surfactant and protein
molecules (1:1) reaching a maximum supernatant ratio of ⇠0.8, whereas no significant
e�ect on the suppression of aggregation was shown for 0.2:1 and 25:1 surfactant to protein
ratios.

Overall, it was shown that the association state of the surfactant in which o�ers the maxi-
mum suppression in protein aggregation significantly depends on the choice of surfactant.
The maximum supernatant ratio was shown to correspond for PS20 (20:1), PS80 (20:1),
and HS15 (100:1) formulations (micelle state). On the other hand, maximum supernatant
ratios were determined at the equilibrium state for P188 and EL formulations between
surfactant and protein molecules (1:1). This set of data highlights the significance of the
ratio between surfactant and protein molecules, on enhancing the molecule stability under
flow. Depending on the surfactant molecule, the association state in which the aggregation
of the protein is suppressed, varies accordingly.

Combining the data obtained from the pelleting assay and fluorescence experiments
(investigated in untreated surfaces of the extensional flow device), specific surfactant
formulations can be suggested as protective in terms of enhanced stability in protein
structure and aggregation suppression under flow. The conformational state of MEDI8852
is conserved under flow for PS80 (20:1) and HS15 (100:1) formulations which also suppress
the aggregation under flow as seen by the increased supernatant ratio values, at the
condition in which they form micelles.
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(a) PS20 (b) PS80

(c) P188 (d) HS15

(e) EL

Figure 7.36: Supernatant ratio of 0.5 mg/mL MEDI8852 quiescent, sample incubated in
bench (CB shown in black), control left in syringe, sample incubated in untreated glass
syringe and capillary bodies (CS, red), under flow for 100 passes at 8 mm/s (100P, blue)
in the absence (0) presence of surfactant formulations with PS20 (7.36a), PS80 (7.36b),
P188 (7.36c), HS15 (7.36d) and EL (7.36e). The concentration series of surfactants, (S)
were expressed as a surfactant to protein ratio (S:P) up to the ratio representing >CMC
(0.2:1->CMC). The formulations were in the primary bu�er of 235 mM Sucrose, 25 mM
His at pH 6.0 under quiescent conditions (absence of extensional flow). All optical density
data were measured in duplicates from formulations subtracted by the corresponding
bu�er blank. Errors indicate the standard deviation between two or three sample repeats.
Samples with no error bar indicate the data from one sample, taken as the average from
three repetitive repeats of the same sample population.
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7.5 Summary
The particular chapter investigated the formulation properties of two molecules of interest
and their characterisation in the absence and presence of flow conditions. Initially, the
molecules have been characterised rheologically at higher protein formulations, which
lie within the reported range of dose requirements of biopharmaceuticals. From the
computational characterisation, it was shown that these highly concentrated molecules
exhibit structural rearrangements (shear thinning e�ect) under shear flow. Additionally,
with the application of a theoretical method, highly concentrated molecules a�ected the
development of flow, a�ecting the shear rate, velocity and strain rate profiles of the
molecules during their exposure to the extensional flow. The work conducted in the
current chapter was expanded from the findings reported in chapter 6, where silane B
surface was found to enhance the stability of the molecules at various flow conditions. The
extensional flow device corresponds to a powerful technique for surfactant screening studies
and identifying the suitable formulation candidates, depending on the flow conditions.
The surfactant library involved the investigation of novel surfactant molecules (HS15,
EL), where their application has not been well characterised in biopharmaceuticals. The
application of these molecules was investigated in the context of shipping and manufacturing
conditions, involving several studies at shipping conditions in air and truck levels (with
the use of a shipping simulator) as well as during manufacturing (with the use of the
extensional flow device).

The combined e�ects of solid and liquid interfaces were investigated, to determine the
conditions where the maximum stability of the molecules can be achieved. This involved
the synergistic e�ects of silane B surface and surfactant molecules. Moreover, the aggrega-
tion analysis involved several analytical techniques including the particle concentration,
monomer fraction, visual inspection, turbidity, fluorescence spectroscopy and pelleting
assay. The overall characterisation of the aggregation and the selection of suitable formula-
tion conditions was evaluated by this plethora of techniques. From the results it was also
shown that the suitable formulation candidates depend on a range of parameters including
the type of flow, model protein as well as the surface of interaction.

Based on the overall characterisation and the combined results, specific formulation
candidates have been identified for o�ering the maximum molecule stability under flow.
PS80 and HS15 molecules at the state where they form micelles, are shown to enhance
molecule stability for the IgG1 molecule, MEDI8852. On the other hand, PS20 and PS80
correspond to the best formulation candidates for the bispecific molecule, MEDI3549,
based on the combined monomer fraction and particle concentration data. Therefore, the
application of surfactants, correspond to alternative formulation strategies to enhance
the stability of the molecules during their manufacturing where the surface modification
equipment surfaces is not accessible.
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Chapter 8

Proof-of-concept studies

Chapter structure

This section contains information on two shorter sub-studies that can be considered as
proof-of-concept data for future work, where initial experimentation or computational
data provides information that requires building on from the current work into further
studies. Particularly, the first study investigated the e�ects of flow in a system in the
absence of an extensional flow event, which is a variation of the extensional flow device.
This involved the previously characterised protein molecules (aggregation prone-WFL,
and aggregation-resistant, STT) as investigated in chapter 6 within the extensional flow
device. In section 8.1, the particular molecules were exposed in to a sliding interface
system and compare how the aggregation of the molecules induced within the particular
system correlates with the aggregation induced within the extensional flow device. The
second sub-study investigated the transition of the molecules into microfluidic platforms
which is described as Flow stability system, FloSSy which will be described in section 8.2
and finally an overview of the work carried in the particular chapter is then summarised
in section 8.3.

8.1 Exposing molecules to a sliding interface system

Flow stability system, FloSSy microfluidic8.2

8.3 Summary

Figure 8.1: Overview of the main sections covered in the proof-of-concept chapter.

8.1 Exposing molecules to a sliding interface system

Since the previous study described in chapter 6, section 6.2 shows that the influence of
surfaces is important, this work starts to identify a new design of experimentation to
study the sliding interface region of the flow cell, without influence of extensional flow. A
variation of the extensional flow device, by eliminating the contraction event inducing the
extensional flow event, allows the investigation of the shear flow events by ensuring the
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extensional flow event is removed from the system. The system investigated the subjection
of samples into the development of shear flow events by subjecting the molecules into
multiple passes with the movement of two plungers as indicated in figure 8.2.

Plunger 1 Plunger 2

Sample
Flow direction

Syringe body

Figure 8.2: Schematic illustration of the sliding interface device. Sample is loaded in a
single syringe body, which is then subjected to shear flow events with the movement of
two plungers with the flow direction as indicated.

To investigate the shear flow e�ects in the absence of the extensional flow, two antibodies
which were previously characterised under flow have been selected as the two extreme
cases. STT which is an aggregation resistant molecule and WFL as an aggregation prone
molecule have been selected as the model proteins for the particular experiment. Their
distinct aggregation profiles, will allow the determination of shear flow e�ects as developed
within the sliding interface system. Based on previous work investigating the relation
of parameters with aggregation, presented as landscapes in the study conducted in [2],
the aggregation of the two molecules can be controlled to be induced in similar profiles
by adjusting the pass number. WFL as an aggregation prone molecule, its aggregation
propensity is enhanced when exposed to less number of passes such as 50 passes which
have previously shown to induce the aggregation. As STT is an aggregation resistant
molecule, its aggregation propensity is enhanced at increased number of passes, i.e., 100
passes.

The role of extensional flow has also been highlighted, indicating its importance into the
aggregation pathway via constriction angle experiments. Previously, in [302], it was shown
that the aggregation depends on the constriction angle of the geometry, indicating enhanced
aggregation for increasing constriction angles, suggesting the role of pure extensional flow.
In these [1–3] and other studies, [24, 303] the damaging hydrodynamic flow fields are
generated using syringes and the protein subjected to multiple cycles. Consequently, in
addition to the direct hydrodynamic force, protein aggregation is also strongly a�ected by
the surface of the syringe barrel [56, 304] and components including stoppers [305] and
silicone oil [56, 116, 306] suggesting the complication of aggregation induced phenomena
under bulk-interface interactions [23, 201, 307]. The plunger e�ect on the aggregation using
a sliding interface system (figure 8.2), was investigated, using previously characterised
WFL and STT proteins. Their aggregation propensity exposed to the sliding interface is
shown in figures 8.3a and 8.3b for WFL and STT respectively. For comparison reasons, the
experiments performed using the extensional flow device are also plotted as shown in the
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right-hand side of the figures. Their aggregation propensities have been characterised as
supernatant ratios along with the corresponding control sample. Interestingly, the sliding
interface, induces similar levels of protein aggregation for both proteins, suggesting the
importance of shear flow events encountered within the sliding interface setup. However,
there is still a relatively complex flow field developed within the device, which will be
discussed later, and it is shown in figure 8.5. The findings suggest that these e�ects are
contributing to protein damage, however, their extensive e�ects on aggregation are beyond
the scope of this work. As these protein fouled surfaces are themselves subjected to high
friction by the action of the plungers (which may release aggregation seeds into the solution
[304]), the relative importance of hydrodynamic flow and surface wettability to the ability
of the EFD to induce protein aggregation remained unclear.
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Figure 8.3: Supernatant ratio of WFL (8.3a) and STT (8.3b) following quiescent
incubation in the sliding interface and extensional flow device (0 passes) or stress in the
devices for 50 (WFL) and 100 passes (STT) at a plunger speed of 8 mm/s. Sample
concentration=0.5 mg/mL, bu�er=150 mM ammonium acetate, pH=6. N=2, error bars=
standard deviation.

To investigate whether the aggregation within the sliding interface system is mostly
dominated by the e�ect of plunger, the addition of a formulation agent, polysorbate 20
(PS20), was investigated as shown in figure 8.4. The hypothesis behind the experiment is
that if the action of the plunger is dominant, the addition of PS20 will have no e�ect on
the aggregation. The addition of PS20 enhances the stability of STT against aggregation
compared to the formulation with no PS20 (figure 8.3b). This suggests that the aggregation
induced within the sliding interface systems is not dominated by the exclusive e�ect of
plungers.

To further investigate the flow environment developed within the sliding interface, flow
simulations were conducted. Computational fluid dynamics simulations, show the com-
plexity of the flow fields generated within the sliding interface setup, as shown in figure
8.5. The development of extensional flow events within regions of the geometry, includ-
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Figure 8.4: Supernatant ratio of STT following quiescent incubation in the sliding
interface and extensional flow device (0 passes) or stress in the devices for 100 passes
(STT) at a plunger speed of 8 mm/s. Sample concentration=0.5 mg/mL, bu�er = 0.1%
v/v PS20, 150 mM ammonium acetate, pH=6. N=2, error bars= standard deviation.
Experiments were kindly conducted by Dr Leon Willis and Mr Alex Page.

ing corners, can be correlated with the protein damage observed. Timescale is also an
important parameter, referring to the time the molecules are exposed into flow-interface
environments.

To investigate whether these e�ects are dominated by di�usion mediated pathways, di�usion
time calculations have been performed to allow comparison with the experimental time.
Assuming the di�usion coe�cients (D) for WFL and STT taken from [308], as 3.8 ⇥10�7

cm
2/s and 4.8 ⇥10�7

cm
2/s respectively, the calculated di�usion times for the molecules

to di�use within the syringe diameter are ⇠19 (19.4) hours for WFL and ⇠15 (15.4)
hours for STT. The experimental time for the standard flow conditions undertaken for the
conduction of the experiments presented, corresponds to a total time of 10 minutes, which
is significantly faster compared to the di�usion time of the molecules. This suggests the
dominance of flow-interface interactions compared to di�usion-driven e�ects.

8.2 Flow stability system, FloSSy microfluidic

The work on the EFD device has also been extended previously into a smaller scale microflu-
idics device, by Dr Kumar (A. Kumar, personal communication, 2019). A computational
fluid dynamic study of the flow chips has been carried out to retrospectively support
the experimental data of Dr Kumar and this will be reported elsewhere. The e�ect of
shear and extensional flow events can be investigated by the use of microfluidic platforms,
allowing the exposure of molecules to multiple flow events based on the configuration of the
flow channels. As shown in figure 8.6, samples are exposed into multiple cycle of passes by
the sample exposure to flow channel from syringe to syringe 2, and the flow rate in which
the sample is introduced to the multiple flow arrangements is controlled by the plunger
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Figure 8.5: Characterisation of the flow field developed within the sliding interface device
using CFD. Velocity field streamlines show the direction of flow, indicating areas with flow
recirculation inducing extensional flow events.

speed. FloSSy microfluidic platforms consist of channels with multiple extensional flow
events by the channel geometry consisting of either one (N1-1), two (N1-2), four (N1-4),
10 (R1-10 & S1-10) or 21 (O1-21 & P1-21) constriction in series. As described previously,
the experiments have been conducted by Dr Amit Kumar using mAb1 protein sample.
The new results reported here are the characterisation of the flow fields. The detailed flow
channel dimensions are presented in appendix B, indicating the engineering drawings for
each design as presented in figure B.1.

8.2.1 Flow characterisation

The channel consisting of a single constriction is selected for the flow characterisation as
to allow the capture of key flow events in the simpler flow configuration. Flow regions of
interest corresponds into regions before flow acceleration-low shear, sudden acceleration-
extensional region and region after flow acceleration-high shear, with the protein unfolding
event expected to be occurred at the sudden contraction event as illustrated in figure 8.7.
The e�ect of these particular flow regions will give insights into the contribution of each
region to protein aggregation of the molecules. A summary of the simulation parameters
along the geometrical features for the conduction of simulation studies is summarised in
table 8.1.

As shown previously, the extensional flow event within the extensional flow device (EFD)
was shown to be developed at the sudden point of contraction. To capture the event
at the microfluidic platform, computational simulations were performed indicating the
extensional flow event, corresponding to the sudden flow acceleration along the channel
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Syringe 1 Syringe 2
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Figure 8.6: Schematic illustration of the Flow Stability System (FloSSy) experimental
setup. Samples are introduced into multiple flow channel designs consisting of contractions
in series such as one N1-1 (i), two N1-2 (ii) and four N1-4 (iii) contractions, channels
consisting of 21 contractions with rectangular O1-21 (iv), triangular P1-21 (v) shapes and
channels with 10 contractions in series, R1-10 (vi) and S1-10 (vii). Sample flow rate is
controlled by the plunger speed, where the sample is introduced into shear and extensional
flows in multiple cycles of passes between syringe 1 and syringe 2.

Low shear High shear
Extensional
region

Figure 8.7: Schematic illustration of shear and extensional regions where the protein is
exposed to within the N1-1 microfluidic device.
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Table 8.1: Simulation parameters involving geometrical features and flow parameters for
the N1-1 flow channel.

Entity Value
Contraction ratio (W1/W2) 7.5
Channel thickness, t 250 µm
Plunger speed 8 mm/s
Average velocity at the contraction 5.34 m/s
Volumetric flow rate (syringe) 0.134 mL/s
Calculated Reynolds number (syringe) 34
Calculated Reynolds number (W1) 266
Calculated Reynolds number (contraction) 761
Centre line strain rate 1.417 ⇥105 s

�1

Maximum wall shear rate (high shear region) 2.33 ⇥105 s
�1

length as show in figure 8.8 along the flow visualisation in contour plots shown in figure
8.9.

Figure 8.8: Development of velocity (green line) and strain rate (blue line) profiles along
the channel length within N1-1 device flow channel. Flow is accelerated, inducing the
strain rate development as it passes through the sudden contraction. Plunger speed=8
mm/s.

Compared to the extensional flow device, the strain rate developed within the N1-1 flow
channel corresponds to an increase in one order of magnitude, achieving the development
of a strain rate at ⇠1.4 ⇥105 s

�1 compared to ⇠0.1⇥105 s
�1 in the extensional flow

device at the same plunger speed (8 mm/s). The increased strain rate magnitudes
can be also compared with studies found in literature, using microfluidic platforms to
investigate protein aggregation. Particularly, in the study conducted in [150], the e�ect of
constriction angle on development of strain rate was investigated on platelet aggregation,
where the authors showed a maximum strain rate to be achieved at ⇠1.2 ⇥105 s

�1,
which corresponds to similar strain rate obtained into N1-1 microfluidic platform. Similar
strain rate magnitudes have been achieved in the study conducted in [151]. The e�ect
of constriction stenosis, using a microfluidic platform investigating platelet aggregation,
showed maximum strain rate to be achieved at 1.9 ⇥105 s�1. Lower strain rate magnitudes,
are determined, in [132], subjecting blood samples to a maximum peak strain rate of >0.2
⇥105 s

�1. The authors hypothesised that, the elevated strain rate magnitude developed
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(a) (b)

(c)

Figure 8.9: Contour plots of velocity and strain rate development of flow within N1-1
device flow channel. 8.9a & 8.9b: Velocity streamlines indicating the direction of flow
within the flow channel in isometric and top views respectively. 8.9c: Development of
strain rate through the sudden geometry contraction. Plunger speed=8 mm/s.
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within their microfluidic device, induced platelet aggregation. In the study conducted in
[309], a maximum shear rate of 0.3 ⇥105 s

�1 was obtained computationally at platelets
within a microfluidic channel consisting of a block.

8.2.2 Determining the relation between constriction and aggre-
gation

The e�ects of flow parameters, including plunger speed, strain rate and time in which
the molecules spend within the region of extensional flow, will give insights into their
distinct e�ects on aggregation. This is achieved by conducting simulations for various
chip designs, as previously described (subsection 4.4.4). The simulations have been
based on the set of the previously experimental work conducted, by organising the set of
experiments according to the number of extensional events depending on the chip design
and experimental parameters such as plunger speed as shown previously in table 4.2.
Specifically, the following results presented, correspond to group A where the protein
samples have been stressed within the EFD for various plunger speeds. This set of
experiment is crucial for understanding how the proteins behave when they are exposed
to increased hydrodynamic forces as the plunger speed increases. The significance of the
particular experiments is the representation of hydrodynamic forces present during the
production and formulation process of biopharmaceuticals, where they are exposed into
di�erent strain rates. The e�ect of plunger speed is shown to be dramatically a�ect the
velocity developed at the sudden geometry contraction as shown in figure 8.10.

Figure 8.10: E�ect of a range of plunger speeds: 1 mm/s (shown in blue), 2 mm/s
(green), 4 mm/s (red), 8 mm/s (turquoise) and 12 mm/s (pink) on the development of
flow velocity profile showing flow acceleration through the sudden contraction, N1-1 flow
design.

Coupled simulation and experimental results, for the microfluidic chips, give insights into
what happens into a protein as long as it is exposed into the extensional flow, as they are
shown in figure 8.11. In particular, the correlation between plunger speed and strain rate
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is shown to be directly proportional, as indicated in figure 8.11a. This is attributed to
the fact that the strain rate is described as the velocity gradient, parallel to the direction
of flow, the linear relationship between the plunger speed is expected. As the strain
rate has been previously linked to induce protein aggregation [1–3], coupled simulation
and experimental results have been combined to investigate the relation between the
simulated strain rate with the aggregation observed experimentally. The aggregation
propensity of mAb1 has been characterised experimentally by Dr Amit Kumar and the
computational work presented in this chapter, is provided to Dr Kumar to allow him to
complete his experimental study which will be reported elsewhere (A. Kumar, personal
communication, 2019). As shown in figure 8.11b, the aggregation of mAb1 protein, which
has been previously characterised presenting intermediate resistance to aggregation, is
shown to be correlated linearly with aggregation using N1-1 flow channel as the geometry of
reference. Additionally, an important parameter of consideration is to examine the relation
of the time in which the molecule spends in the extensional flow region. Interestingly, the
relation between time in extensional region and strain rate, follows an exponential trend
as shown in figure 8.11c, suggesting that the more damage to the molecules is obtained as
they spend the minimum time in the extensional region. This can be explained by the fact
that for increased strain rates, the acceleration of flow is higher corresponding to smaller
time scales of molecules within the regions of extensional flow. Therefore, this implies that
the protein can be more damaged under high strain rate for short exposure time. On the
other hand, the protein is found to be less damaged when it is exposed longer under a
lower strain rate, quantified experimentally with lower aggregation percentage.

Alongside the simulation results presented for the N1-1 flow channel, simulation studies
have been performed across the range of microfluidic flow configurations, characterising the
key flow regions of interest. An overview of the parameters, varied for the conduction of the
simulations, is shown on table 8.2. Table 8.2 summarises the plunger speed combination
along with the flow configuration. The simulations were performed for the particular set
of parameters based on previous experimental work conducted by Dr Amit Kumar. The
scope of the particular section is the flow characterisation in the multiple flow channels;
therefore, the results presented are focused into the computational aspect. The input
parameters for the simulations was the plunger speed for each flow channel design, with
the time in extensional region, shear rate obtained in low and high shear regions as
well as the strain rate developed for each design is reported. Comparing the di�erent
experimental parameters, more damage is expected at the maximum plunger speed of 12
mm/s, achieving a maximum strain rate of 2.184 ⇥105 s

�1 within the N1-1 flow design.
On the other hand, at the lower speed investigated (1 mm/s), the corresponding strain
rate developed at 0.18⇥105 s

�1, suggesting the least protein damage. The corresponding
times in extensional flow region is minimum for the maximum strain rate, 4.34 ⇥10�5 s
and maximum for the minimum strain rate, 0.00051 s. It is also important to note that the



8.2. FLOW STABILITY SYSTEM, FLOSSY MICROFLUIDIC 235

(a) (b)

(c)

Figure 8.11: Coupled experimental and computational results for the N1-1 microfluidic
chip device. The sample used for the conduction of experiments was 700 µL of mAb1 at
0.5 mg/mL, stressed for 100 passes. 8.11a: E�ect of plunger speed on the development of
strain rate through the sudden geometry contraction. 8.11b: E�ect of plunger speed on
the aggregation of mAb1. Experimental data (% protein in pellet) was collected by Dr
Amit Kumar, Astbury Centre (A. Kumar, personal communication, 2019). 8.11c: Relation
between time in which the molecules spend within the extensional flow region and strain
rate.
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strain rate magnitudes developed within the FloSSy designs are much higher compared to
the ones previously explored using the EFD, extensional flow device. This will imply that
the use of these microfluidic platforms will be useful for studying molecules that are highly
resistant when exposed to flow and the investigation of their aggregation propensity under
the standard flow conditions, using the extensional flow device, can be challenging.

Table 8.2: Simulation flow parameters for the FloSSy flow designs along with the plunger
speed, time molecules spend within the extensional flow region (T-E), shear rate developed
within the low shear region (LS), strain rate developed within the extensional flow region
(E), and shear rate developed within the high shear region (HS).

FloSSy Design Plunger speed (mm/s) T-E (µs) Shear rate LS (s�1) Strain rate, E (s�1) Shear rate HS (s�1)
N1-1 1 514 0.0236 ⇥105 0.18⇥105 0.273 ⇥105

N1-1 2 274 0.0473 ⇥105 0.337 ⇥105 0.547 ⇥105

N1-1 4 139 0.095⇥105 0.67 ⇥105 1.112 ⇥105

N1-1 8 67 0.189⇥105 1.417 ⇥105 2.33 ⇥105

N1-1 12 43 0.284 ⇥105 2.184 ⇥105 3.62 ⇥105

O1-21 4 187 0.14⇥105 0.798⇥105 1.875⇥105

P1-21 4 185 0.53⇥105 0.613 ⇥105 1.75 ⇥105

P1-21 8 90 1.35⇥105 1.18⇥105 3.58⇥105

R1-10 4 117 0.125⇥105 0.61⇥105 1.1⇥105

S1-10 4 140 0.145⇥105 0.815⇥105 1.04⇥105

To allow design comparison, flow characterisation within the flow channels at constant
plunger speed of 4 mm/s presenting strain rate and shear rates corresponding to the flow
channel designs of N1-1, O-21, P1-21, R1-10 and S1-10 as shown in figure 8.12a. For a
fair comparison between the range of the flow designs, strain rate at a constant plunger
speed of 4 mm/s, investigating the strain rate development and shear rate in low and high
shear regions as shown in figures 8.12b and 8.12c. The maximum strain rate is shown to
be developed in O1-21 and S1-10 designs, whereas maximum shear rates at the high shear
region is shown to be developed at O1-21 and P1-21 flow channels.

8.3 Summary
The work covered in the current section presented the foundation for the conduction of
further studies, which can contribute into the development of better understanding of
these proof-of-concept studies. As presented in section 8.1, preliminary studies indicated
that using a variation of the extensional flow device, using the sliding interface system, the
aggregation induced in the absence of the extensional flow point (geometry contraction)
is also significant and is comparable with the aggregation induced using the standard
extensional flow device. The particular experiments conducted in the sliding interface
system, identify a new design of experimentation to study the sliding interface region of
the flow cell, without influence of extensional flow. It is also shown that the complexity
of the flow field developed in the system induces the generation of further extensional
flow events, which may explain the aggregation propensity induced in the particular
system. The second aspect of the chapter in section 8.2, presented the transition to
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(a)

(b) (c)

Figure 8.12: Flow characterisation within the range of Flow Stability System (FloSSy)
designs as shown in 8.12a including N1-1 (i), O-21 (ii), P1-21 (iii), R1-10 (iv) and S1-10
(v) at inlet plunger speed of 4 mm/s. 8.12b: Development of strain rate at the point of
sudden geometry contraction, found in the range of the flow designs investigated. 8.12c:
Development of shear rate at the low and high shear regions of flow.
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microfluidic scale systems, to investigate the aggregation propensity of molecules alongside
their flow characterisation within a range of microfluidic flow channel designs. From the
computational simulations, it was shown that the magnitude of the strain rate developed
in these microfluidic platforms is significantly higher compared to the strain rate developed
within the extensional flow device (at the same flow conditions, plunger speed=8 mm/s).
This suggests the ability of microfluidics to expose molecules into high orders of strain
rate magnitudes, suggesting their prospective application in the study of potentially
more aggregation resistant molecules. The studies presented in the particular section,
support the designing of a wider variety of flow profiles, including wait times, delays,
times within various regions of the flow. In overall, the results presented in this chapter
are not conclusive, however these studies can extend the possible understanding of the
contribution of flow and interfaces in systems in the absence of extensional flow point
events, and the design of a wider variety of flow profiles within various microfluidic flow
channels.
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Chapter 9

Conclusions

The current work investigated several strategies which can enhance the stability of biophar-
maceutical molecules under characterised flow conditions, which are industrially relevant.
Particularly, the flow conditions found during cross-flow filtration process, as reported
in [58], correspond to shear rates of 1,000 up to 10,000 s

�1, with the maximum shear
rates expected during normal processing operations reach to 20,000 s

�1. The use of the
extensional flow device as a flow tool has been used for building a better understanding
of how biopharmaceuticals behave under flow, and how this links with their propensity
to aggregate. The significance and contribution of the extensional flow to induce protein
aggregation has been previously shown in [3], highlighting the uniqueness of the extensional
flow among other developability assays, indicating that the extensional flow device has
a distinct branch on the family tree of assays assessed in a clinical dataset. The data
indicate the distinct aggregation or association mechanisms induced by the extensional
flow device compared to other assays employed in exposing molecules to aggregation.

Flow characterisation was firstly conducted by determining the flow conditions in which
the experimental conditions are relevant to the conditions found in industrial processes.
Computational fluid dynamic simulations indicated that the desired range of the strain
rate to which the molecules are exposed within the extensional flow device, corresponds to
⇠10,000 s

�1 for a plunger velocity of 8 mm/s, and for aggregation resistant molecules such
as STT, the flow conditions were adjusted such as the maximum strain rate examined in
the current work reached ⇠20,000 s

�1 for a plunger speed of 16 mm/s [1]. The development
of the extensional flow is found to be directly proportional to plunger speed, as extensional
flow corresponds to the flow developed parallel to the direction of flow.

Additionally, as part of this work, the application of the extensional flow within a microscale
device was also characterised with several geometrical features including multiple number
of contractions and contraction shapes. Flow characterisation in these microfluidic channels
indicated that the flow developed is mainly dependent on the time in which the molecules
spend during the extensional flow event. It was also shown that by selecting particular
flow channel designs, molecules are exposed to extremely high flow conditions compared
to those found in the larger scale extensional flow device with maximum strain rate values
in the order of ⇠105 s

�1 within the microfluidic flow channels, compared to ⇠104 s
�1

using the extensional flow device. The one-fold increment in the development of the
extensional flow using the microfluidic channels, can be advantageous in investigating
the aggregation of molecules with high stability. This can be reflected in studies using
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the STT molecule which corresponds to an aggregation resistant molecule, where its
aggregation characterisation was conducted at higher flow conditions compared to the
aggregation prone WFL molecule. The flow characterisation of the microfluidic showed
that the geometrical features, including the thickness of the flow channel as well as the
contraction ratio responsible for the flow acceleration, are critical for the development of
the extensional flow.

Building on the flow characterisation and the identification of parameters that are important
in developing the extensional flow, the main focus of the project was to investigate additional
parameters that can influence the aggregation propensity of the molecules. Particularly,
from the perspective of equipment surfaces, the interaction of pharmaceuticals with
di�erent surface materials, is inescapable during manufacturing. Therefore, the work was
focused into the characterisation of the aggregation profile of various molecules under
several surfaces during their exposure to extensional flow. Alongside the contribution of
solid interfaces, the e�ect of "liquid" interfaces in particular is also addressed from the
protein formulation perspective. Therefore, the critical questions that the current work
aims to address are followed in the next sections 9.1 and 9.2.

9.1 What is the role of surface in flow induced aggre-
gation?

The e�ect of the surface contribution into the aggregation propensity of the molecules
was firstly investigated via surface modification and surface characterisation. A surface
library was constructed based on the degree of hydrophobicity. The e�ect of surface and
the protein interaction was firstly investigated in a system where the molecules sit under
quiescent conditions (in the absence of extensional flow). Interestingly, the molecules
exhibit similar tendency in adsorption on the various surfaces, with the most aggregation
prone molecule (WFL) shown to be as the most surface-active molecule among the ones
investigated.

With the introduction of extensional flow, the molecules exhibit complex aggregation
profiles, which depend on the hydrophobicity of the surface. The results indicated the
significance of extensional flow and its ability to unfold protein molecules at defined flow
conditions, where mainly the focus of previous literature studies is the investigation of
protein aggregation under shear flow. It is shown that particular surfaces, with increased
hydrophobicity compared to the untreated glass surface, o�er protective e�ects against
aggregation under flow. The e�ects of two interrelated sources inducing protein aggregation,
corresponding to surface wettability of the protein solution container and mechanical
shock, were investigated in [206]. In contrast to the results observed in the current study,
the authors there proposed that the most hydrophilic surface (PEG) among the library
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investigated, o�ered protective e�ects in terms of the reduced formation of larger aggregates
caused by low protein adsorption. The contribution of an air interface was also present in
the particular study inducing cavitation events, that could not be defined in a controlled
method. Therefore, this suggests that the protective e�ects of surfaces can be attributed
to the type of flow in which the molecules are encountered as well as the type of interfaces
in which they interact.

This work shows that where the molecules were incubated on the bench and syringe bodies,
the surface was found to have no e�ect in inducing aggregation compared to the case
where they were exposed to the extensional flow. From the results, it can be concluded
that in order for the surface to a�ect the aggregation, flow must be simultaneously
applied. This finding indicates the phenomenon of synergy between surface and flow,
which has been recently acknowledged in literature [23, 24]. The surface contribution in
the aggregation pathway, will suggest that the previously proposed aggregation pathway
in [2], can be updated and incorporated with an additional parameter of surface alongside
the bulk mechanism, with a schematic representation of this postulated and shown in
figure 9.1.

Among the surface library investigated, it was shown that the particular surfaces exhibited
strong protective e�ects, by significantly suppressing the aggregation tendency of the
molecules. It was also shown that the general trends of protection arising from these
surfaces are the same, but the levels of protection are still protein dependent. Particularly,
silane A and silane B surfaces with their respective chemical agent names of APTES and
HTS, enhanced the molecule stability of STT, mAb1 and WFL molecules. Silane B surface
corresponds to the most protective surface, o�ering significant aggregation protection
to the high aggregation prone WFL molecule. The particular surface is found to o�er
protective e�ects against aggregation for multiple proteins explored, as quantified by
several techniques investigating the aggregation remaining in pellet, monomer fraction,
and particle concentration. This finding implies that the surface modification can be an
alternative strategy to enhance the molecule stability during manufacture.

By investigating particular flow regions within the extensional flow device, it was also
concluded that the low shear region (syringe body), before the flow accelerates through the
sudden contraction, is important for a�ecting the aggregation propensity of the molecules.
This may partly be that the time in which the molecules interact with the surface is longer
in the low shear compared to the extensional flow and high shear regions. The e�ect of
time exposure to flow fields has been previously investigated in [2], where the aggregation
propensity of WFL was a�ected when the time in which was exposed to shear flow was
prolonged, via extended capillary lengths. Therefore, the timescale in which the molecules
are exposed to flow fields, is critical and shown to be an important parameter a�ecting
the aggregation propensity of the molecules.
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The e�ect of shear flow events, in the absence of the constricted geometry, inducing the
development of the extensional flow event was also investigated via a sliding interface
system. In the particular experimental setup, the molecules were exposed into the action
of plungers in the absence of the dominant extensional flow. From the results, it is shown
that the sliding interface system induces similar levels of protein aggregation as with the
extensional flow, highlighting the significance of the shear flow events encountered in the
particular system.

To investigate whether the aggregation within the sliding interface system is mostly
dominated by the e�ect of plunger, the addition of surfactant (PS20), indicated the
aggregation suppression. From this observation, it can be concluded that if the action of
the plunger is dominant, the addition of PS20 will have no e�ect on the aggregation. With
the addition of PS20, the stability of STT is enhanced against aggregation compared to
the PS20-free formulation. This suggests that the aggregation induced within the sliding
interface systems is not dominated by the exclusive e�ect of the action of plungers, which
may contribute to the development of complicated flow configurations as well possible
surface scraping. Flow characterisation of the particular system, indicated the additional
development of extensional flow events around the corner of the syringe, highlighting the
complexity of the flow configuration. The dominance of shear flow events against any
protein aggregation induced by the di�usion e�ects was shown by the comparison of the
di�usion time of the molecules compared to the experimental time. The dominance of
flow-interface interactions can be also shown by the comparison of the experimental time
which corresponds to 10 minutes compared to the calculated di�usion times of ⇠19 and
⇠15 hours for WFL and STT molecules respectively. This suggests the dominance of
flow-interface interactions compared to di�usion-driven e�ects.

The surface contribution into the aggregation pathway was also investigated by the covalent
protein attachment of proteins on surface under flow. To the best of the author’s knowledge,
the e�ect of protein attachment on surface under extensional flow has not previously been
investigated. Previous focus of literature studies around the attachment of proteins to
surfaces has its application in the identification of protein-protein, protein-DNA, and
protein-small molecule interactions as well as for diagnostic purposes [310]. Antibodies
are often employed as recognition proteins of biological samples that are required for the
antigen detection and quantification required for immunodiagnostics, protein biochips,
and biosensors. The immobilisation of the capture of antibodies onto a solid support
determines the sensitivity of these diagnostic assays [7]. The novelty of the protein labelling
experiment, as proposed in section 6.5, indicated that the association state of the protein
on the surface is significant in a�ecting the aggregation propensity of the molecules under
flow. This conclusion is supported by the findings of the experiments highlighting that the
aggregation propensity of the molecule depends on the protein attached on the surface,
inducing a range of dissociation profiles. Specifically, it is shown that when the cross-linked
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molecules on the surface and molecules in the bulk solution are from the same population,
they interact highly with one another compared to molecules from di�erent populations
based on the slower desorption rate, in the absence of extensional flow. The desorption
rates, as determined from QCMD experiments, indicate that the protein adsorption on
surface is a reversible process.

Under extensional flow conditions, the aggregation is suppressed from the same population
covalently attached on the surface as well as in the bulk solution. Flow induced aggregation
of the molecules on the STT cross-linked surface indicated that the aggregation between
same molecules is suppressed compared to the aggregation between di�erent molecule
populations. Combined with the desorption rate information, it can be concluded that
the particular cross-linked surface enhances the molecule stability under flow conditions,
as the desorption is also slower between the same population molecules. Suppressed
aggregation can be expected in the situation where surface adsorbed molecules catalyse
refolding of the native protein state in the presence of a protein attached on the surface.
Alternatively, suppressed aggregation can be also induced by the full passivation STT
cross-linked molecules on the surface, where it will be no molecular space for aggregation
to be induced on the surface.

Under quiescent conditions, the reversible adsorption of proteins is indicated from the
raw experimental QCMD data. Under extensional flow conditions, it was shown that
the aggregation propensity was a�ected for the condition where protein molecules are
already landed on surface (covalently attached). These observations indicate that there
are multiple interactions of the molecules with the surface and bulk roots via multiple
reversible process at a solid-liquid interface system, as indicated by the reversible arrows
in the schematic shown in figure 9.1.

As mentioned in chapter 7, the suppressive aggregation at higher concentrations can
be driven due to interface saturation events, with the protein molecules populating on
the surface compartments of the device. The saturation e�ect of the molecules on the
surface, highlights the contribution of solid interface in synergy with flow. This is also
highlighted in [23], where the inverse dependence observed aggregation on the initial
protein concentration corresponds to a surface-induced protein aggregation phenomenon.
On the other hand, bulk induced aggregation corresponds to increased aggregation rate
with increasing protein concentration.

At a manufacturing level, surface treatment of equipment components, such as filters,
syringes, plungers, can be treated with the particular surface modifiers to alter their
interaction with proteins. The surface modification of equipment components can be
desirable compared to the traditional formulation strategies that require the addition
of excipients in the molecule formulation. This ensures that the protein formulation is
simplified, consisting of protein and bu�er components, minimising the interaction of the
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Surface root

Bulk root

Figure 9.1: Schematic illustration of the surface and flow synergy in flow induced
aggregation via potential bulk and surface roots, as adapted from Dr Leon Willis. The
illustration presents the potential expansion of the bulk mediated flow induced mAb
aggregation model as previously proposed in [2] including the contribution of the surface
pathway. The native state of the protein (light grey) is perturbed into an aggregation-
prone state (dark grey), the level of which depends on the fluid field, protein studied and
surface. The aggregation prone state can either refold to the native state via bulk or
surface roots or proceed along the aggregation pathway forming insoluble aggregates. The
formation/refolding rates are about to be determined.

molecules with multiple interfaces.

9.2 How surfactants prevent aggregation?

As the e�ect of solid interface is shown to suppress the aggregation tendency of molecules,
the e�ect of surfactants on aggregation is then investigated. The current section focuses
on the formulation characterisation and analysis of two protein molecules, including
MEDI3549 and MEDI8852. The aggregation propensity of higher protein concentration
was investigated in a range of 0.5-40 mg/mL exceeding the maximum concentration
of 10 mg/mL which was previously studied using the extensional flow device. Firstly,
the rheological characterisation was conducted in their initial formulation bu�er of 235
mM Sucrose, 25 mM Histidine, pH=6 showing that the solutions exhibit structural
rearrangements during their exposure to shear flow, presenting a shear-thinning flow profile
for a concentration range of 0.5-40 mg/mL within a range of shear rates of 2-600 s

�1. The
shear thinning profile is as a result of the viscosity of the molecule, which decreases while
the application of shear rate increases. Specifically, the shear thinning profile was observed
up to shear rates of ⇠100 s

�1. Relating the particular shear rates, with the actual shear
rates reported in typical commercial operations, it can be found that the shear rates found
in industrial applications lie within the determined experimental conditions detected in
the current study. As it has been reported in [58], protein formulations are exposed to
shear rates of about 50 s

�1 during mixing processes.
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To further investigate how the shear thinning e�ect can be linked and how it can a�ect the
aggregation under flow, computational fluid dynamic simulations were conducted within
the extensional flow device. From the simulations, it was concluded that the shear thinning
e�ect of high concentrated protein formulations can cause flow disruption into the flow
acceleration through the point of contraction. Interestingly, the shear thinning e�ect was
shown to induce higher strain rate values up to ⇠15,000 s

�1 compared to ⇠10,000 s
�1

for a Newtonian fluid under the same flow conditions. This observation could suggest
that high concentrated molecules are more susceptible to aggregation via a bulk mediated
pathway under the same flow conditions. To determine the aggregation propensity of
MEDI3549 and MEDI8852 experimentally, high concentrated protein formulations in the
range of 0.5-40 mg/mL were exposed to the extensional flow device. Interestingly, the
aggregation of both molecules was suppressed at increased concentrations, whereas the
maximum aggregation was detected for both molecules at low protein concentration of 0.5
mg/mL.

Protein formulation strategies using surfactants as formulation additives are commonly
found in the biopharmaceutical industry. Therefore, the aim of the second part of the
project was to investigate how surfactants a�ect aggregation. The ability of the extensional
flow device to characterise and predict the aggregation profiles of various molecules
exhibiting di�erent aggregation profiles under various surface is covered in the previous
section. The current section, builds on the ability of the extensional flow device to
characterise the aggregation propensity of molecules from a formulation prospective.

The extensional flow device, is then used as a formulation tool which was used to screen a
range of surfactant molecules, investigating the surfactant molecules with the best protective
properties against flow induced aggregation. The surfactant library was constructed based
on well known and characterised molecules, including polysorbates (PS20, PS80) and
poloxamers (P188). The library was also constructed to include the addition of novel
surfactant molecules used in biopharmaceutical formulations (HS15 and EL). Alongside
the flow conditions found during manufacture which are mimicked using the extensional
flow device, the surfactant screening was also conducted in flow conditions found during
the shipping process of biopharmaceuticals. The model protein selected for the conduction
of the experiment was a bispecific molecule (MEDI3549), with no previous aggregation
characterisation information.

The surfactant screening was also conducted using a shipping simulator mimicking the shear
flow conditions in which the molecules are encountered throughout their transportation via
truck and plane simulation levels. Firstly, by comparing the two types of flow configuration
of shear and extensional flow, the results indicated the significance of the extensional
flow to induce the aggregation of molecules, compared to the shear flow induced within
the shipping simulator. From a combination of techniques, the results indicated that
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the PS20 and PS80 formulations can be proposed as suitable formulation candidates
to minimise aggregation. The combination of multiple techniques indicated that the
selection of suitable formulation candidates is based on the balance between the total
number of particles induced and the fraction of protein remaining as monomeric. The
particular surfactant molecules are proposed as they have shown the minimum particle
concentration whereas the aggregation is suppressed, indicating a maximum number of
monomer fractions. The experiments indicated the ability of the extensional flow device
to be used as a screening formulation tool for predicting suitable formulation candidates,
enhancing molecule stability.

Building on these studies, the next sets of experiments, were carried out to develop a better
understanding of how surfactants can act as stabilisers, and at which conditions their
application can enhance the stability of molecules. The e�ect of the various association
states of surfactants was then investigated by determining particular points of interest
based on the proportionality between protein and surfactant molecules. Three points of
interest have been selected, corresponding to the state where there is protein excess, protein-
surfactant equivalence and surfactant excess conditions. The protein excess condition was
based on the experimental determination of the critical micelle concentration (CMC) of
the surfactant molecules within the formulation bu�er in which the flow experiments have
been conducted. To also investigate whether the e�ect of surfactants is protein-dependent,
an IgG1 molecule (MEDI8852), compared to the previously used bispecific molecule, was
used as the model protein.

The data extracted from the pelleting assay highlights the significance of the ratio between
surfactant and protein molecules, which is denoted as S:P, on enhancing the molecule
stability under flow. Depending on the surfactant molecule, the association state in which
the aggregation of the protein is suppressed varies accordingly. In particular, the maximum
suppression of aggregation, which is determined by the increase in supernatant ratio
corresponds to PS20 (20:1), PS80 (20:1), and HS15 (100:1) formulations (micelle state).
On the other hand, maximum supernatant ratios were determined at the equilibrium
state for P188 and EL formulations between surfactant and protein molecules (1:1). By
combining the pelleting assay with fluorescence spectroscopy experiments, the conditions
where the aggregation is suppressed (maximum supernatant ratio) and the protein confor-
mational state is conserved (minimum intensity and wavelength shifts) are narrowed to
two formulation options.

The formulation conditions that satisfy both requirements of aggregation suppression and
protein stability, correspond to the surfactant excess state, forming micelles. Specifically, it
can be proposed that the suitable formulation candidates are PS80 and HS15 at surfactant
to protein ratios (S:P) of 20:1 and 100:1 respectively. Overall, it can be concluded that
firstly, the protective e�ect of surfactants is protein-dependent, as for the bispecific molecule
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MEDI3549, where PS20 and PS80 are proposed as the best formulation candidates. On
the other hand, when an IgG1 molecule (MEDI8852) is selected as the model protein, the
most e�ective formulation candidates are PS80 and HS15 at the state where they form
micelles.

Combining the findings of the current study where the surfactant molecules maintain the
conformational state of the protein at the state in which they form micelles, with the
flow induced aggregation mechanism, a schematic illustration is shown in figure 9.2. It
is proposed that the aggregation is shown to be induced via bulk and surface pathways.
This is based on findings where the surface activity of the protein is shown to be a�ected
in the presence of surfactants in the absence of extensional flow. In the presence of the
extensional flow, the aggregation is suppressed.

Interface
root

Bulk root

Figure 9.2: Schematic illustration of the surfactant micelle interface and flow in flow
induced aggregation via potential bulk and interface roots, as adapted from Dr Leon Willis.
The illustration presents the potential expansion of the bulk mediated flow induced mAb
aggregation model as previously proposed in [2] including the contribution of the surfactant
micelle interface pathway. The native state of the protein (light grey) is perturbed into an
aggregation-prone state (dark grey), the level of which depends on the fluid field, protein
studied and surfactant. The aggregation prone state can either refold to the native state
via bulk or surface roots or proceed along the aggregation pathway forming insoluble
aggregates. The formation/refolding rates are about to be determined.

Through developing a new technique to assess the protein state in the presence of the
surfactant, the fluorescence spectroscopy, shows that surfactants can also induce conforma-
tional changes in the protein structure, as indicated from wavelength shifts and fluorescence
intensity changes at particular association states. Therefore, apart from protective e�ects,
surfactants can also impact the conformational state of proteins, facilitating protein par-
ticulates, temperature-dependent oxidation, and decreased physical stability in quiescent
bulk solutions, indicating that they can exhibit dual e�ects on proteins [95].

The enhancement of protein stability is shown to correspond to PS80 and HS15 molecules
at their CMCs which correspond to the maximum concentrations investigated. However,
it has been reported that the presence of micelles could act like foreign particles, causing
immunogenicity [297]. Therefore, there is a formulation dilemma to ensure that the
minimum critical concentration of surfactants will be used that will avoid or reduce
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surface denaturation and aggregation, whereas excluding the presence of too many micelles
in the formulation [297]. For the identification of the exact mechanism of surfactants,
further experiments should address flow induced aggregation in the presence of surfactants,
identifying the formation/refolding rates.

9.3 Summary

The overall work presented in the current study, highlights the complexity of the flow
induced aggregation of biopharmaceuticals. Firstly, the complexity refers to the multiple
configurations that the protein experiences within the extensional flow device, as well as
the parameter space involved. Specifically, it is shown that the flow induced aggregation
is a complicated phenomenon that can be a�ected by the formulation conditions involving
the protein molecule itself, protein concentration, choice of bu�er and surfactant agents.
Alongside the liquid interface space involved in the formulation, the aggregation propensity
is shown to be sensitive to solid interfaces involving the equipment surface of the device.
From the results, it is shown that the aggregation propensity of the molecules is driven
from the synergistic action of flow and surface parameters. The study investigated a broad
range of parameters, and identified the parameters and the conditions which are important
in enhancing the molecule stability.

Surface modification is found to be a powerful technique in enhancing the molecule
stability even at higher flow conditions for several molecules. The enhanced molecule
stability as a result of surface modification was shown using a range of analytical techniques
involving aggregation quantification, particle concentration, size distribution and structural
perturbation or conservation of the protein structure. Based on these data, a further
understanding of flow induced aggregation mechanism has been developed with the
additional contribution of surface-flow synergy which is shown to be important. The
current study focused on the significance of the extensional and shear flow e�ects on the
aggregation of biopharmaceuticals, whereas the majority of the literature is focused on
the e�ects mainly of the shear flow. Additionally, the e�ects of solid and liquid interfaces
was investigated by the construction of surface and surfactant libraries at controlled and
characterised flow conditions, which is an important aspect for the investigation of the
distinct e�ect of these parameters.

Additionally, the development of novel methodologies involving the protein cross-linking
on surface, the use of novel formulation surfactants and the stability characterisation using
fluorescence spectroscopy, indicate that the study of aggregation is conducted via a broad
range of perspectives including the aspects of formulation and equipment contact. It is also
shown that the extensional flow device can be used as a screening formulation tool based on
its ability to screen a range of surfactant molecules, and distinguishing suitable formulation
candidates. The project also employed computational fluid dynamic simulations, predicting
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that the formulation conditions of high concentrated protein molecules can a�ect the
development of hydrodynamic forces. The employment of computational fluid dynamics
also allows the flow characterisation, at controlled flow conditions, which is desired for the
investigation of the flow induced aggregation.

9.4 Future work

The current work can be expanded in a number of areas, addressing several questions that
will allow the development of further understanding of the mechanism of flow induced
aggregation. In particular, the development of the microfluidic prototype device in chapter
4, section 4.5, shows that the particular device configuration is suitable for the addition
of the microfluidic system onto the existing FPOP experimental setup. The particular
set of experiments will allow to selectively apply fast oxidation of the protein molecules
at regions of interest within the flow channel, such as the extensional flow event at the
point of contraction. The fast oxidation of the protein molecule will allow distinguishing
the peptide bonds that are responsible for potential structure perturbation induced by
the protein unfolding under flow. This set of experiments will shed light into the early
stages of protein unfolding and how the aggregation pathway can be driven by these early
stages of unfolding, identifying the formation/refolding rates of aggregation mechanism.
The novelty in the particular experiment is the exposure of molecules to the extensional
flow and the ability to select and investigate the desired area within the flow channel, and
correlate which protein building blocks are responsible for the protein unfolding.

Additionally, the expansion of surfactant screening experiments can identify the role of
the presence of surfactants in the flow induced aggregation pathway for a broader range of
protein molecules. From the results presented here, it was shown that the protective e�ect
of surfactants is protein-dependent, which is important for their corresponding interaction
with the protein molecules. Therefore, a more fundamental assessment of excipients can
be conducted, which can help identify the mechanistic understanding of their presence
in protein formulation when exposed to controlled flow conditions. The experimental
methods presented in this work can be also linked to a more comprehensive formulation
screening.

Building from the proof-of concept studies, previously presented in chapter 8, section 8.1,
further work can be expanded on the investigation of flow interface e�ects compared to
the di�usion-driven e�ects by considering the sliding interface system. From the time
di�usion calculations, it is suggested that there is a dominance of flow-interface interactions
compared to di�usion-driven e�ects, which motivates the further investigation of the flow
interface interactions. The particular system allows the investigation of the parameters of
interfaces in the absence of the extensional flow event induced by the sudden geometry
contraction under the sliding action of plungers. This work can be further expanded on the
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investigation of the role of interfaces under the action of plungers. From the second sub-
study presented in section 8.2, the ability of microfluidic flow channels to expose molecules
into higher extensional flow forces (strain rates), suggest the power of microfluidics to study
a broader range of molecules with aggregation-resistant profiles. This set of experiments
can be advantageous in the study of molecules with minimum aggregation propensity.
With the use of these microfluidic systems, a further characterisation of molecules can
be conducted and identifying how molecules, exposed to extremely high flow conditions,
can respond. Additionally, the studies presented in the particular section, support the
designing of a wider variety of flow profiles, including wait times, delays, times within
various regions of the flow.

Another aspect of the project, that can be further developed, is to investigate the develop-
ment of extensional flow through the application of alternative interface configurations. In
the current work, the interfaces of interest are solid and liquid interfaces in combination
with the application of the extensional flow. The potential aggregation pathways have been
proposed based on the solid-liquid interfaces (figures 9.1 and 9.2) and may not capture
all the aggregation pathways when considering the air-liquid interface. The e�ect of the
air-liquid interface was mainly studied in literature in combination with shear flow rather
than extensional flow. This implies, that with the modification of the experimental flow
setup, the e�ect of air interface can be explored by the addition of an air interface within
the syringe part.
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Figure A.1: Engineering drawings indicating the FPOP microfluidic device components
including the upper plate (A.1a), sandwiched with the glass slides A.1b, flow channel
(A.1c) and the bottom plate with a 6 mm optical window opening (A.1d).
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Figure A.1: Engineering drawings indicating the FPOP microfluidic device components
including the upper plate (A.1a), sandwiched with the glass slides A.1b, flow channel
(A.1c) and the bottom plate with a 6 mm optical window opening (A.1d) (cont.).
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Figure A.1: Engineering drawings indicating the FPOP microfluidic device components
including the upper plate (A.1a), sandwiched with the glass slides A.1b, flow channel
(A.1c) and the bottom plate with a 6 mm optical window opening (A.1d) (cont.).
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Figure A.2: Engineering drawing for the aluminium exterior mask for the FPOP mi-
crofluidic device with a 4 mm (A.2a) and 90 µm (A.2b) optical window openings.
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Figure A.3: Engineering drawing for the aluminium interior mask for the FPOP mi-
crofluidic device flow channel with a 90 µm optical window opening.



286

Appendix B

Proof-of-concept microfluidic design draw-
ings

 9.65 
 12.50 

 20.00 
 30.00 

 37.50 
 40.35 

 50.00 

 7.50 
 11.85 

 12.45 
 12.50 

 12.55 

 17.50 

 25.00 

 2 X R0.65 

 4 X 5.00 

 0.25 

DIMENSIONS IN MM

N1-1

1 2 3 4 5 6 7 8

F

E

D

C

B

A

87654321

A

B

C

D

E

F DO NOT
SCALE

IF IN DOUBT
ASK

UNLESS
OTHERWISE
STATED SCALE

DRAWN
BY1) MACHINE AT   TO 3.2 um Ra MAX

2) TOLERANCE ON MACHINED DIMENSIONS
   AS FOLLOWS: 0-500 0.2; 500-1000 0.4

LUMED
THE UNI6ERSITY OF LEEDS

SCHOOL OF MECHANICAL ENGINEERING
DRG
No

DATE TITLE
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Figure B.1: Engineering drawings indicating the microfluidic channels with multiple
number of constrictions used for the conduction of computational fluid dynamics simula-
tions, as presented in chapter 8. Flow channels consist of contractions in series such as one
N1-1 (B.1a), two N1-2 (B.1b) and four N1-4 (B.1c) contractions, channels consisting of 21
contractions with rectangular O1-21 (B.1d), triangular P1-21 (B.1e) shapes and channels
with 10 contractions in series, R1-10 (B.1f) and S1-10 (B.1g).



287

 9.50 
 12.50 

 14.93 
 22.50 

 27.50 
 35.07 
 35.07 

 37.50 
 40.50 

 50.00 

 7.50 
 12.12 

 12.12 
 12.13 

 12.45 
 12.55 

 12.87 
 12.88 

 12.88 
 17.50 

 25.00 

 4 X 5.00 

 0.25 

N1-2

DIMENSIONS IN MM

1 2 3 4 5 6 7 8

F

E

D

C

B

A

87654321

A

B

C

D

E

F DO NOT
SCALE

IF IN DOUBT
ASK

UNLESS
OTHERWISE
STATED SCALE

DRAWN
BY1) MACHINE AT   TO 3.2 um Ra MAX

2) TOLERANCE ON MACHINED DIMENSIONS
   AS FOLLOWS: 0-500 0.2; 500-1000 0.4

LUMED
THE UNI6ERSITY OF LEEDS

SCHOOL OF MECHANICAL ENGINEERING
DRG
No

DATE TITLE

(b)

 9.50 
 14.23 

 17.74 
 17.74 
 20.24 

 23.75 
 23.75 
 26.25 

 29.75 
 29.76 
 32.25 

 35.77 
 40.50 

 50.00 

 12.12 
 12.12 

 12.12 
 12.12 

 12.12 
 12.13 

 12.14 
 12.14 

 12.14 
 12.45 

 12.45 
 12.45 

 12.45 
 12.55 

 12.55 
 12.55 

 12.55 
 12.87 

 12.87 
 12.87 

 12.87 
 12.88 

 12.89 
 12.89 

 12.89 

 25.00 

 0.25 

N1-4

DIMENSIONS IN MM

1 2 3 4 5 6 7 8

F

E

D

C

B

A

87654321

A

B

C

D

E

F DO NOT
SCALE

IF IN DOUBT
ASK

UNLESS
OTHERWISE
STATED SCALE

DRAWN
BY1) MACHINE AT   TO 3.2 um Ra MAX

2) TOLERANCE ON MACHINED DIMENSIONS
   AS FOLLOWS: 0-500 0.2; 500-1000 0.4

LUMED
THE UNI6ERSITY OF LEEDS

SCHOOL OF MECHANICAL ENGINEERING
DRG
No

DATE TITLE

(c)

Figure B.1: Engineering drawings indicating the microfluidic channels with multiple
number of constrictions used for the conduction of computational fluid dynamics simula-
tions, as presented in chapter 8. Flow channels consist of contractions in series such as one
N1-1 (B.1a), two N1-2 (B.1b) and four N1-4 (B.1c) contractions, channels consisting of 21
contractions with rectangular O1-21 (B.1d), triangular P1-21 (B.1e) shapes and channels
with 10 contractions in series, R1-10 (B.1f) and S1-10 (B.1g) (cont.).
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Figure B.1: Engineering drawings indicating the microfluidic channels with multiple
number of constrictions used for the conduction of computational fluid dynamics simula-
tions, as presented in chapter 8. Flow channels consist of contractions in series such as one
N1-1 (B.1a), two N1-2 (B.1b) and four N1-4 (B.1c) contractions, channels consisting of 21
contractions with rectangular O1-21 (B.1d), triangular P1-21 (B.1e) shapes and channels
with 10 contractions in series, R1-10 (B.1f) and S1-10 (B.1g) (cont.).
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Figure B.1: Engineering drawings indicating the microfluidic channels with multiple
number of constrictions used for the conduction of computational fluid dynamics simula-
tions, as presented in chapter 8. Flow channels consist of contractions in series such as one
N1-1 (B.1a), two N1-2 (B.1b) and four N1-4 (B.1c) contractions, channels consisting of 21
contractions with rectangular O1-21 (B.1d), triangular P1-21 (B.1e) shapes and channels
with 10 contractions in series, R1-10 (B.1f) and S1-10 (B.1g) (cont.).
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