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Abstract

Abstract

Protein-based therapies represent a transformative class of biotherapeutics, yet their stability
remains a critical challenge. Therapeutic proteins are intrinsically unstable molecules owing
to their structural complexity and amphiphilic properties and potential to adsorb to interfaces
present during the product development lifecycle and shelf-life. Protein adsorption promotes
unfolding and aggregation which can result in altered bioactivity of the therapeutic moiety or
particle formation in solution. Consequently, there is an increased risk of deleterious effects
such as lack of efficacy upon administration or an adverse immunogenic reaction. To
overcome these challenges, rational formulation design and selection of compatible
packaging materials can minimise protein adsorption. However, the excipients used in
biological medicines have drawbacks such as poor chemical stability in aqueous solution and
the potential to degrade packaging coatings. Moreover, owing to the stringent requirements
for primary packaging materials, innovative packaging solutions have not received significant

attention to date.

The overall aim of this thesis is to explore the impact of packaging interfaces and
formulation on the adsorption and stability of two model proteins, lysozyme and bovine
serum albumin (BSA), and develop novel formulation and packaging mitigation strategies to

minimise the adverse impacts arising from protein-packaging interactions.

Chapter One introduces protein therapeutics, focusing on their higher order structure,
the impact of various stresses on protein physicochemical stability and formulation
requirements to maintain stability. It also considers primary packaging for liquid parenterals

and the impact of the protein formulation on container/closure compatibility.

Chapter Two reviews prior literature on protein adsorption-induced instability during fill
pumping and storage. Topics include factors influencing protein adsorption behaviour,
interfaces present during unit operations, pump and tubing types, primary packaging
materials, excipient-packaging incompatibility, and formulation considerations. Chapters
Three, Four and Five focus on investigating the gaps in the formulation and packaging

approaches to reduce protein adsorption and instability identified in Chapter Two.

Chapter Three principally explores the effect of buffer type and pH on lysozyme

adsorption to borosilicate glass. Lysozyme adsorption to borosilicate was found to be

[v]



Abstract

mediated by electrostatic interactions owing to the ionisation of glass in agueous solutions
generating an anionic material interface. Buffer type did not have a significant impact on the
guantity of adsorbed lysozyme, but it was found to influence the properties of the adsorbed

protein layer.

Chapter Four examines the effect of vial orientation (upright versus inverted storage) on
BSA stability under different storage conditions over one week. Inverted storage in vials with
polydimethylsiloxane-coated stoppers at 40°C under agitation resulted in greater protein
unfolding and aggregation. Packaging and formulation mitigation strategies of altering the
vial stopper to an ethylene tetrafluoroethylene coating and including leucine as an
aggregation suppressor were shown to be unsuitable for maintaining BSA in its native

conformation under these storage conditions.

Chapter Five focuses on developing an innovative vial stopper coating to reduce protein
instability where sustained contact with vial stoppers occurs. A copolymer, poly(MPC-co-
BMA), comprised of 2-methacryloyloxyethyl phosphorylcholine and butyl methacrylate was
used to deposit a thin film coating to bromobutyl rubber stoppers using an innovative aerosol-
assisted cold plasma deposition technique. Plasma process parameters (flow rate, speed and
voltage) were found to affect coating coverage as indicated by changes in stopper
hydrophobicity. BSA compatibility with poly(MPC-co-BMA)-coated stoppers was found to be
comparable to commercial polydimethylsiloxane and ethylene tetrafluoroethylene stopper

coatings over a 3-month storage period.

Chapter Six provides a general discussion of the research performed and presents the key
findings, limitations, future work and conclusions of this thesis. In brief, this thesis investigates
how packaging interfaces and formulations affect protein adsorption and stability, focusing
on strategies to mitigate protein instability. This thesis found that for the lysozyme,
adsorption can be controlled by the solution pH and that for BSA, interfacial stress plays a
minor role while storage environments significantly impact stability. Additionally, aerosol-
assisted, low-temperature plasma is a viable thin film coating deposition technique for
pharmaceutical packaging but requires further research to determine the long-term stability

of the coating in the presence of liquid protein formulations.
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Chapter One

1.1 Background
1.1.1 Therapeutic proteins

Biological medicines encompass various biotherapeutic molecules that are used to treat
multiple clinical conditions. Therapeutic proteins are the largest class of commercial
biotherapeutic molecules and include monoclonal antibodies, vaccines, fusion proteins,
hormones, enzymes, and cytokines. These molecules are formulated in either the liquid or
solid state for varying routes of administration.! Since their discovery, therapeutic proteins
have been increasingly developed commercially for various diseases and clinical applications.
They offer transformative potential for conditions for which no treatments were previously

available.?

Therapeutic proteins are predominantly formulated as liquid parenteral injections. This
route of administration offers significant benefits compared to other routes because it avoids
the gastrointestinal tract and can deliver therapeutics directly into systemic circulation, which
achieves a rapid onset of action.? Irrespective of the route of administration, a principal
concern for protein delivery includes maintaining protein stability. Proteins are highly labile
moieties and stable only within a narrow range of concentration, pH, ionic strength, acidity,

and temperature conditions, making them highly prone to physicochemical instability.*>

1.1.2 Protein stability considerations
Protein higher order structure

Proteins are comprised of amino acid residues in either single- or multi-chain compositions
that fold into a specific three-dimensional (3D) conformation, which is essential for its specific
activity or function. The protein structure can be described at distinct levels of primary,
secondary and tertiary structures, Figure 1.1. Additionally, quaternary structures can be
observed if several protein chains or subunits organise into a closely packed arrangement,

but this is protein dependent.®
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Figure 1.1: Overview of protein higher order structure. Created using BioRender.com.

The primary structure is simply the protein’s linear sequence of amino acids formed due
to covalent amide linkages. The secondary structure refers to the local spatial conformation
of the polypeptide backbone where, through hydrogen bonding, alpha-helix and beta-pleated
sheet structures can form.” The tertiary structure is the overall 3D fold of the polypeptide
chain in space. It is stabilised by external polar hydrogen and ionic bonds and internal
hydrophobic interactions, salt bridges, and disulfide exchange.” The sequence of amino acid
moieties and the 3D fold are the foundation of the protein's activity, which predominantly
occurs through specific binding domains.2 Combinations of secondary structural features

facilitate binding events, allowing proteins to perform their function.

The shape in which a protein naturally folds is considered its native conformation,
while a loss of conformation is referred to as unfolding. The transition from the native state
to the unfolded state occurs through an intermediary phase, during which the protein is highly
susceptible to aggregation and particle formation.> This is influenced by the protein's

physicochemical properties, with hydrophobic and charged amino acids being associated with
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protein-protein interactions.’ The success of therapeutic proteins is strongly dependent on
the folding and binding capabilities of the protein, where any disturbances may lead to partial
or complete loss of bioactivity and increased immunogenicity.’® The fold of a protein is
impacted by several factors, namely temperature, mixing, stirring, shaking and adsorption.
These factors can cause fragmentation, aggregation, and particle formation, which increases

the risk of an immunogenic reaction or thromboembolic events.™14

Protein aggregation pathways

Aggregation is recognised to occur through distinct pathways where either: (i) aggregates
form through unfolded or intermediate unfolded moieties, (ii) by self-association or (iii) via
chemical degradation, Figure 1.2.>'> As the protein unfolds, its hydrophobic core becomes
exposed, facilitating increased protein-protein interactions and aggregation in solution.®
Aggregated proteins typically consist of monomers or nanometre aggregates that interact to
form oligomers (<100 nm) primarily through non-covalent interactions.!” Oligomers can
associate to form aggregates that are sub-visible, with particles of 0.1 um to 1 um in size
classed as submicron, whereas particles of 1 um to 100 um are large sub-visible, micron
aggregates.'® Visible particles (>100 pum) have many different morphologies and are
precipitants in solution.'® Precipitation may be preceded by opalescence, which is a phase
separation of unstable particles from stable soluble proteins.® Irreversible aggregates, which
may be precipitants, typically form ordered fibrils, amorphous particulates or gels.®?° These
aggregate morphologies are linked to temperature, pH, ionic strength and concentration but
can be influenced by the type of interface present, as silicone oil-water interfaces can
promote protein gelation.?>2 However, protein aggregates will only precipitate from solution
if a large population with reduced solubility limits is present. Protein solubility issues are
mainly linked to solution pH and ionic strength in addition to intrinsic stability. While unfolded
and intermediate unfolded moieties, driven by hydrophobic interactions, account for the
primary reason for aggregate formation in liquid parenteral protein formulations,
electrostatic associations can also occur without conformational changes.?® This generally
results in the formation of reversible aggregates, which can be affected by the solution's ionic
strength and pH. However, reversible aggregates can readily act as a precursor for irreversible

aggregation.”
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Figure 1.2: Scheme describing the mechanisms of physicochemical protein degradation.

Created using BioRender.com. Adapted from Wang, Int. J. Pharm., 2006.>

Chemical degradation is another source of aggregate formation.?* Most notably, the
oxidation of therapeutic proteins has been observed to occur through reactive sulfur residues
found on the side chains of cysteine and methionine amino acids. However, oxidation of
aromatic amino acids, such as tyrosine, tryptophan and phenylalanine, and the imidazole
group of histidine, can also occur. The oxidation of these moieties requires the presence of
reactive oxygen species, which can originate from oxygen (02°"), hydroxyl (OH*), alkoxyl (RO*®)
or peroxyl (ROO°) radicals.?®> External stressors such as metal ions, UV, and visible light can
initiate or propagate the formation of reactive oxygen species.>?® Other chemical degradation
pathways, such as hydrolysis, deamidation, and racemisation, can have similar effects. Table
1.1 provides an overview of stress factors that can result in the instability of the therapeutic

protein moiety.
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Table 1.1: Conditions affecting protein stability and their route of instability. Adapted from

Wang, Int. J. Pharm., 2006.>

Stress condition

Route of instability

Impact on stability

Temperature
e.g., 240°C

Physical: unfolding,
aggregation

High temperatures can break non-covalent
bonds.

Concentration
e.g., 250 mg/mL

Physical: colloidal
aggregation

High concentrations result in non-specific
aggregation.

pH

Physical: unfolding,
aggregation,
fragmentation.

Alters protein ionisation, changing the native

fold. Extreme pH values cause hydrolysis and

fragmentation. pH near the isoelectric point
can enhance self-association.

lonic strength

Physical: aggregation

Alters electrostatic interactions between
charged residues, influencing aggregation
and precipitation.

Interfacial
adsorption
e.g., solid-liquid

Physical: unfolding,
aggregation

Induces unfolding and aggregation mainly
based on surface hydrophobicity and charge.

Chemical
denaturants
e.g., Urea, SDS,
Guanidine HCI

Physical: unfolding,
aggregation

Denaturants disrupt non-covalent
interactions, promoting unfolding and
aggregation.

Mechanical stress
e.g., freeze-thaw,
shear, dehydration

Physical:
denaturation,
aggregation,
fragmentation

It can cause protein unfolding or aggregation
through physical forces.

Pressure

Physical:
denaturation,
aggregation
Chemical:
degradation

High pressure can affect non-covalent
interactions and compact the protein. It can
also alter the solubility and hydration.

Redox conditions
e.g., metal ions,
peroxides

Chemical:
degradation

Affects disulfide bond formation or cleavage
and causes oxidation of aromatic and
imidazole residues.

Light

Chemical:
degradation

UV and visible light can lead to oxidation of
amino acids and can break disulfide bonds.
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Protein adsorption

Interfacial adsorption is another pathway that can lead to instability. However, it has only
been recognised in recent years. Interfacial adsorption is a spontaneous phenomenon that
occurs when a protein encounters an interface, whether solid-liquid or air-liquid.?’ Its role in
unfolding, aggregation, and, most critically, particle formation has become widely
investigated over the last two decades, with numerous factors identified as contributors to
adsorption, Chapter Two, Table 2.1. Protein adsorption can be associated with unfolding and
aggregation because hydrophobic and hydrophilic interfaces alike have been observed to
induce conformational changes in the protein’s higher order structure.?®?® This is because
protein moieties will undergo subtle biophysical changes to enable them to adsorb to the
interface should the change in Gibbs free energy (AG) be favourable. These higher order
structural changes include loss of secondary structure, dimerisation, cooperative effects, and

even colloidal aggregation.30-32

However, adsorption to an interface does not necessarily mean that aggregation and
particle formation will occur. Moreover, it also does not mean that the protein will undergo
substantial unfolding either. For this reason, Nakanishi aptly described protein adsorption as
a “common but very complicated phenomenon”.3® Adsorption is a common phenomenon
because it will likely occur in every instance of interfacial contact. Still, it is regarded as
complicated because, despite understanding protein adsorption behaviour, it is a multivariate
issue. Therefore, decoupling intrinsic protein characteristics from external factors impacting

adsorption is difficult.3*

Fundamentally, protein adsorption involves various protein-water-interface interactions
and is primarily driven by diffusion and non-covalent interactions, namely Coulombic and van
der Waals forces, hydrogen and hydrophobic bonding, and electrostatic interactions.3>3¢
Moreover, the gain in AG from releasing water molecules, solvent ions, or low molecular
weight solutes from the solid interface is critical to adsorption behaviour.3” Hydrophobic
interactions are the most influential forces of these adsorption mechanisms because a
protein’s hydrophobic domain tends to be buried within the 3D structure when the protein is
in solution. However, these domains become exposed to facilitate adsorption to hydrophobic
interfaces, e.g., solid-liquid and air-liquid, because of disruption to the balance of intra-

protein and protein-solvent interactions, Figure 1.3.3> Additionally, adsorption at
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hydrophobic interfaces, usually results in the protein undergoing more significant
denaturation than that observed with hydrophilic interfaces.?83%3° This occurs due to the gain
in AG, where the protein maximises its surface area through structural reorganisation.

However, this is dependent on a protein’s inherent internal stability.

Interfacial Induced
Unfolding

Hydrophobic Interface

Figure 1.3: lllustration of interface-induced physical denaturation of a therapeutic antibody
on a hydrophobic surface. Created using BioRender.com. Adapted from Latour, Colloids Surf.

B Biointerfaces, 2020.3>

Adsorption is inherently more complex at hydrophilic interfaces, especially solid material
interfaces. The most likely explanation for adsorption at these interfaces is biased diffusion
toward the surface, followed by anchoring to the interfacial water layer, which allows the
protein to penetrate the water layer and adsorb to the surface.?” Thereafter, a stepwise
lockdown mechanism has been proposed. This mechanism involves structural rotation of the
molecule facilitated by the distribution of protein interfacial charges and surface-accessible

amino acid residues that promote surface dehydration and adsorption.*%*

A protein’s size, shape, and surface-accessible side chains can also significantly impact its
adsorption behaviour. This behaviour can become increasingly complex when considering the
many protein properties, such as folded state or charge, which can vary in different
environmental conditions. Therefore, several molecular adsorption mechanisms have been
proposed, Table 1.2. These mechanisms consider the random distribution of protein

molecules at an interface in addition to site-directed adsorption.
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Table 1.2: Generally accepted mechanisms proposed to explain protein adsorption. Adapted

from Rabe et al., Adv. Colloid Interface Sci., 2011.3°

Theory Process
Langmuir Adsorption to distinct binding sites
Random
Sequential Adsorption to random available surfaces
Adsorption
Monomer-Dimer Dimers in the bulk solution replace adsorbed monomers on the
Exchange surface using size-exclusion effects

Two-dimensional clusters grow (reversibly) at the interface via
Surface Clusters proteins binding to pre-adsorbed monomers either horizontally
(lateral) or vertically

Conformational changes initiated by adsorption lead to an increased
Two-States affinity for the surface. This occurs in two ways: (i) protein adsorbs
Model (reversibly), unfolds, and denatures, or (ii) protein adsorbs
(reversibly) or adsorbs and immediately denatures

Protein adsorbs and transitions from an irreversible orientational
bound state into a conformationally flexible bound state, leading to
stretching along the interface

Three-States
Model

Multiple-States

Model Transition into states of surface denaturation along the surface

Reorientation of end-on adsorbed proteins to side-on adsorbed

Rollover Model .
proteins

Cooperative adsorption due to the tracking of proteins to binding

Tracking Model . .
& sites close to other pre-adsorbed proteins

A critical consideration related to protein native conformation includes its internal
stability. Proteins with low internal stability are more prone to adsorption than proteins with
high internal stability, as they are less resistant to interface-induced unfolding. Robert Huber
described this as “Proteins may be rigid or flexible to various degrees as required for optimum
function. Flexibility at the level of amino acid sidechains occurs universally and is important
for binding and catalysis”.*> Willem Norde proposed another way to describe this concept
based on “hard” and “soft” proteins.**=* Hard or rigid proteins undergo limited structural
changes upon adsorption, while soft proteins subjected to significant structural changes may

involve a reduction in ordered (secondary) structures upon adsorption. It is essentially the
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difference in the balance of internal protein interactions competing with interfacial

interactions.%®47

1.1.3 Protein formulation

Proteins are generally formulated as liquid dosage forms for parenteral administration. The
balance between promoting conformational and colloidal stability and maintaining optimum
biological activity must be determined for most therapeutic proteins. Excipients are employed
to protect the protein from stress over its shelf-life.*® The main excipient categories are

summarised in Table 1.3.

Table 1.3: Summary of the excipient categories included in liquid and lyophilised protein

formulations. Adapted from Gervasi et al., Eur. J. Pharm. Biopharm., 2018.%

.- . Concentration range
Excipient class Excipient

(mg/mL)
) Non-amino acid: phosphate, citrate, acetate,
Buffering succinate, tris, carbonate
agent 0.2t014.8
(pH 3.1-8.15) Amino acid: histidine, glutamate, aspartate,
glycine
Amino acid: arginine, methl.onlne, glycine, 01t042.1
glutamate, proline
Stabiliser Dlsaccharld.e/polyolz .sucrose, trehalose, 1.9 to 200
sorbitol, mannitol, glycerol
Protein: recombinant human albumin 0.5to 10
Surfactants Polysorbate 80, polysorbate 20, poloxamer 0.01to8
188, poloxamer 171
Preservatives Metacresol, phenol, benzyl alcohol 0.8to 10
Tonicifiers NaCl, KCl 0.2to 11.7

Two common hypotheses were identified for the excipient stabilisation of protein
moieties: (i) preferential hydration and (ii) preferential interaction.*® Preferential hydration
refers to excluding the excipient from the protein's hydrodynamic radius owing to its
hydrodynamic size, where water directly interacts with the protein to maintain its stability.

Preferential interaction can partially exclude water from the protein's hydrodynamic radius
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and directly interact with the protein through non-covalent interactions. In this case, a
specific concentration is required to ensure homogenous interactions over the protein's
surface. For buffers, tonicifiers and other osmolytes, the stabilisation mechanism involves
transient hydrogen, hydrophobic and electrostatic interactions with external residues on the

protein's surface and maintaining isotonicity, osmolality and pH.>°

Surfactants primarily mitigate interfacial adsorption, but amino acids, namely arginine as
well as cyclodextrins, show promise.”'™® Polysorbate 80 (PS80) is the most well-known
surfactant for interfacial stabilisation. It is employed in numerous liquid formulations to offer
protection from air-liquid and solid-liquid interfaces. Polysorbate 20 (PS20), poloxamer 188
(PoL188) and poloxamer 171 (Pol171) are the only alternative approved surfactants present
in commercial protein formulations.! Pol188 is typically used when mechanical and freezing
stress is encountered or as an alternative to polysorbates where their stability is a concern.>*-
61 1t is not as effective as the polysorbates for interfacial stabilisation because of its lower

hydrophobicity.52%4

1.1.4 Primary packaging

Injectable protein stability is challenged during formulation, filling, and storage. This is
because the rational design, selection and investigation of sterile packaging systems are
frequently ignored until compatibility problems occur that implicate the packaging system.®°
This can likely be attributed to the difficulty in deconvoluting the effects of inherent protein
instability or solution and environmental stress from interfacial properties during stability
testing.3*#% However, only a limited number of packaging systems are employed for
commercial protein products. They can be categorised into six primary packaging or container
systems: (i) vials, (ii) syringes, (iii) cartridges, (iv) bags, (v) bottles and (vi) ampoules. The vials,
syringes, cartridges and bags commonly used to store and deliver protein medicines are of
significance.®”%® Their general composition includes a glass or polymer container, an

elastomeric closure and potentially a silicone oil emulsion surface coating.
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Glass

Glass-based packaging materials (vials, syringes, and cartridges) are the most used for storage
and delivery after commercial biopharmaceutical unit operations.®® The primary disadvantage
of glass-based packaging is the potential reactivity between the protein formulation and the
packaging components.’%’! This can result in particulate matter, leachables/extractables,
protein adsorption and aggregation.®>’? Polymeric storage materials also have drawbacks,

mainly their reported higher oxygen permeability.”?

Glass is primarily composed of silicon dioxide (SiO2) with varying amounts of other oxides
such as sodium, potassium, calcium, magnesium, aluminium, barium, zinc, boron and iron.®°
Many different glass compositions have been approved for use. Still, Type 1 borosilicate and
aluminosilicate glasses are the most employed due to their high composition of SiO;, boric
oxide and aluminium oxide.”*”> Borosilicate and aluminosilicate form inert networks with a
low coefficient of thermal expansion, meaning the risk of leachables is relatively low.”® Type
2 and Type 3 glasses are composed of soda-lime, with Type 2 undergoing surface treatment
with sulfur dioxide or other alkalisers to prevent leachables.®> Soda-lime glass has high sodium
oxide and calcium oxide compositions, posing a greater risk during use than Type 1. The
chemical treatment of Type 2 glass is also highly susceptible to degradation during cleaning

and sterilisation procedures, especially if subjected to repeated exposure.®

The basic structure of glass is a network formed from the silicon oxide tetrahedron. The
boric oxide can enter this structure for borosilicate glass, but the other oxides will only be
present at interstices.?® These oxides are mobile and can leach into the formulation in contact
with the glass. This can be a substantial issue under thermal stress conditions, especially for
formulations stored in Type 2 and Type 3 glass materials.”? Leaching of alkali ions occurs
through an ion exchange diffusion process where hydrogen ions from the solution are
exchanged for alkali ions at the glass surface. The immediate impact of this is the modification

of the solution pH, where an increase in pH can typically be observed.

Obvious issues arising from this include changes in the pH of water for injection and altered
stability in drug products with minimal buffering capacity. Further, the buffer type can also
present some concerns, as phosphate and citrate buffers can attack the glass surface, causing

delamination and flocculation.”” Phosphate buffer ions can also form insoluble salts with the
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divalent metal cations present at the surface of the glass, making it a particularly problematic
buffering system for liquid protein formulations, notwithstanding its proven incompatibility
with bioprocessing steps during biomanufacturing.5>® The risk of delamination, in addition
to leachables, increases when formulations have a pH greater than pH 8. This can be
exacerbated by issues caused during cleaning and sterilisation, as excessive heat exposure
during depyrogenation can cause ion exchange, vaporisation and surface defects, resulting in
a compromised surface, Figure 1.4.%° During heating, the mobile oxide ions will migrate to the
surface of the glass network and can readily leach on exposure to the solution/formulation.”
The current mitigation approach uses acidic ammonium sulfate in the vapour state to form
soluble salts that can be washed away. However, this is not cost-effective and does not
guarantee a successful outcome.® It also presents the risk of sulfate leachables. Besides ion
exchange effects and glass dissolution, chelating agents can also cause pit formation on the

glass surface, and acidic environments below pH 4 can etch the surface.®>76:80

”; , ”

or G
lens“shaped ring

~

.

Figure 1.4: C-laser differential interference contrast images of commercial glass primary
packaging after different processing conditions which can result in defects on the glass

surface. The figure is reprinted from the reference with permission of the publisher.8!

Moreover, owing to the hydrophilic characteristics of borosilicate, recovery of the total
therapeutic dose from the vial can be challenging to achieve. Additionally, for self-
administration devices (syringes, cartridges), the inner surface of the vial can present a high
friction surface, making it challenging to release the formulation from the delivery device.
Therefore, silicone coatings, generally silicone emulsions, are applied to the interior surface
to generate a hydrophobic surface, allowing full dose recovery and ease of use. Siliconisation

presents its challenges, which are discussed in detail in Chapter Two.
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Rubber

The composition of pharmaceutical-grade rubber is less widely known compared to
pharmaceutical glass. It has mainly been studied for its extractables and leachables profile,
with only a few compounds identified in its composition.”>8278> An exemplary review by Sacha
et al. was used to understand its production, physicochemical composition and critical quality

attributes.®®

In the liquid parenteral protein packaging and administration area, rubber is ubiquitously
employed for various functionalities. Like glass, the choice of rubber product is dictated by
the properties of the rubber material and its intended usage. Physicochemical properties such
as elasticity, hardness, fragmentation or coring tendencies, oxygen and water vapour
permeability, penetration force, self-sealing properties, structure retention, and
leachables/extractables profile all influence the choice of rubber used.®® The most critical
factors from these physicochemical properties depend on the type of storage system, as
break-loose glide force is vital for syringes and cartridges. In contrast, elasticity, hardness and
permeability are more critical for vial stoppers. Secondary considerations affecting the choice

of rubber product include the protein formulation properties.¢

Rubber is a very complex material composed of various organic and inorganic
components. The base material of rubber is the elastomer, which is made of natural or
synthetic rubber and confers most of the material's physicochemical characteristics. Synthetic
rubbers, which include styrene-butadiene, neoprene, nitrile, and butyl rubber, are used for
pharmaceutical packaging.®® Butyl rubber, mainly chlorobutyl and bromobutyl, is the most
common elastomer used for injectables because it provides a superior oxygen/moisture
barrier.®® In addition to the elastomer, rubber formulations can contain a vulcanising agent,
activator, filler and other components to control the curing rate and colour.®> Vulcanising
agents form the cross-links within the rubber, providing its shape and elasticity. The most
common vulcanising agent is sulfur.®®> The activator tends to be a metal oxide, such as zinc
oxide, with a fatty acid, such as stearic acid, accelerating the rate at which the sulfur reacts
with the unsaturated elastomer.®® Vulcanisation can also be controlled with other
accelerating and retarding compounds such as sulfenimide, benzoic acid, salicylic acid and

phthalic anhydride.® Fillers, such as carbon black, titanium dioxide, and calcium carbonate,
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control colour and adjust hardness, among other functions.®>8%%* Further, antioxidants and

antiozonants can also be found in rubber formulations.

Rubber stoppers can be one of the most problematic interfaces in primary packaging
because they contain a wide range of organic and inorganic materials.®” Uncoated stoppers,
due to incompatibility between the excipients and the stopper material, have been implicated
in the incidence of pure red cell aplasia in chronic kidney disease patients treated with
epoetins.®3 The most common leachables are vulcanising agents, 2-mercaptobenzo-thiazole,
aluminium, nitrosamines, stearate, polynuclear aromatic hydrocarbons, iron and zinc.5>82-84

However, this is stopper dependent.®

Rubber interfaces also face additional challenges, such as the adsorption of the active
ingredient onto the surface, the absorption of formulation components into the rubber, and
the permeation of formulation components through the rubber.®> Additionally, like glass,
rubber stoppers can be subjected to siliconisation but are subjected to tighter regulations as
siliconised elastomeric closures are a root cause of silicone oil contamination and protein-
silicone oil interactions.®>°° Typically, siliconised stoppers are washed in a drum or spray-
coated with polydimethylsiloxane (PDMS) to create a layer on the stopper surface. However,
this layer is poorly adherent and PDMS has been observed to leach into protein
formulations.® To counteract this and to reduce the risk of leachables, fluoropolymer
coatings such as polytetrafluoroethylene (PTFE), ethylene tetrafluoroethylene (ETFE), and
fluorinated ethylene propylene (FEP) can be applied to stoppers and plungers however, they
are reported to induce adsorption, unfolding, aggregation and fibrillation.®>=* This is a surface
and protein-dependent effect as some protein-fluoropolymer laminate film interactions are
stabilising compared to uncoated or siliconised surfaces.6°> Additionally, using
fluoropolymer laminate films eliminates the need for silicone oil, decreases particulate matter
and extractable levels.’® However, laminate films still use silicone coatings, known as B2,
albeit with a significant reduction in free silicone due to the cross-linking method.®”%®
Fluoropolymer laminate films are typically applied by a thermal laminate process to create a
thick, strongly adherent stopper film which is responsible for improving container/closure

integrity.
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1.1.5 Mitigating protein adsorption

Owing to the complexity of pharmaceutical packaging and the significant drawbacks of
protein adsorption, the adsorption process must be minimised for commercial products.
Several decades ago, a set of molecular-level characteristics for protein-resistant surfaces was
proposed, known as Whitesides rules. These identified four critical characteristics for protein-
resistant surfaces: (i) strong hydrophilic properties, (ii) the presence of hydrogen bond
acceptors, (iii) the absence of hydrogen bond donors, and (iv) the presence of a net neutral
charge.®®1% To date, several adsorption-inhibiting coatings have been explored but have not
been applied to pharmaceutical packaging. They can be divided into two major categories:
phosphorylcholine and polysaccharide-based coatings or synthetic hydrophilic polymer
coatings such as poly(ethylene glycol) (PEG).1%! These surface coatings are considered passive
adsorption reduction techniques that aim to create a thin, hydrophilic, non-charged layer
between the protein and the interface. This reduces the intermolecular attraction between
adsorbing protein molecules and the interface. Alternative approaches focus on physical
surface modifications such as nanopatterning, sacrificial proteins and chemical surface
modifications.’®> However, all approaches have limitations, such as being inconsistent, non-

homogenous and time-consuming.

Phosphorylcholine-based coatings are a promising approach to achieving compatibility
with primary packaging interfaces and protein formulations. These surface coatings are
reportedly strongly protein-resistant because of the phosphocholine moieties neutral net
charge, which helps reduce long-range electrostatic attraction between the surface and
proteins in aqueous solution.1% Further, water adsorbed to the phosphorylcholine headgroup
produces a low-energy interface in aqueous media, which decreases the likelihood of the
adsorbing protein's penetration of the water layer.1°* Moreover, polysaccharide coatings are
also of interest but require modifications to have a hydrophobic backbone to ensure

sustained adherence to the material surface.1%

A central limitation to the application of these coatings is their long-term surface stability.
Formulation components can readily degrade surface coatings and compromise surface
adhesion in aqueous solution.1%®1%7 However, plasma chemical vapour deposition techniques
can overcome these issues, producing consistent, homogenous and fast application of surface

coatings as proven by SCHOTT’s Type 1 Plus® vials and SiO; Medical Products pre-filled
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syringes. These products have an inert inner SiO, coating resistant to protein adsorption.10810°
While the issues associated with pharmaceutical glass can be overcome by the choice of glass
composition, appropriate protein formulation and vial coatings, the elastomeric materials
remain of considerable concern. Despite the inertness of fluoropolymer laminate films, they
are still reported to adsorb significant amounts of protein from aqueous solution.®* There
appear to be no commercial adsorption-resistant coatings for pharmaceutical-grade rubber

packaging materials therefore, the current limitations still need to be adequately addressed.

1.1.6 Analysing protein adsorption and stability

Several techniques exist for studying protein adsorption and stability in injectable protein
formulations. Table 1.4 outlines some fundamental techniques that can be employed to
investigate adsorption and stability behaviour. Spectroscopic analytical techniques are
typically employed to measure protein formulations. Various protein-light interaction effects
can be measured, such as absorbance, transmittance, reflectance, fluorescence, and
scattering, which confer information about concentration, conformation and aggregation.
The solvent environment strongly influences the choice of analytical technique, as buffers and
excipients can interfere with detection and reduce the sensitivity. Additional techniques that
rely on the change in mass or phase behaviour can be used to determine the physicochemical
properties of the protein, such as its melt temperature, surface charge, hydrophobicity, and

adsorptive capacity.

Table 1.4: Techniques commonly applied to study protein adsorption and stability.

e Conformation: e Colloidal: e Quantification:
= |R = Light Scattering = Reverse-phase
= CD = Size-exclusion HPLC
* Fluorescence Chromatography = BCA Assay
= Raman =  Flow Imaging

= Light Obscuration
e Adsorption

e Thermal: e Surface Charge: = Quartz Crystal
= Differential = Zeta Potential Microbalance
Scanning = |soelectric = Surface Plasmon
Fluorimetry Focusing Resonance

[17]



Chapter One

1.1.7 Proteins investigated in this thesis

Two model proteins, lysozyme and BSA, Figure 1.5, were evaluated in this thesis. Lysozyme
was chosen because it has a moderately hydrophobic surface, is small, and is ellipsoidal at a
size of about 14 kDa.''? It also has a high isoelectric point (IEP) of approx. pH 10 owing to its
large composition of positively charged amino acids.'!? Its secondary structure predominantly
comprises alpha helices and disordered regions with some ordered beta structure content. It
is reported to possess a very high level of internal stability, evidenced by its high melt
temperature of approx. >70°C.112113 Owing to this, it is highly conformationally stable and is
not an aggregate-prone protein. Lysozyme offers considerable benefits for use as a model
protein primarily because it retains a net positive charge within the pH range typically
employed for liquid parenteral protein formulations.*!! This is useful because therapeutic
antibodies, the largest class of biotherapeutic products, can only be formulated within a very
narrow window (approx. pH 5-6) which results in these molecules retaining a net positive
charge.! This net charge increases the potential for protein adsorption to charged interfaces.
Therefore, lysozyme can be used to model the adsorption behaviour of therapeutic antibodies
in the presence of primary packaging interfaces such as the vial surface which presents an
anionic interface in aqueous media.''* Additionally, it can be used to determine the effect of
excipients on protein surface charge which has implications for adsorption behaviour.

On the other hand, BSA is a large heart-shaped protein of about 66 kDa in size.!* Its
surface is hydrophilic, and it has a very low level of internal stability, which is linked to solution
pH, making it highly susceptible to unfolding and aggregation.1® It also has a low to moderate
melt temperature of approx. <63°C.117 BSA is known to be an adsorption-prone protein owing
to the combination of its surface-accessible amino acids and low internal stability. Its IEP is
also considerably lower and ranges between pH 4.5-5.5 which makes BSA susceptible to
physical degradation by the solution conditions.'*> Unlike lysozyme, BSA’s stability is highly
comparable to that of therapeutic antibodies owing to its lower melt temperature, propensity
for adsorption and its aggregate prone behaviour.116117 BSA stability is representative of a
broader range of biotherapeutic molecules including human albumins and as a result, can be
used to model the behaviour of therapeutic proteins when exposed to different solution and
environmental conditions. Furthermore, in contrast to lysozyme, BSA can be used to model

the stability of therapeutic proteins in the presence of packaging interfaces as BSA is

(18]



Chapter One

adsorption-prone, positioning it as a useful model for therapeutic proteins when assessing

packaging coatings on protein stability.!!8

Figure 1.5: The figure depicts lysozyme (A) and BSA (B) structures as a cartoon and is coloured
as follows: blue, a-helix; yellow, B-sheet; white, other structures. They are enclosed in an
outer shell illustrating hydrophobicity in blue. Lysozyme and BSA were visualised using their

protein data bank files 1LYZ and 3V03 for lysozyme and BSA, respectively.11%120
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Aims and Objectives

The overall aim of this thesis is to explore the impact of packaging interfaces and formulation

on the adsorption and stability of two model proteins, lysozyme and BSA, and develop novel

formulation and packaging mitigation strategies to minimise the adverse impact of protein-

packaging interactions.

The following objectives were established to achieve this aim.

Chapter Two:

To summarise the state of the art regarding the role and impact of formulation in
protein adsorption at interfaces encountered during the manufacture and storage

of therapeutic proteins.

Chapter Three:

To examine the influence of the solution environment, namely buffer type and pH,
on lysozyme adsorption and stability.

To determine the influence of lysozyme concentration on adsorption behaviour.
To understand the role of storage conditions and vial coating on lysozyme

adsorption from a high-concentration formulation.

Chapter Four:

To determine the role of different vial interfacial contact surfaces on BSA stability
when stored upright and inverted.
To evaluate leucine as a novel stabiliser against BSA aggregation induced by vial

interfacial contact surfaces.

Chapter Five:

To explore a novel phosphorylcholine vial stopper coating to mitigate BSA
instability induced by stopper interfacial contact during storage.

To determine the suitability of aerosol-assisted low-temperature plasma process
parameters for applying a thin phosphorylcholine film to the surface of vial

stoppers
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Chapter Two
2. Impact of Protein Adsorption During Biopharmaceutical Manufacture & Storage

Submitted in Part to the European Journal of Pharmaceutical Sciences

Low resolution purification

-
PRty B o @ and.f
Bt — ’ ' .
Flate Stock Flask Inoculurm Production Centrifugation Filiration Precipitation Ligyuiid ligguid
culture culture preparation bioreactor extraction

|

Chromatography Viral Polishing Wiral Diafiltration Formulation Lyophilization Quality Final
inactivation chromatography filtration (proteins, salt, controd and products
protectants, packaging
High resolution purification buffer)

[21]



Chapter Two

2.1 Abstract

Protein therapeutics contact multiple interfaces during formulation, filtration, fill-finish, and
storage processes. Interactions at these interfaces can compromise the protein's
conformational and colloidal stability through surface adsorption, potentially leading to
aggregation and particle formation. Surface-induced conformational changes in protein
higher order structures, influenced by interfacial hydrophobicity and charge, are critical
drivers of these effects. The resulting loss of active protein and increased aggregation risk
pose significant challenges to the efficacy and safety of the final biotherapeutic product. Thus,
developing strategies that minimise protein-surface interactions that compromise protein
conformational and colloidal stability during manufacturing and storage is imperative. This
review focuses on current research on biotherapeutic protein behaviour at interfaces
encountered during fill-finish and storage. Furthermore, the review introduces the factors
influencing protein adsorption and interfacial stability and current methodologies and
advancements in mitigating interfacial adsorption, emphasising rational formulation design

strategies.
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2.2 Introduction

The landscape of biopharmaceutical therapeutics has undergone significant changes driven
by the transformative role of protein and peptide-based therapies in disease treatment.?
Unlike small molecule drugs, a protein's therapeutic efficacy depends on its higher order
structure. Disruption of this structure can profoundly impact a protein's therapeutic profile.'?!
Therefore, preserving protein stability is paramount during both manufacturing and storage
processes. Proteins have a strong tendency to adsorb to interfaces, leading to a potential loss
of target concentration and alterations in conformational and colloidal stability.?”:'?2 From cell
harvesting to fill-finish and storage processes, therapeutic proteins are exposed to various
interfacial stresses such as the air-liquid, solid-solid, ice-liquid and oil-liquid interfaces.*?3
Understanding the underlying factors contributing to protein adsorption behaviour is critical

to maintaining its medical value and therapeutic efficacy and circumventing the

consequences of interfacial adsorption, Figure 2.1.

¥
AN

Product Patient

Processing and Surface Induced Quality and Efficacy
Economic Loss Aggregation Decreases
Loss of therapeutic product Aggregate formation and Increased number of
and contamination of release can cause misfolded proteins and loss
production equipment immunogenic reaction of bioactivity

Figure 2.1: The effect of protein adsorption to a solid-liquid interface and the consequences
for therapeutic protein manufacture, bioactivity, and patient safety. Created with

BioRender.com.

There have been considerable advancements in elucidating the specific mechanisms
which govern protein adsorption behaviour, leading to an increased understanding of how

intrinsic and external factors affect adsorption characteristics. However, the impact of
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protein-formulation interactions on protein adsorption behaviour during key processing steps
such as filtration, fill pumping, and storage is of considerable interest owing to the complex
interactions and the implications on product stability.'?* Understanding how excipients
influence inherent protein characteristics, including their adsorption behaviour, enables the
development of formulations that effectively control this phenomenon during
biomanufacturing and, critically, storage. Protein adsorption behaviour can be influenced by
poor excipient stability and formulation design, including excipient-surface incompatibility,
creating environments favourable for interfacial adsorption and protein instability.'?
Moreover, inadequate consideration of the surface properties of manufacturing and storage

materials, specifically their surface hydrophobicity and charge, can lead to surface-induced

conformational and colloidal instability.3>

To date, many specialised reviews have focused on various aspects of protein adsorption
during commercial biopharmaceutical manufacture and product storage, such as antibody
adsorption, the impact of interfacial stress on adsorption behaviour, the effects of high shear,
extractables and leachables, packaging, drug formulation, and delivery.?”:72123,126-132 Gayera|
reviews also focus on providing a fundamental understanding of protein adsorption
behaviour, discussing specific mechanisms of adsorption and technologies to study the
behaviour.30:3>37.133,134 However, this review provides an overview of protein adsorption
during fill-finish operations and storage and provides insights into formulation effects on this

adsorption behaviour.
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2.3 Factors impacting protein adsorption

Several adsorption models discuss random and direct surface distributions of adsorbed
protein molecules.3%133135 They interrogate the many different facets of adsorption
behaviour supported by simulations.404136-139 However, the fundamental parameters which
affect protein adsorption can be simplified into three distinct groups: (i) protein, (ii)
solution/environment, and (iii) surface properties. The effect of each of these groups on

adsorption behaviour is summarised in Table 2.1.

Molecular interactions are the fundamental forces underpinning protein adsorption.
Electrostatic interactions, including van der Waals forces and hydrogen bonding, are the
primary forces governing protein adsorption to hydrophilic and charged materials.3® The
magnitude of these interactions depends on buffer composition, pH, and ionic strength and
is influenced by the distribution of amino acids on the protein’s surface. Hydrophobic
interactions can also occur. The protein’s hydrophobic domain tends to be buried within the
3D structure when the protein is in an aqueous solution. However, these domains become
exposed and adhere to hydrophobic interfaces, disrupting the balance of intra-protein and
protein-solvent interactions.3> Protein-surface interactions at hydrophobic surfaces can also
result in significant protein denaturation which is not typically observed for hydrophilic
interfaces.'*® However, this depends on several factors, including temperature, interfacial
properties, pH, ionic strength, handling, protein concentration, charge, stability, and

excipients, #4141

However, once proteins form a surface bond, their charge and concentration can dictate
the formation of mono- and multi-layers at an interface.3°® Monolayer formation occurs
because of weak or repulsive protein-protein interactions. It depends on the strength of the
electrostatic repulsions between the protein and surface and the mass of protein adsorbed.3°
Meanwhile, multilayer formation is typically observed under specific solution and
environmental conditions.*%142 The layer formation and thickness are also influenced by the
protein's  surface  orientation, density, lateral protein interactions, and

concentration.30:110,111,143
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Table 2.1: Summary of the critical protein, solution and interfacial factors that govern protein

absorption and the associated effect.?”,30:3537,144

Effect

Proteins diffuse slowly in agueous media with
increasing size but have potentially more
sites of interaction with the interface.
Proteins preferentially adsorb to interfaces
bearing an opposite net charge. However,
even if the net charge of the surface is the

same as the protein, adsorption can still
occur, as most proteins will have localised
sites of both positive and negatively charged
residues.
Polar domains adsorb to polar or charged
interfaces, while hydrophobic domains
Hydrophobicity adsor.b to hydrophobic interfac.e.s only.
Protein Proteins with low internal stability may
expose their internal hydrophobic core to
facilitate adsorption.
. Proteins are precluded from entering and
Hydrodynamic . ) )
radius adsorbing to sites srpaller.than their
hydrodynamic radius.

Proteins with low internal stability will adsorb
in higher quantities and display higher
degrees of denaturation and activity loss.
Low protein concentrations in aqueous
solutions can form a thin film, leading to
. greater unfolding on interfacial adsorption.

Concentration . . L
High concentrations lead to more significant
protein adsorption and the formation of
viscoelastic films.
Higher temperatures result in the thermal
unfolding of the protein and an increased
diffusivity toward the interface. Unfolding

Factor Property

Size/shape

Charge

Stability

Temperature
can lead to more interaction sites with the
material and promote induced denaturation.
Buffers maintain the pH of a solution but can
Solution/environmental Buffer modify the protein’s surface charge,
composition hydrophobicity or stability. Buffers can also

modify interfacial properties.
Altering the pH can modulate the charge of
oH the interface and the protein, which can give
rise to electrostatic interactions. pH near the
IEP of the protein can also induce adsorption.
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High ionic strength solutions can result in
electrostatic shielding of protein-interface
lonic strength interactions. However, the choice of tonicifer,
their charge screening capacity and surface
hydrophobicity are critical.
Excipients can modify the protein’s
physicochemical properties in addition to the
solution and interfacial conditions altering
protein-interface interactions.

Excipients

The chemical makeup of an interface will
determine the types of protein-interface
Composition interactions: polar, electrostatic, etc. Specific
chemical groups present on the surface can
influence this.
Increased roughness provides a larger surface
area for protein adsorption and may lead to

T h
Opography spreading and denaturation along the
interface.
An interface with a high surface energy
Surface surface energy promotes adsorption, whereas low surface

energy may repel proteins from the surface
due to weaker forces.

Surfaces with a water contact angle <65°
adsorb less protein due to the inability of the
protein to displace interfacial water, whereas

>65° adsorption is expected to be more

Wettability significant. Hydrophobic materials are also
known to induce a greater degree of protein
unfolding and aggregation. However, some
hydrophobic surfaces can be adsorption
resistant.
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2.4 Protein adsorption during fill-finish and storage operations

2.4.1 Challenges in downstream bioprocessing

Therapeutic proteins are exposed to considerable stresses during production, including
interfacial adsorption, which is widely recognised as a driving force for protein unfolding,
aggregation, and particle formation.20127,128145146 Therefore, to minimise the impact of
protein adsorption on stability during downstream biomanufacturing and storage, it is
essential to carefully control the conditions under which the protein is processed and stored.
The focus of this review is to provide an update on the current research on protein adsorption
behaviour during fill-finish and storage, Figure 2.2, specifically the impact of fill pumping and

primary packaging interfaces.

/N\ Filtration [ gl
| oo B

i :L.‘:‘ Pumping
}jord-i

Filling
Formulation

Figure 2.2: Formulation and fill-finish process flow. Created with BioRender.com.

Fill pumping is a critical concern in the biopharmaceutical manufacturing process.1?8147
Protein adsorption to filling surfaces after bulk formulation and sterile filtration can induce
instability in the final product. Additionally, any particulates generated during fill pumping
can remain in the biopharmaceutical product, potentially triggering further instability upon
exposure to secondary stressors during storage. Instability induced during the transition from
drug substance manufacture to drug product manufacture, such as the bulk freeze-thaw
process, can also affect the protein's adsorption behaviour and overall stability throughout

130,148-

its production lifecycle and shelf-life. 158 Key parameters affecting protein stability

during unit operations, transport and storage are summarised in Table 2.2. Filtration
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processes, which occur before fill pumping and storage, can also present issues related to
filter particle shedding and their adsorption-associated concerns.'>*=70 For example, studies
on filtration systems have identified incompatibilities with the screen/membrane type used
for ultrafiltration/diafiltration and the system hydraulics, which can induce protein instability
and operational failure.'’! Further, Deringer et al. showed that aggregates formed during
pumping could block the filter membrane, and the tubing type was also implicated.!
Innovative mitigation strategies have focused on membrane functionalisation in the case of
protein-specific separation. Different approaches have included anion-exchange adsorption
and pH-controlled effects or increasing the hydrophilicity of the filter membrane.7>-176
Additionally, single-use bioprocess technologies require consideration for their impact on
protein adsorption and stability during biomanufacturing, as their use poses a risk for

leachables and particulate formation.®”.177.178

Table 2.2: Summary of the critical factors impacting protein stability during formulation, fill-

finish and storage operations.6>123,130.179

Unit

. Interface Stress Impact on stability
operation
. Aggregation due to ice crystal
A Cryoconcentration, GEICE . . y
Ice-liquid, L oL formation, pH-induced
e excipient crystallisation, pH L .
Bulk air-liquid, e . . denaturation, interfacial
. shift, interfacial unfolding, . .
freeze-thaw solid- unfolding and aggregation,
. temperature, cold i .
liquid , thermal-induced unfolding
denaturation .
and aggregation
o Shear, interfacial
Air-liquid, adsorption, phase
. liquid- p P . Shear-induced denaturation,
Formulation/ L separation, foaming, . . .
. . liquid, . . interfacial unfolding and
mixing ) excipient loss/degradation, ) .
solid- L i, aggregation, excipient loss
. raw material impurities,
liquid .
leachables, foreign matter
. . Loss in target concentration,
. Interfacial adsorption, . . .
Solid- interfacial unfolding and

Filtration shear, excipient

liquid loss/degradation aggregation, shear-induced

denaturation, contamination
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Shear and cavitation-induced

Shear, cavitation, foaming, denaturation, foaming

Solid- occlusion, temperature, . . .
C . . occlusion causing physical
. liquid, air- leachables, interfacial .
Filling . . . damage, thermal-induced
liquid, adsorption, foreign matter, i .
. . . - unfolding and aggregation,
solid-solid light, excipient e
. . contamination, interface-
adsorption/degradation A .
induced particles
Agitation-induced
Air-liquid, grtation
solid aggregation, light exposure
Packaging/ liquid Agitation, light, causing degradation, thermal-
labelling quuid, temperature induced unfolding and
.q . aggregation, interface-
liquid . .
induced particles
Air-liquid, Shock-induced denaturation,
solid- . supercooled d
. Mechanical shock, up .C rug
Transport liquid, - formulations can freeze,
- cavitation
liquid- leachabes, opalescence,
liquid precipitation
Interface-induced
Air-liquid, Container interactions, aggregation, leachables,
solid- leachables, interfacial excipient incompatibility
Storage liquid, adsorption, excipient- leading to particle formation,
liquid- container/closure glass lamellae formation,
liquid incompatibility coating delamination due to
formulation
2.4.2 Fill-finish

Fill-finish procedures involve filling protein therapeutics into their final primary packaging
containers, such as vials, syringes, or cartridges. This complex mechanical engineering process
includes fluid filling and sealing systems, where the interplay between shear forces and
interfacial adsorption can significantly alter protein stability downstream.° Several material
interfaces encountered during these production steps, notably stainless-steel, can influence
protein adsorption behaviour and result in surface-induced aggregation. Factors such as
surface composition, heat in the pump head, oxidative stress due to cavitation, mechanical

stress from occlusion, and particle shedding can also induce protein instability.181-18

Stainless-steel is widely used for production equipment and is associated with inducing

therapeutic protein instability.”? Stainless-steel can be problematic in fill-finish operations
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due to its anionic characteristics in aqueous solution.®%87 Due to electrostatic mediated

adsorption, therapeutic proteins can adsorb in high quantities to this material interface.86:187

Interfacial adsorption of therapeutic proteins to the surface of biomanufacturing
equipment such as stainless-steel can result in irreversible interactions and interface-induced
degradation.'®® This can be compounded through exposure of the protein moiety to varying
shear rates and environmental conditions. Degradation induced by interfacial shear rates can
be affected by the concentration of the therapeutic protein, and the combination of solution
and environmental factors can cause significant particle formation depending on the
interfacial composition. Kalonia et al. demonstrated this effect using IgG1, where exposure
to alumina or stainless-steel substrates in the presence of varying protein concentrations
impacted subvisible particle formation.'®? It was found that 1gG stability was concentration
dependent. At concentrations =50 g/L, more protein adsorbed to the stainless-steel, which
induced conformational changes and increased protein-protein interactions. Interestingly,
the shedding of adsorbed protein particles from the different interfaces due to interfacial
shear was implicated in generating these subvisible particles. Only a small fraction of
adsorbed protein was required for this to occur.®® Wu and Randolph also observed similar
findings for intravenous immunoglobulin (lIg) adsorption to steel pump surfaces and
attributed the particle count to the charge of the stainless-steel interface.' However, the

shedding of adsorbed protein films is not always a prerequisite for particle formation.

Stainless-steel is commonly employed in fill-finish operations as pumping apparatuses. In
biopharmaceutical fill-finish operations and downstream purification processes, various types
of steel pumps control the transfer of fluids. Typically, these pumps operate as either lobe,
rotary piston, rolling diaphragm, time-pressure filler, or peristaltic pumps.t°>*°? Figure 2.3
illustrates an example of the commonly used fill pumping units. Fill pumping poses a concern
due to the potential effects of friction, shear, pressure, cavitation, occlusion, and heat
produced by the pumping process on protein stability.’®> However, the effect of these
processes, particularly shearing, on protein stability during the short-filling process is likely

negligible.186'192'194‘198
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|

\

I

Figure 2.3: Schematic presentation of select biopharmaceutical fill pumping systems: rotary

piston pump (A), radial peristaltic pump (B) and linear peristaltic pump (C). The figure is

reprinted from the reference with permission of the publisher.1®°

The incompatibilities between fill pumping and protein stability can stem from the
combination of the pumping processes with unwanted protein adsorption to the type of
pump utilised for filling.®® Nayak et al. highlighted this factor, stating that the rolling
diaphragm pump, peristaltic pump, and time-pressure filler generated fewer IgG1 subvisible
particles than a rotary piston pump.'®! Roffi et al. also demonstrated that more protein
particles were generated in a rotary piston pump than in a peristaltic pump.'°® Defante et al.
observed similar issues for stainless-steel rotary piston pumps.’®®* While, Corvari et al.
identified that the rotary piston pump and time-pressure filler contributed to sub-visible
particle formation.?% It is worth noting that lobe pumping has also been implicated in the
formation of protein aggregation, likely owing to exposure of the protein solution to a large
stainless-steel interface. The piston pump-induced protein instability mechanism was
identified by Dreckmann et al., who indicated that piston pumps generate a recirculation
zone.'® This zone leads to incomplete fluid exchange in the cylinder of the piston pump,
causing repetitive exposure of the product to stress. While peristaltic pumping offers
advantages over rotary piston pumps due to its more straightforward fluid path flow,

adsorption and film abrasion remain significant issues.

While proteins avoid the stainless-steel interface during peristaltic pumping, they can still
adsorb to the tubing materials used for fluid transfer.!®3 The heat produced due to speed and
occlusion, vapour phase hydrogen peroxide, and tubing characteristics can contribute to
protein adsorption and instability during filling using this pumping technique.84201-203 The

influence of tubing material and properties has recently been implicated as a problematic

(32]



Chapter Two

interface during fill-pumping procedures, as it can affect the number of particles generated.>®
Additionally, tubing can shed particles into the solution, acting as nucleation sites for
additional protein adsorption and aggregation when combined with steel or filter
particles.’162181,182204 However, tubing material shedding can be avoided using materials

with low surface roughness and high abrasion resistance.

Deiringer and Friess identified that post-pumping particle levels differed substantially
between tubing types precisely due to the combination of material composition and
hardness.'8* The authors found that protein particle formation was linked to the stretching of
silicone tubing, and aggregation increased with higher strain beyond the breaking point of the
adsorbed protein film. Additionally, more hydrophobic tubing materials can result in faster
protein film renewal, leading to repetitive adsorption and desorption cycles that can increase
the particle count. While more rigid tubing materials appear more suitable for peristaltic
pumping, they can lead to the formation of larger protein particles.'®* Fanthom et al. also
found that solid-solid contact of the tubing materials disrupted adsorbed protein films,
leading to monomer loss and aggregation during pumping.?°* Abrasion of adsorbed protein
films from the fill pump tubing can occur as described by Deiringer and Friess in three distinct
ways: (i) stretching of the outer wall and compression of the inner wall by insertion into the
pump head, (ii) transversal stretching during squeezing of the tubing and (iii) longitudinal

stretching and compression during pump roller movement, 184201

Mitigating the impact of pump- and tube-induced aggregation and particle formation is
relatively straightforward. Alterations to the pumping process, including surfactants or charge
screening molecules, can help reduce and prevent protein adsorption and film abrasion.
Interestingly, Roffi et al. proposed a ceramic piston pump with an optimised clearance factor
and surface roughness for piston pumps to minimise protein adsorption and particle
formation.?%> With interchangeable pistons, this design yielded a customisable pumping
system that could be modified on a protein-by-protein basis. For peristaltic pumping, the
mitigation process is also relatively straightforward. In cases where hydrodynamic flow and
solid-solid contact cause abrasion of adsorbed protein films from hydrophobic tubing, using
a hydrophilic tubing material can reduce protein adsorption. Deiringer and Friess proposed a
polymer coating consisting of a PDMS backbone and (PEG) side chain, which can be applied

to both traditional silicone and modern thermoplastic elastomer-based tubing.2% Including
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surfactants, cyclodextrins, or amino acids such as arginine can limit adsorption where tubing

characteristics cannot be altered.

2.4.3 Primary packaging during storage

Once the protein product has been filled and packaged into sterile, inert materials for storage,
Figure 2.4, there is further potential for protein adsorption and instability. Adsorption to the
surface of the primary packaging is limited by the properties of the packaging material, the
drug contact surface area and the properties of the protein moiety. Surface-adsorbable
protein can undergo conformational and colloidal changes and desorb into the bulk media
after exposure to secondary stressors, where aggregation and particle formation can readily

occur. It also poses a risk for proteins in aqueous solution to exhibit altered bioactivity.

Si0,C/H,
Vials -I:
Sio,
Borosilicate,
— Glass — L K K
Aluminosilicate Syringes - $i0,C,H,
Cartridges  |— Si0,CH,
sio,
Vials ~|:
Primary Sio,C H,
Container [~ Plastic —  Polyolefin
Systems Sio,
Syringes -I:
SiO,CH,
| Fluoropolymer [— Sio,C H,
Plunger -
— Sio,C H,
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— Fluoropolymer [— SiO,CH,
Stopper -
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Figure 2.4: The most common primary packaging and container systems used for liquid
parenteral protein formulations and their associated surface coatings.®>® SiO,: silicon

dioxide; SiOxCyH;: siloxane.
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Concerns also exist regarding the shedding of glass particles, alkali leachables, tungsten,
needle glue and rubber extractables arising from glass vial packaging systems and the
elastomeric closures used for syringe plungers and vial stoppers.6>71727584389,90,207,208
Elastomeric closures represent some of the most complex primary packaging materials. These
materials are known for leaching organic compounds into parenteral protein products,
causing pH shifts and destabilising the protein moiety.®>822%° The most common strategy to
address this includes surface coating the packaging material with fluoropolymer materials,

e.g., PTFE, ETFE, and FEP. However, this approach requires assessment on a case-by-case

basis, as fluoropolymer-induced instability has previously been observed.%%210

Elastomeric closures are widely associated with silicone oil, primarily used as an interfacial
lubricant. Their purpose is to facilitate the easy insertion of the stopper into the vial or
improve the glide force for self-delivery devices.?!! Silicone oil comprises PDMS but can also
contain trace levels of cyclic polymers such as octamethylcyclotetrasiloxane.®>72 Although the
use of siliconisation for elastomeric closures and glass surfaces is established, concerns exist
owing to its propensity to leach into parenteral protein formulations.?'2?!3 Moreover,
siliconised interfaces also introduce hydrophobic sites for surface adsorption, which can
result in denaturation and instability.?** Interestingly, silicone oil droplet formation has
recently been linked to the age of the delivery device. Older syringes show reduced droplet
migration, likely owing to greater annealing of the silicone oil over time.?'> Further, the
syringe source, siliconisation process, excipient type, and concentration significantly

contribute to oil droplet migration into the formulation.?16

Covalently bonded, baked and cross-linked siliconisation methods have been developed
to address concerns related to the exposure of the therapeutic cargo to the oil-water
interface.?”?17.218 These methods are superior to the conventional spray-on or liquid silicone
oil application techniques in reducing silicone oil leachables, protein particle formation, and
protein-PDMS particle formation.%8217.219.220 Exposure to autoclaving post-coating can change
the surface topography of siliconised surfaces prepared with bake-on methods.??* Moll et al.
showed that autoclaving can turn a homogenous silicone coating into a non-homogenous,
micro-structured surface with increased protein adsorption, particularly at high sterilisation
temperatures.??! Nevertheless, the bake-on approach is a viable alternative to sprayed-on

silicone oil coatings. Further, the use of cross-linked silicone is reported to be advantageous
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over baked-on silicone coatings because it has superior adhesion to the glass and elastomeric
closures, Figure 2.5, reducing migration of silicone oil droplets into the solution owing to
resistance to chemical attacks by the formulation and is compatible with staked needle
devices.””98218 plasma deposition has also been shown to covalently bond inert silicon-based
coatings to primary packaging systems.1%8199 Notably, it has been shown that silicone oil alone
is often insufficient to trigger aggregation.??? Still, lower molecular weight silicones can lead

to the most rapid denaturation and aggregation.?°223

. ‘ 2
Parenteral Protein Formulation
D ; ..
Ce I o2

Glass

Figure 2.5: Cross-linked silicone coating applied to primary packaging surfaces. This coating
technique ensures a tighter, more uniform layer thickness, significantly reducing silicone
particle leachables compared to traditional silicone coatings. Inspired by Depaz et al.*®

Created with BioRender.com.

While there is an impetus to improve siliconisation techniques for primary packaging
systems, silicone-free devices are the subject of increased research interest owing to the need
for packaging devices for silicone-sensitive medicines. Current research into silicone-free
packaging devices focuses on two packaging solutions: (i) polymeric storage materials and (ii)
uncoated borosilicate glass with fluoropolymer elastomeric closures. Several studies have
compared glass and polyolefin materials and their subsequent impact on protein adsorption

and stability. Yoneda et al. investigated adalimumab and abatacept adsorption at the syringe
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interface in both borosilicate and cycloolefin polymer syringes.??* Both proteins were found
to form multi-layered structures consisting of two distinct layer types. Proteins adsorbed on
the surface of the syringe material, and proteins adsorbed on top of the proteins on the
syringe surface. A pH-dependent, electrostatic interaction was the dominant force for protein
adsorption onto the glass surface, while hydrophobic effects were dominant for protein
adsorption on the polymer surface. Interestingly, when the repulsive forces between proteins
were weak, protein adsorption increased for both materials and protein aggregation
increased. Maruno et al. highlighted that the olefin polymer syringe barrels were superior at
preventing protein interfacial binding compared to glass while Werner et al. suggested that
polyolefin syringes could effectively replace glass syringes because they offer similar chemical

stability over long-term storage.”?

These polymeric storage devices offer a viable alternative for packaging biologicals where
more stringent storage requirements are needed.??>?2% Their primary limitations include a
higher oxygen permeability and a propensity for sterilisation-induced radical generation,
which heightens the risk of oxidative damage for liquid parenteral proteins.??” However,
secondary packaging, such as an oxygen absorber and nitrogen-filled aluminium pouches, can
help address this issue.”®??8 SiO,-coated polymer packaging has also been developed to
harness the benefits of polymeric storage materials and glass packaging devices without their

respective drawbacks.?2%:230

The vial stopper and syringe plunger have also been scrutinised due to studies
determining that these materials are significant sites for protein adsorption and instability.
Soeda et al. implicated the vial stopper as a site for surface-induced protein aggregation.
When coated with silicone oil, visible protein-PDMS particles can release in the bulk
solution.® Modifying the siliconisation method or applying a fluoropolymer coating have
been employed as risk mitigation strategies, as mentioned earlier. Teska et al. compared the
effects of accelerated stress conditions on protein stability in contact with a novel
fluoropolymer surface and the typical siliconised surface.®® The authors showed that protein
particle formation was much lower during agitation with the fluoropolymer surface than the
siliconised surface. Reduced particle formation and consistent break-loose gliding forces were
also found for glass-PTFE syringe plunger systems.’® However, Grapentin et al. showed that

despite the potential benefits of fluoropolymer coatings, there are inherent limitations due
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to the risk of fluoropolymer particles shedding from the surface, indicating susceptibility to
degradation by the formulation over time. Recovery of filtered solutions showed that
microscopic fluoropolymer particles, Figure 2.6, were detected as identified by Fourier-
transform infrared spectroscopy (FTIR).%® One of the critical causes of this particle formation
is mechanical shock during transport and handling.23%-233 Additionally, scope exists to mitigate
protein adsorption to primary packaging by developing innovative surface coatings, as seen

with polyglycerol, PEG and SiO coatings to pharmaceutical glass.19>:108:206

Sizing and chemical identification of particles by FTIR Microscopy

— . —

Protein

~ -

Protein-PDMS

Filter overview = ——> Detail particle images ——> FTIR spectrum

Fluoropolymer

Reflectance (%)

Wavenumber (cm')

Figure 2.6: Sizing and chemical identification of particles produced from pharmaceutical vial
stoppers analysed by FTIR microscopy. Sizing identified particles of 225 um in length suitable
for chemical analysis (rectangular boxes), scale bar 100 um. FTIR analysis identified protein,
protein-PDMS and fluoropolymer particles. The figure is reprinted from the reference with

permission of the publisher.%®
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2.5 Formulation strategies to reduce protein adsorption
2.5.1 Excipient selection

Excipients are crucial in pharmaceutical formulations, particularly in stabilising protein-based
therapeutics. They can act as competitive surface-active agents or mitigate undesirable
protein interactions at interfaces, Figure 2.7.%3 Surfactants and recombinant human albumin
are the primary excipient choice to mitigate adsorption especially for low concentration liquid
parenteral protein formulations. However, other excipients, like buffers and amino acids, can

also potentially protect the protein from interfacial adsorption.

(B)

Figure 2.7: Excipients used to mitigate protein adsorption and their associated mechanisms.
Illustration of surfactant pathways used to prevent protein adsorption where either
surfactant engages in interfacial binding as a mechanism of anti-adsorptive behaviour (A) or
surfactant forms protein-surfactant complexes of low adsorption affinity (B). Additionally,
charged amino acids such as arginine can participate in molecular crowding (C), and
hydrophobic amino acids such as leucine can reduce the surface tension (D). Created with

BioRender.com.
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2.5.2 Surfactants

Surfactants are widely used in biomanufacture and biopharmaceutical products as anti-
adsorptive agents due to their established role in interfering with protein-surface interactions
Table 2.3.>! The surfactants used are typically small, non-ionic surfactants. They compete with
the therapeutic cargo for space at the interface, displace adsorbed proteins or form
complexes with the protein, inhibiting surface adsorption.?3423> However, the efficacy of
many surfactants can be influenced by the packaging surface's composition.®? Further,
surfactant effectiveness can depend strongly on formulation pH, buffer and salt composition,
and interface hydrophobicity and charge.”*?3% Four surfactants, PS80, PS20, Pol188 and
Pol171, have been approved and included in commercial liquid parenteral protein

formulations.!

PS80 is the most widely used surfactant in protein formulations owing to its interfacial
stabilising properties.}?37238 |t has been used for many studies to assess protein interfacial
stability both for fill pumping and storage conditions. Her and Carpenter studied the effect of
PS80 on the interfacial binding of Ig to three commercial peristaltic fill pumping tubing
materials.?3° In agreement with other literature, the authors found that adsorption occurred
depending on material type, and protein film abrasion resulted in particulate formation.
However, including PS80 0.1% w/v effectively prevented the interaction between the
interface and the protein. Interestingly, it was also observed that with the appropriate choice
of buffer, particle formation could be significantly reduced. Deiringer et al. also showed that
protein particle formation and size distribution were influenced by the formulation
parameters, specifically ionic strength, for protein adsorption to silicone rubber tubing.*®> Like
Her and Carpenter, surfactant use, in this case, PS20, could effectively screen against protein-
surface interactions by increasing the hydrophilicity of the tubing. However, using
polysorbates as an interfacial stabiliser does not guarantee success in mitigating adsorption-
induced instability. As observed by Wu and Randolph, the inclusion of PS80 did not prevent
surface-induced particle formation when a piston pump apparatus for biotherapeutic fill

pumping was used.®

Additionally, it is well known that polysorbate surfactants are associated with chemical

instability because of the hydrolysis of the ester bond, auto-oxidation, and cleavage of the
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ethylene oxide subunit.6%12>240 The formulation has also been shown to impact degradation,
with buffer choice accelerating oxidation.?3¢ Further, glass leachables such as aluminium have
also been associated with causing free fatty acid particle formation due degradation of
polysorbate surfactants.’?4! Additionally, polysorbates are associated with visible and sub-
visible particle formation in polysorbate-based biotherapeutic products. A recent study by
Poumarede et al. observed the accelerated oxidation of PS80 in a polysorbate-containing
formulation in contact with platinum-cured silicon tubing during filling for an extended period
(~1 h).?*2 This was attributed to the leaching of radical initiators from the platinum-cured
silicon tubing, which the authors suggested were organosilicon peroxides decomposed by
iron. Polysorbate oxidation has been reported to initiate degradation during storage, which
can significantly affect protein stability.?*3 The primary mitigation strategy proposed by the
authors is to avoid iron traces, add a chelating agent such as ethylenediaminetetraacetic acid
or reduce the filling time. Using a peristaltic pump, the authors also evaluated the impact of
a thermoplastic elastomer-based tubing on PS80 stability and filling performance. This tubing
type proved to be more rigid and required higher oscillations for filling, which is undesirable
despite the reduced particle formation.?*? Only Pol188 has been considered a meaningful
alternative to polysorbate surfactants in protein formulations due to its similar stabilising
efficacy to PS80 and its potential for bulk freezing and fill pumping where other mitigation

strategies fail .>>°960

Beyond formulation, surfactants also present limitations in biomanufacture. Surfactant
adsorption to the mixing, filter and pumping materials leads to a loss in the available
concentration.66244245> While this can help prevent interface-mediated protein instability by
altering the substrate's surface properties, it can potentially present issues during storage due

to insufficient surfactant concentration.166:179,246

Despite the evidence for the protein-stabilising effects of surfactants, they can also have
a detrimental impact on primary packaging materials, specifically their surface coatings.®®
Kannan et al. studied the effects of PS20 (0.01% w/v or 0.1% w/v) on the silicone oil-liquid
interface in a pre-filled syringe and compared its results with Pol188. PS20 produced lower
interfacial tension than Pol188, which made PS20 more effective at mitigating adsorption to
the oil-water interface.®* Additionally, the presence of PS20 lowered the aggregation

propensity of IgG1. However, despite the apparent advantage of PS20 use over Pol188, the
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lower interfacial tension led to more oil droplets in the agitated mixtures. Another concerning
aspect of surfactant-packaging interactions is the effect of the formulation components on
the syringe and cartridge plunger break-loose glide force. Excipients such as buffers, sugars
and surfactants can all affect the break-loose glide forces due to their interactions with the
silicone oil coating on the surface of the glass.?*” Specifically, PS80 has been identified to
increase the glide force owing to induced changes in the structure of the silicone oil lubricant
after exposure to thermal stress.?*”2*8 However, Pol188 does not have the same impact on
device functionality due to its lower interfacial activity.®4#?*° Proteins have recently been
observed to have a similar effect depending on their physicochemical characteristics.'®” While
there is a rationale for Pol188 use in siliconised pre-filled devices because of the limited air
phase, its use in vials warrants caution. This is because poloxamer has been reported to have
lot-to-lot variability, specifically exhibiting differences in the surfactant’s hydrophobicity.?>°
As mentioned earlier, protein-PDMS mixed visible particles have also been observed where
Pol188 is employed as a surfactant in liquid parenteral protein formulations stored in contact
with the stoppers of glass vial containment systems. This can also be attributed to this

surfactant type's higher hydrophilic-lipophilic balance (HLB) value.

Novel surfactants are required to overcome the limitations of those currently available.?>!
In terms of interfacial adsorption and stability, Brij® surfactants, notably polyoxyethylene
cetyl ether (Brij® 58) and polyoxyethylene lauryl ether (Brij® 35) as well as sugar-based
surfactants and cyclodextrins, namely 2-hydroxypropyl-B-cyclodextrin, Table 2.3, have been
indicated as potential alternatives to polysorbate surfactants for biotherapeutic manufacture
and storage.>3°>°6,62,125252-262 |nterestingly, combining cyclodextrins with polysorbates may
also provide a route to optimal stabilisation.?6® Additionally, lyso-phosphatidycholine has
recently been identified as an alternative to polysorbate surfactants, displaying similar
interfacial stabilisation properties.?®* Another promising surfactant, N-myristoyl
phenylalanine polyether amine diamide (FM1000), which incorporates a phenylalanine
moiety into its structure, has exhibited significantly faster adsorption dynamics at interfaces
than traditional surfactants, improving stabilisation against agitation-induced aggregation.%>-
267 Research into FM1000's molecular mechanisms highlighted the critical role of its

hydrophobic tail length, with the 14-carbon chain proving optimal for reversible protein

adsorption and enhanced stability.?%® Furthermore, its stability in downstream processing
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steps, e.g., ultrafiltration/diafiltration and its compatibility with parenteral packaging exposed

to external stressors suggest its suitability for biotherapeutic production.26%270

2.5.3 Other excipients

While surfactants are the predominant class of excipients that can minimise protein
adsorption, other excipients (buffers, tonicifer, albumin and bulk stabilisers) also act to inhibit
protein-surface interactions, Table 2.3.3%271 There has been an increased focus on excipients
like sugars, polyols, and amino acids, which prevent protein adsorption due to their ability to
suppress electrostatic interactions between the protein and interface. Additionally, they can
stabilise the protein by preferential exclusion or binding. Disruption of the protein’s hydration
layer can impact its adsorption to hydrophilic and hydrophobic surfaces, thus altering its
adsorption behaviour. Arginine is effective in preventing aggregation and the binding of
proteins to surfaces.*® Moreover, arginine has been shown to displace adsorbed proteins and
slow the kinetics of irreversible adsorption.>”2’2 The prevailing theory is that arginine can bind
to the surface of a protein and suppress protein-surface interactions by hindering
hydrophobic and electrostatic interactions.?’3 Arginine is proposed to adhere to the protein’s
aromatic residues implicated in surface adsorption.>” A key limitation to arginine’s application
is the high molar concentration required to see appreciable effects. Moreover, the choice of
counterion is also essential, as arginine HCl has been reported to destabilise proteins.?’4
Arginine aspartate or arginine glutamate has been reported to offer superior stabilising
effects.?’> Lysine was also explored as an adsorption suppressor and similar anti-adsorption
properties were noted, but weaker effects were observed compared to arginine.>” Glycine
was shown to be ineffective because it has no additional side chains/functional groups that
could disrupt protein-interface interactions.”” While not investigated for their adsorption-
reducing properties to our knowledge, hydrophobic amino acids such as leucine and valine
can lower the interfacial tension at air-liquid interfaces.”®?’® Phenylalanine, has been
investigated for freeze-dried formulations, may also display similar properties.?’” They could

be viable excipients for protecting proteins from hydrophobic interfaces.>®276

Sugars have been investigated in several protein adsorption studies for their potential to
reduce adsorption. Wendorf et al. probed the effect of trisaccharides, disaccharides,

monosaccharides, and 6-carbon polyols on the adsorption behaviour of three model
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proteins.?’® As the concentration of sugar increased, the amount of protein adsorption
decreased. At equivalent concentrations, the ability of the sugar to reduce adsorption
followed the trend where trisaccharides > disaccharides > 6-carbon polyols >
monosaccharides. The authors proposed that the heat of the solution of amorphous
saccharides correlated to the relative protein stability within the formulation and was
responsible for reducing surface adsorption. Similar results were seen for trehalose, sucrose,
glucose, glycerol, and dextran.””?7%280 Suygars and amino acids are attractive protein
formulation excipients because they can increase the therapeutic protein's conformational

and thermal stability and act as an interfacial binding inhibitor.

Albumin is another stabiliser used to prevent the interfacial adsorption of therapeutic
proteins. It has been employed as a sacrificial protein in commercial formulations to coat
primary packaging to inhibit the adsorption of the therapeutic moiety.3®?’! Protein-albumin
interactions have been reported to occur and alter the bioactivity of the active protein.?8!
Albumin’s use has declined owing to concern over disease transmission. However, the
development of recombinant albumin, helped address these concerns, and consequently it

has regained attention as an excipient.?%?

Buffers can also help preserve a protein's stability, and buffer choice should be considered
in conjunction with the protein's physicochemical properties, e.g., IEP.>° Buffers are primarily
responsible for maintaining solution pH and are usually formulated with tonicifiers such as
NaCl or KCI to maintain ionic strength.! Buffer type, pH, and ionic strength greatly influence
protein adsorption as they can alter the charge of the protein and the substrate depending
on their respective IEPs. Different buffers can have varying ionic strengths and affinities for
proteins and surfaces, affecting protein interactions with solid interfaces. Adding tonicity
agents to buffered solutions adds another layer of complexity to adsorption behaviour.
Mathes and Friefs demonstrated that IgG1 adsorption to Fiolax® Type 1 borosilicate glass vials
depended on formulation pH and ionic strength and, to some degree, on the tonicifer type.'#
Adsorption was highest at pH 4, and it steadily decreased with increasing pH due to the
change in the zeta potential of both the protein and the glass surface. At pH 7.2 and pH 8.6,
an increase in the NaCl concentration led to a decrease in the amount of IgG adsorbed owing

to a screening effect from the Cl ions. In contrast, at pH 4.0, adsorption increased because of

increased hydrophobic interactions between IgG and the surface caused by the NaCl.
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Substitution of sodium sulfate for NaCl produced similar adsorption profiles at pH 7.2 and 8.6.
However, at pH 4.0, sodium sulfate led to a more significant increase in adsorption. Similar
ion effects have been noted for siliconised surfaces and polyolefin surfaces.”*°283 Some
buffers can considerably affect therapeutic protein stability by altering the formulation pH
when exposed to thermal stress, such as freezing.”®284 Therefore, choosing the correct salts
based on the intended use and required solution pH is paramount to minimise the effect on

protein adsorption and stability.
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Table 2.3: Excipients, mechanisms for reducing protein adsorption, advantages and critical considerations.

Excipient Mechanism Advantages Considerations
e Highly effective at preventing
e Compete with proteins for adsorption
space at the interface e Can desorb proteins from e Chemical instability (hydrolysis,
e Form complexes with proteins interfaces oxidation)12°:240,243,285
to reduce adsorption e Compatible with a range of e Varying efficiency based on buffer, pH, ionic
Surfactants e Displace proteins from the solution conditions strength and interface>*62:23

interface
e Alter the surface properties,
e.g., lower surface energy,
steric barrier

e Low concentration required
e Canincrease protein stability
and solubility
e Effective for a range of
interfaces

e Can degrade or be degraded by siliconised
surface5216'248'286

e Require high HLB value to be fully effective®*

e Form inclusion complexes

with proteins

Cyclodextrins p )
e Compete with proteins for

space at the interface

e Enhance thermal and
conformational stability
e Effective in a wide range of
solution conditions

e Potential for interactions with other
excipients
e Weak interfacial stabiliser?®’
e Some derivatives can be destabilising>®
e May be more effective if combined with
other excipients?63
e Specific effects can vary and may be
limited2>’
e Similar degradation concerns to

disaccharides and polyols'?>
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e Suppresses hydrophobic and
electrostatic interactions
Amino acids e Act as molecular crowders
e Alter the surface properties,

e.g., lower interfacial tension

e Enhances protein stability and
solubility
e Can desorb proteins from
interfaces

Specific effects can vary and may be limited
e High concentrations required>’
e Potential to destabilise protein?’4288

e May require mixtures to be effective?88289

e Compete with proteins for
space at the interface
. e Can displace adsorbed
Albumin )
proteins
e Alter the surface properties,

e.g., increased hydrophilicity

e Readily adsorbs to surfaces
e Functional with a diverse
range of surfaces and solution
conditions

e Highly unstable with a tendency to self-
associate

e May form a non-uniform heterogeneous

layer
e Requires other excipients to maintain

stability>*°

e Risk of interaction with the therapeutic

protein291-293

e Potential to alter the bioactivity?8!

Increase protein stability via a

Disaccharides & ] )
protective hydration shell
Polyols ) i ]
e Increase solution viscosity

e Enhance thermal and
conformational stability
e Higher viscosity reduces
protein mobility in aqueous
solution
e Functional with a diverse
range of solution conditions

Can be prone to degradation under certain
conditions'?

May require surfactants to provide adequate
stabilisation

e Limited effectiveness
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Can reduce adsorption when

optimised

e Maintain solution pH

e Choice of buffer critical to minimise adverse

interactions>#114:236
) e Can control the charge . .
e Alter the surface properties, i e Challenging to balance the chemical
imbalance between the . .
e.g., surface charge, surface . properties of the surface with those of the
Buffers - protein and the surface .
hydrophobicity - ) protein
. e (Can stabilise the protein o )
e Can alter protein surface . . e Limited effectiveness
. against unfolding and _ .
charge or hydrophobicity i e Potential concentration effects
aggregation
i Interface dependant
e Wide range of buffers
o ) e Incorrect selection or concentration may
L e Can screen protein interaction ) . .
e Maintain ionic strength and i ) lead to instability, reduced solubility or
) with the interface
osmotic pressure of the
Tonicifiers

. e Functional in a range of
solution

e Can alter protein surface

solution environments and
charge or hydrophobicity

surfaces

e Wide range of salts

increased adsorption>4114.283
May conform to Hofmeister series effects

Potential concentration and pH effects

e Limited effectiveness

e Interface dependant
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2.6 Conclusions

Protein adsorption presents significant challenges within the pharmaceutical industry,
particularly in the manufacturing and storage of biotherapeutics. The interfacial adsorption
of protein molecules can lead to the formation of protein particles, which are implicated in
adverse immune responses. This necessitates diligent mitigation strategies throughout the
bulk freeze-thaw, formulation/mixing, filtration, fill-finish, transport, and storage stages to
avoid increased processing costs, alterations in bioactivity, and a decline in therapeutic quality
and efficacy. The complex interplay of factors influencing adsorption behaviour, such as the
type of interface and the stresses encountered, must be carefully managed. Further, it must
be recognised that excipient-interfacial incompatibility can induce protein instability during
the production lifecycle and product shelf-life. Formulation compatibility studies are required
to determine the suitability of the different production interfaces with therapeutic protein
stability. Moreover, it is critical to assess excipient-packaging interactions before storage as
evidence for surfactant-container/closure coating incompatibility, which has been identified
as a root cause of particle formation. Opportunity exists for developing and optimising novel
filter membranes, fill pumping units, tubing types, packaging materials, surface coatings, and,
most importantly, introducing novel excipients. Additionally, there is strong evidence for the
rational selection of buffer and tonicifer salts to control adsorption and stability, particularly
during storage. It is imperative to design biotherapeutic products to consider the impact of
interfacial stress and the interplay between protein stability and formulation. Overall, this
review extends the scope of current literature by integrating discussions on formulation

approaches, fill-finish unit operations, and primary packaging considerations.
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3. Lysozyme Adsorption to Borosilicate: Influence of Buffer pH and Type
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Chapter Three

3.1 Abstract

Due to the ionic nature of borosilicate glass, electrostatic interactions between therapeutic
proteins and glass packaging materials can readily occur. These interactions can be altered by
formulation parameters such as solution pH, ionic strength, and salt choice. Buffers control
the pH of protein formulations and contribute to protein stabilisation, but their role in
protein-glass interactions has yet to be characterised. This study aims to understand protein
adsorption to borosilicate glass by examining the influence of buffer type at pH values from
pH 3.6-7.4. Protein stability, concentration, storage conditions, and vial coating on lysozyme
adsorption were also evaluated. Changes in solution pH altered the zeta potential of both
borosilicate glass and lysozyme, indicating potential differences in electrostatic interactions
with buffer pH. Quartz crystal microbalance with dissipation (QCM-D) examined lysozyme
adsorption behaviour on the borosilicate surface. At low lysozyme concentrations, layer
formation on the surface was thin and rigid, while at high concentrations, it was viscoelastic.
QCM-D revealed lysozyme’s adsorption insensitivity to buffer type but confirmed sensitivity
to buffer pH. More significant adsorption occurred at higher pH due to increased electrostatic
interactions. In commercial vials, adsorption was marginally higher in uncoated vials than
in SiOz-coated vials and increased when lysozyme was exposed to higher storage
temperatures. The findings show that while buffer pH can alter lysozyme adsorption
behaviour in its native form due to electrostatic interactions, higher storage temperatures

can lead to more significant adsorption.
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3.2 Introduction

Protein adsorption is a spontaneous phenomenon that occurs when a protein encounters an
interface. Several factors contribute to adsorption, including solution environment, interfacial
properties, and inherent protein characteristics.?’3%442% This phenomenon poses a challenge
for therapeutic protein production and storage due to the quantitative loss of therapeutic
cargo.'?®178 This loss can be exacerbated if the formulation design and interfaces encountered
during the protein's manufacture and storage promote adsorption.'8 Additionally, changes
in protein stability due to interfacial adsorption can affect the protein’s therapeutic
efficacy.?”1?3 Therefore, understanding the factors that govern protein adsorption is crucial
when developing stable therapeutic protein formulations and selecting suitable materials for

their manufacturing and storage.

Investigations into the influence of solution conditions on protein adsorption to
borosilicate glass packaging have highlighted the effects of formulation pH and ionic
strength.>#114 pH effects on protein adsorption are well characterised and depend on the
formulation pH relative to the protein's IEP and the substrates. At pH values in the region of
the protein's IEP, hydrophobic interactions or surface-induced structural changes can
occur.!* lonic strength has been found to reduce adsorption through charge screening
effects, except under acidic pH conditions where the opposite effect may be observed.'* The
choice of salt type for modulating ionic strength can significantly impact adsorption, especially
in acidic conditions where salts with high charge screening capacity can increase protein-
surface interactions.'* Similar ion effects have been observed for alternative packaging
surfaces such as siliconised and polyolefin materials.>*°1283 Moreover, pH, ionic strength, and
salt type can affect the physical stability of therapeutic proteins, and formulation approaches

that destabilise the protein can further induce adsorption to solid interfaces.??

Due to the confounding effects of pH, ionic strength, and salt type on protein adsorption,
buffer type is crucial in protein formulations. Buffers can play a role in influencing protein
adsorption primarily through transient hydrodynamic, hydrophobic, and electrostatic
interactions.”%2°® Despite the widely recognised impact of buffer type on protein stability,
scope exists to further focus on the relationship between buffer components and protein

adsorption to primary packaging.>® Furthermore, with the growing use of amino acids in
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parenteral protein products, exploring the adsorption behaviour of proteins from amino acid-

based buffer formulations, particularly with borosilicate glass packaging, is required.!

Borosilicate glass possesses numerous properties, making it the ideal choice for packaging
liquid parenteral protein products. However, its strong anionic characteristics in aqueous
solutions can result in irreversible protein-surface interactions.?®5>114 To mitigate protein-
glass interactions, inert coatings such as SiO, may be applied to the glass inner surface.
However, these coatings may still acquire a protein film over time.!%® If uncoated, the
composition of the vial contact surface may be affected by the formulation composition or

storage environment, which can also alter protein adsorption behaviour.

This study examines the influence of buffer type and pH on the adsorption behaviour of
the model protein, lysozyme, to borosilicate glass. Lysozyme was chosen for its IEP of approx.
pH 10-11, making it weakly cationic in the buffering media commonly used for parenteral
formulations.?12°7 This allows for the modelling of the adsorption behaviour of therapeutic
proteins such as mAbs to borosilicate glass. mAbs are commonly formulated to be cationic to
maintain stability, but their charge can be readily influenced by buffer type.?®® Buffers can
cause charge inversion or neutralisation which has the potential to produce an altered
adsorption profile especially in the presence of glass-based primary packaging.'!*

To evaluate the impact of buffer type and pH on lysozyme adsorption behaviour, QCM-D
was employed. QCM-D can provide information on the mass of adsorbed protein, adsorption
kinetics and the properties of the adsorbed protein layer.?®®* Mass adsorbed is monitored by
observing changes in frequency (AF), where a decrease denotes mass gain, and layer
properties are measured by an increase in dissipation (AD). Additionally, the physical stability
of lysozyme in each buffer system was determined, as changes in protein stability can affect
its adsorption behaviour.?”2°> Electrostatic and, to a lesser extent, hydrophobic interactions
are reported to influence adsorption to glass.'** Therefore, the zeta potential of lysozyme and
borosilicate was evaluated in the buffer media. Finally, the study compared the mass of
lysozyme adsorbed to uncoated (Fiolax® Type 1) and SiO;-coated (Fiolax Type 1 Plus®)
borosilicate glass vials under ambient and elevated temperature storage conditions using a

high-concentration protein formulation.
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3.3 Materials & Methods
3.3.1 Materials

Formulation components, reagents and consumables were purchased from Merck, Ireland
unless otherwise stated. SYPRO® orange dye (Invitrogen™) was supplied by ThermoFisher
Scientific, Ireland. Clear, non-skirted, 96-well PCR plates and clear thermal seals were
purchased from Bio-Rad, Ireland. The borosilicate sensors for QCM-D were purchased from
Particular Sciences Ltd., Ireland. SCHOTT 10R/10 mL Fiolax® Type 1 and Fiolax Type 1 Plus®
borosilicate vials and 20 mm freeze-dry vial stoppers were obtained from Adelphi Healthcare

Packaging, UK.

3.3.2 Methods
Buffer preparation

L-histidine (L-His) and L-glycine (L-Gly), 10 mM buffers, were prepared by dissolving histidine,
histidine HCI or glycine in deionised water and adjusting to the relevant pH by addition of 1
M HCl or 1 M NaOH. Sodium phosphate (Na-Phos) and sodium citrate (Na-Cit) 10 mM buffers
were prepared by adding sodium phosphate dibasic and sodium phosphate monobasic or
citric acid and sodium citrate tribasic dihydrate to deionised water. All buffer solutions were
filtered using a 0.45 um polyvinylidene fluoride filter before use. The pH of all buffers was
confirmed using a Jenway 3510 benchtop pH meter (Cole Palmer, Ireland). All protein
solutions were filtered through a 0.22 um polyethersulfone filter. Sample handling was

performed in Eppendorf® low adsorption tubes.

Lysozyme and borosilicate characterisation
Lysozyme secondary structure

Far-UV circular dichroism (CD) spectroscopy analysis of lysozyme solutions (1 mg/mL) was
conducted using a CD spectrophotometer at 25°C (Chirascan, Applied Photophysics). The CD
spectra were measured with a path length of 0.01 cm ranging from 185 nm to 260 nm,
bandwidth 1 nm, spectral resolution 1 nm and 1 s/point at 25°C. The average of three spectra

was obtained, and a 5-point smoothing algorithm was applied after correction of the solvent
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baseline for each independent replicate. Histidine buffered solutions were not analysed due
to the strong absorptive behaviour at the wavelength range of interest. All measurements
were performed using three independent replicates, n=3. Lysozyme in deionised water was
used as a positive control, and a heat stressed aqueous solution of lysozyme (1 mg/mL) was
used as a negative control. Heat stressed samples were prepared by heating the sample at
5°C/min from 20-75°C within the instrument. Protein conformational information was
guantified using CD neural networking (CDNN) software over the wavelength range of

interest, 195-260 nm.

Lysozyme thermal stability

Differential scanning fluorimetry (DSF) was performed using a CFX96™ RT-qPCR (Bio-Rad)
instrument and SYPRO® Orange Dye. Lysozyme (1 mg/mL) solutions (48 uL) were dispensed
into clear 96-well PCR plates with SYPRO™ orange dye (2 uL), diluted 100-fold and overlaid
with a clear thermal seal to prevent evaporation. Fluorescence was measured using the
hexachlorofluorescein (HEX) (560-580 nm) filter with an excitation wavelength of 515-535
nm. During the DSF experiment, the temperature was increased from 20-95°C in 0.5°C steps
with 10 s hold time for equilibration at each step. Data was collected using three independent
replicates, n=3, and lysozyme (1 mg/mL) in deionised water as a positive control. Melt curve

determination was performed using Bio-Rad CFX Maestro.

Lysozyme size distribution

Lysozyme (1 mg/mL) solutions were prepared fresh before size exclusion chromatography
(SE-HPLC) analysis. Analysis was performed using an Agilent 1200 Series HPLC equipped with
a Phenomenex BioSep SEC-s2000 column. Measurements were performed using 20 mM Na-
Phos buffer pH 5.9 supplemented with 300 mM NaCl and 10% acetonitrile as the mobile phase
at a 1.0 mL/min flow rate. The injection volume was 10 pL, and the total run time was 20 min
with a detection wavelength of 280 nm. Data was collected using three independent
replicates, n=3, and lysozyme (1 mg/mL) in deionised water was used as a positive control.

Data analysis and processing were performed using OpenLabs CDS.
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Determination of zeta potential of lysozyme and borosilicate microparticles

The zeta potential of lysozyme (1 mg/mL) in each buffer solution was measured with
disposable folded capillary cells (DTS1070) with the minimum required volume of 750 pL using
a Zetasizer nano ZS (Malvern Panalytical) operated in protein analysis mode with 60 s delay
between measurements. The settings were as follows: protein as material (refractive index
1.450 and absorption 0.001) and water as dispersant (viscosity 0.8872 cP, refractive index
1.330) at 25°C. Three independent replicates, n=3, of each sample type, were analysed in
triplicate. Zeta potential measurements were also performed for borosilicate glass
suspensions. Borosilicate suspensions were prepared in the following manner. Borosilicate
substrates (glass coverslips) were cleaned in an ultrasonic bath with acetone followed by
isopropanol. Then, three washes were performed in ultrapure water for 15 minutes each and
left to air dry. Borosilicate glass was then ground in a mortar and pestle until a fine powder
was obtained. The powder was separated using a molecular sieve (Retsch) with a pore size of
38 um. The borosilicate particles were divided equally (20 mg) into 2 mL tubes and suspended
in 2 mL of each buffer solution. The vials were allowed to rest until the particles sedimented,

and the supernatant was collected for zeta potential analysis as described.

Quartz crystal microbalance with dissipation monitoring of lysozyme adsorption

Lysozyme adsorption onto borosilicate sensors was measured using a Q-Sense® E4 QCM-D
system. For all measurements, the sensors were washed with 2% sodium dodecyl sulfate, 70%
ethanol and deionised water in an ultrasonic bath and then gently dried under nitrogen
before mounting on the instrument. Buffer was subsequently passed over all sensors for a
further 15 min to aid cleaning, followed by equilibrating for 5 min to establish the baseline
frequency and dissipation. Thereafter, lysozyme solutions (1 mg/mL or 25 mg/mL) in the
different buffers were introduced separately, perfusing for 15 min. During measurement, AF
and AD were recorded. Sensors were flushed with the corresponding buffer for 10-15 min to
determine the reversibility of adsorption. All experiments were conducted at a flow rate of
100 pL/min. Average values of AF and AD (overtone #7-harmonic 7 above the fundamental
note) were reported for analysis as no differences in overtones were obtained. As the AD
were near zero and the AF harmonics overlapped (Figure $3.1) at the 1 mg/mL concentration,

the mass of lysozyme layers was calculated based on the Sauerbrey equation and
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guantification was performed at time=30 min using QTools software. Three independent
replicates, n=3, were analysed for each sample type. Dissipation values less than or at 0*107®
were excluded from the analysis. The equations for quantification (Eg. 1) and dissipation (Eq.

2) are provided in the Appendix.

Quantitation of lysozyme adsorbed to borosilicate vials

Lysozyme (25 mg/mL) solution in 10 mM histidine buffer pH 6 was aliquoted in 3 mL volumes
into the borosilicate vials (Fiolax® Type 1) and borosilicate vials with a chemically bonded SiO;
coating (Fiolax Type 1 Plus®). This corresponds to an approximate contact surface area of 8.74
cm? for the Type 1 and 8.64 cm? for the Type 1 Plus® vials. The vials were stored for 7 days at
ambient temperature (between 15-25°C) on a shelf out of direct sunlight and in the oven
(APOLLO HP50 shaker oven) at 40°C. At the end of the study, the lysozyme solutions were
emptied from the vials and thrice aspirated with fresh buffer. An eluting buffer (3 mL), which
comprised of phosphate buffered saline (PBS) containing 10 mM Na-Phos, 137 mM NaCl, 2.7
mM KCl with 0.05% v/v PS20, was added to the vials and adsorbed lysozyme eluted over 15
min in an ultrasonic bath. Lysozyme content in the eluted samples was measured by RP-HPLC
using a Poroshell 300SB-C8 column on an Agilent 1120 Compact LC using a 5 pL injection
volume and a detection wavelength of 280 nm. Chromatographic analysis was performed
using water with 0.1% trifluoroacetic acid (Mobile Phase A) and acetonitrile with 0.07%
trifluoroacetic acid (Mobile Phase B) using a linear gradient of 10-100% B over 3 min at 70°C.
Data was collected using three independent replicates, n=3. Data analysis and processing

were performed using OpenlLabs CDS.

Data process and statistical analysis

The data was processed and graphed in OriginPro® 2022 version 9 or GraphPad Prism 8°. All
statistical analysis was performed using GraphPad Prism 8®. The datasets were analysed by
conducting either a one-way or two-way ANOVA (alpha threshold = 0.05; C.I = 95%) and
Tukey’s post-hoc test. Pearson correlation coefficient was also calculated for adsorption

measured by QCM-D, thermal stability, and zeta potential data.
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3.4 Results
3.4.1 Lysozyme analysis in buffered solutions

Lysozyme secondary structure

Lysozyme’s secondary structure was analysed by CD spectroscopy to ascertain any buffer and
pH effects on lysozyme conformation, which could alter adsorption behaviour, Figure 3.1A.
Two minima peaks at 208 nm and 222 nm were observed, characteristic of alpha-helical
structures. The spectral results indicated no significant structural changes signifying that
lysozyme’s structure was stable over the pH range of pH 3.6-7.4 using the buffered systems
employed in this study. The heat stressed control of lysozyme in deionised water heated to
75°C displayed a marginal loss of spectral intensity and showed resilience to peak shift,
indicating high internal stability. Spectral deconvolution was performed using CDNN, and the
percent secondary structure content was measured, Figure 3.1B. The buffered lysozyme
solutions showed equivalent alpha helix, random coil, and beta content compared to the

control, similar to what has been reported for lysozyme in the literature.10.111,300
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Figure 3.1: Representative CD spectra of buffered lysozyme (1 mg/mL) solutions (A). Control

represents lysozyme in deionised water, heat stressed refers to lysozyme, which was heated

to 75°C. Percent secondary structural content obtained from spectral deconvolution by CONN

(B). Three independent samples were analysed, and data in (B) represents mean + SD, n=3.
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Lysozyme thermal stability

To probe the impact of buffer and pH on the thermal stability profile of lysozyme in each
buffer system, DSF was employed to determine the melt temperature. As seen in Figure 3.2,
there were differences in lysozyme’s melt temperature depending on the solution pH and
buffer type. Lysozyme’s thermal stability was lowest at pH 7.4 and increased at pH 5.5 and
3.6. Differences between buffer types were observed at each pH value, with the amino acid

buffers displaying higher melt temperatures.
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Figure 3.2: Melt temperature of buffered lysozyme (1 mg/mL) solutions. Control represents
lysozyme in deionised water. Data represents mean + SD, n=3. Statistical analysis was
conducted using one-way ANOVA with Tukey’s post hoc test, **p<0.01, ***p<0.001,
***%¥p<0.0001.
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Lysozyme size distribution

The size distribution of lysozyme was evaluated in buffered and control solutions using SE-
HPLC. A representative chromatogram for each buffer organised by solution pH is shown in
Figure 3.3. No changes in lysozyme size distribution were detected in any buffered solutions
for the chosen pH range. However, lysozyme displays an extended elution profile for each
buffered solution compared to the aqueous control. The altered elution profile may result
from the buffers causing increased secondary interactions between the lysozyme and the

column, likely due to changes in the protein’s hydrodynamic radius or ion exchange effects.
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Figure 3.3: Representative chromatograms of buffered lysozyme (1 mg/mL) solutions
categorised by pH, pH 7.4 (A), pH 5,5 (B), pH 3.6 (C). Control represents lysozyme in deionised

water. Three independent samples, n=3, were evaluated for each buffered solution.
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Zeta potential analysis of lysozyme and borosilicate microparticles

The zeta potential of lysozyme and borosilicate in each buffer system was also explored to
investigate the impact of buffer type and pH, Figure 3.4. As the pH decreases from pH 7.4-
3.6, there is a positive increase in lysozyme’s zeta potential. The zeta potential of the
borosilicate microparticles in each buffer system was also analysed to understand the
potential effect of electrostatic interactions on lysozyme adsorption. A trend showing a
decrease in the negative zeta potential of borosilicate microparticles suspended in the buffer

solution was observed as the pH decreased from pH 7.4-3.6.
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Figure 3.4: Zeta potential determination of buffered lysozyme (1 mg/mL) solutions and

buffered borosilicate microparticle suspensions. Data represents mean + SD, n=3.
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3.4.2 Lysozyme adsorption behaviour
QCM-D analysis of lysozyme adsorption

QCM-D was used to monitor the adsorption behaviour of lysozyme to a borosilicate sensor
and to assess layer formation in-situ. Adsorbed lysozyme (ng/cm?) calculated by the
Sauerbrey equation shows that adsorption was impacted by pH and that there were no
significant differences between buffer type at each pH, Figure 3.5A. Statistical analysis
indicated a difference in adsorption between pH 7.4/5.5 and pH 3.6. The QCM-D analysis also
showed that lysozyme adsorption to the borosilicate sensors resulted from strong
interactions as minimal protein was desorbed during the buffer rinse step, Figure 3.5B,
suggesting lysozyme behaved like a solid film.

The relationship between adsorption and both borosilicate (R? 0.9282) and lysozyme (R?
0.7268) zeta potential values showed a strong correlation, whereas a weak correlation was
observed for lysozyme melt temperature (R? 0.3170), Figure $3.2. Regression analysis of the
combined adsorption and zeta potential values at each pH, further indicated that adsorption
followed a linear trend (R? 0.9193) where a reduction in solution pH resulted in a decrease in

the surface zeta potential of the borosilicate glass, thus reducing adsorption.
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Figure 3.5: Mass of adsorbed lysozyme per unit area (ng/cm?) from buffered lysozyme (1
mg/mL) solutions quantified by the Sauerbrey equation (A) and representative mass plot
organised by pH (B). Buffers chosen for (B) were Na-Phos, pH 7.4, L-His, pH 5.5 and Na-Cit, pH
3.6. Dashed lines indicate the buffer equilibration step (BE), initial lysozyme adsorption during
perfusion (LA) and reversibility assessment by buffer perfusion (BP). Data is represented by
mean + SD, n=3. Statistical analysis was conducted using one-way ANOVA with Tukey’s post-

hoc test, *p<0.05, **p<0.01.

In addition to the mass adsorbed data, the QCM-D also determined the type of layer
formation using AD, which indicates layer viscoelasticity. In general, negative frequency and
positive dissipation values are characteristic of surface binding and layer formation. Further,
depending on the dissipation value obtained, it can indicate if the layer is thin and rigid (AD~0)
or soft and viscoelastic (AD>0).3°* All samples produced a AD <1*10°® for the buffered
solutions investigated signifying that all films made were stiff and relatively inelastic. As seen
in Table 3.1, buffer composition and pH appear to have a negligible impact on layer formation
except for histidine buffer pH 5.5, which is slightly more hydrated. This is supported by the

higher D/F ratio value obtained. Owing to the similarity in the overtones for frequency and
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dissipation, Figure S3.1, and the rigidity of the layer, a partial or full monolayer likely formed

on the glass surface.

Table 3.1: Frequency and dissipation data determined for lysozyme (1 mg/mL) at time=30 min

using QCM-D. Data represents mean + SD, n=3.

Sample pH AF AD D/F ng/cm?

Na-Phos -21.67 £3.87 0.23+0.13 1.06 380.26 £ 67.42
L-His 7 -19.90 £ 3.27 0.14+£0.15 0.70 349.06 £ 56.63
L-His -18.45+2.4 0.78 £0.23 4.23 323.53+42.08
Na-Cit > -18.79 £ 4.28 0.24 +0.27* 1.23 329.52+75.13
Na-Cit -8.78 £3.95 0.15+0.09 1.71 153.94 £+ 69.21
L-Gly 30 -11.44 £ 1.95 0.22+0.21* 1.92 200.58 £ 34.12

*Denotes n=2 independent replicates

To investigate the influence of protein concentration, lysozyme was formulated at 25
mg/mL in a 10 mM histidine HCI monohydrate buffer at pH 6 and analysis by QCM-D was
repeated. Histidine buffer pH 6 was chosen due to its relevance in formulating therapeutic
proteins, including monoclonal antibodies.?3”:23 QCM-D analysis showed a considerable
change in frequency (AF, -80.44 + 4.11 Hz), dissipation (AD, 9.20 + 0.47 * 10°®) and D/F ratio
(11.44 108 1/Hz) for the higher protein concentration (25 mg/mL) compared to the 1 mg/mL
lysozyme samples (Table 3.1). This indicates that the mass adsorbed and layer viscoelasticity

can change as a function of lysozyme concentration.

The AF and AD profiles of the 25 mg/mL lysozyme solution pH 6 were also compared with
the 1 mg/mL lysozyme in histidine buffer pH 5.5, Figure 3.6, owing to the negligible buffer
composition effects observed within the pH range of pH 5.5-7.4. Interestingly, at the higher
concentration, lysozyme adsorption was evidenced to occur through a two-step adsorption
process (Figure $3.3). The dissipation values for the overtones investigated at the 25 mg/mL
concentration were also variable, Figure S3.3, suggesting a softer, multilayer adsorption
behaviour. After completing the buffer rinse, significantly greater changes in the frequency
and dissipation can be observed for the 25 mg/mL solution compared to the 1 mg/mL sample,

indicating layer disruption and protein desorption.
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Figure 3.6: Representative frequency and dissipation curves for lysozyme at 25 mg/mL in 10
mM histidine HCl monohydrate, pH 6, and lysozyme at 1 mg/mL in 10 mM L-His, pH 5.5.
Frequency (black and dark blue lines) and dissipation (grey and light blue lines) correspond to
the left and right y axes, respectively. All measurements were performed using three
independent replicates, n=3. Arrows on the 25 mg/mL frequency plot indicate adsorption

events.

Lysozyme adsorption to pharmaceutical borosilicate vials

Lysozyme adsorption to pharmaceutical vial containers was evaluated in 10 mM histidine
buffer at pH 6 at 25 mg/mL. Uncoated (Fiolax® Type 1) and SiO,-coated vials (Fiolax Type 1
Plus®) were utilised to assess the impact of vial surface composition on lysozyme-container
interactions. The effect of storage temperature, ambient (15-20°C) and thermal stress (40°C)
on lysozyme adsorption was also investigated over a 7-day storage period. At ambient
temperature, adsorbed lysozyme on Fiolax® Type 1 vials was higher and more variable than
the SiO;-coated vials. The increased storage temperature resulted in a significant increase in
adsorption for the Fiolax® Type 1 vials. However, the increase in the SiO;-coated vials was not
significant. The percent of adsorbed lysozyme was also calculated, Figure 3.7, indicating mass

loss to adsorption is below 0.1% of the total protein formulation.
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Figure 3.7: Impact of glass type and storage conditions on lysozyme (25 mg/mL) adsorption
expressed as adsorption per unit area (ug/cm?) to commercial primary packaging vials. Mass
adsorbed (blue bars) and percent adsorbed (blue diamonds and hexagons) correspond to the
left and right y axes, respectively. The data shown is mean + SD, n=3. Statistical analysis was

conducted using two-way ANOVA with Tukey’s post-hoc test, “p<0.05.
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3.5 Discussion

As previously reported, protein-borosilicate interactions can occur predominantly via
electrostatic interactions.>*'14 Therefore, the excipient choice for protein formulations can
alter this interaction. In this study, we examined the adsorption behaviour of lysozyme in
different buffered solutions to ascertain how buffer composition influenced lysozyme
adsorption to borosilicate using QCM-D. In advance of these studies, the effect of the
different buffers on lysozyme’s physical stability was investigated because any change in
protein stability due to the solution environment or in the preparation of the proteins
solutions can result in altered protein adsorption behaviour.?* No significant changes in the
secondary structure were observed across the solution conditions investigated (Figure 3.1).
However, DSF determined lower thermal stability at pH 7.4 and increased thermal stability in
the amino acid buffers (Figure 3.2). The lower thermal stability can likely be attributed to the
reduced surface zeta potential of the protein, which can cause increased protein-protein
interactions in solution and the higher thermal stability in the amino acid buffers can likely be
attributed to hydrophobic stabilisationC.3%? A slightly extended elution profile for the citrate
buffers was also observed using SE-HPLC but this does not signify a change in the stability
(Figure 3.3). Overall, lysozyme was identified as a protein with high stability under the

conditions investigated.

Lysozyme displayed a net positive zeta potential, increasing between pH 7.4/5.5 and pH
3.6 (Figure 3.4). Citrate buffer pH 5.5 deviated from this trend, which can be attributed to
lysozyme-citrate binding in aqueous solution, as seen with monoclonal antibodies in a study
by Roberts et al.*®® The borosilicate's zeta potential was negative and exhibited a reducing
trend as the pH was reduced to pH 3.6 (Figure 3.4). This decrease relates to the pH
approaching the point of zero charge, which is reportedly below pH 3 for borosilicate.>*114
The borosilicate zeta potential was highest at pH 7.4 and lowest at pH 3.6, which mirrors the
trend for lysozyme adsorption observed with the QCM-D, with more significant adsorption at
pH 7.4 compared to pH 3.6 (Figure 3.5A). The relationship between zeta potential and
lysozyme adsorption suggests that the charge of the substrate and, therefore, electrostatic
interactions, as suggested by Mathes and Friess, are the dominant forces governing protein

adsorption to borosilicate glass.!'4
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To understand buffer types and pH effects, QCM-D was employed to evaluate protein
adsorption to borosilicate and ascertain the protein's layer formation at the interface.?®® The
QCM-D data indicated that protein-borosilicate adsorption was predominately irreversible
(Figure 3.5B) and showed low dissipation energy with overlapping overtones at 1 mg/mL. The
dissipation energy indicated a thin, rigid, and non-viscoelastic protein layer at the borosilicate
interface (Table 3.1). At pH 3.6, owing to the low dissipation energy, frequency values and
poor reversibility, lysozyme adsorption on the surface is likely sparse. However, at pH 7.5 and
pH 5.5, the lower frequency values would suggest a more dense, rigid film, likely monolayer
or potentially sub-monolayer in nature, in agreement with Nezu et al. and Komorek et al 110304
However, it is important to note potential influences from the protein and buffer
environment on the dissipation. Buffers can alter the layer stiffness or localise at the sensor
surface and the protein may change conformation or orientation when adsorbed on the solid
interface.11141,304305 Interestingly, similar to this study, lysozyme’s adsorption insensitivity to

buffer types has also been shown for other solid surfaces.3%

Increasing the protein concentration affected not only the adsorbed mass but also the
layer formation. Significantly, by increasing the protein concentration 25-fold, the mass of
adsorbed lysozyme was considerably increased, and the layer formation was softer and more
hydrated and viscoelastic, as evidenced by the increase in dissipation, spreading of the
overtones and increase in the D/F ratio (Figure 3.6). Adsorption in the high-concentration
lysozyme solution also occurred in a two-step process, suggesting multilayer film formation.
Multilayer formation would also explain the partial desorption observed during the buffer
rinse step, as the shear forces could disrupt lysozyme’s self-association. These results agree
with an earlier study performed by Wang et al. in which similar trends for changes in
frequency and dissipation as a function of lysozyme concentration were observed for
borosilicate glass using QCM-D.?** Characterisation of protein layer properties in protein
product development is critical because abrasion of protein films can lead to increased
particle formation during storage and cause issues with delivery, such as altered flow rate,

increased friction, or blockages.127,148180,189,196

A limitation of this study is that the QCM-D analysis was performed over 30 minutes,
which is a relatively short duration and does not account for the fact that adsorption can

increase as a function of time.3%” Yet, conducting the study for a longer duration would likely
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not have yielded significantly different results, given the plateau observed in the frequency
curves. Moreover, with the proven robustness of lysozyme and its capacity for rapid film
renewal, changes in the dissipation or structural stability of the protein was unlikely to occur
under the conditions investigated. However, this study provides information on adsorption
behaviour on the initial introduction of the protein solution to a borosilicate surface. QCM-D
provides an opportunity to probe protein-surface phenomena in-situ and can help inform how
proteins will interact with primary packaging materials. QCM-D also considers interfacial
water, a significant factor for adsorption, as proteins are generally dispersed in aqueous
solutions in parenteral formulations.3>3” While understanding mass adsorption events and
layer formation can inform judicious formulation design, evaluating adsorption with the

actual packaging system is required to confirm protein-container compatibility.?*°

Therefore, lysozyme adsorption to vials used for primary packaging was also evaluated in
10 mM histidine buffer pH 6 at a protein concentration of 25 mg/mL (Figure 3.7). Uncoated
borosilicate vials were initially assessed due to their similarity in composition to the
borosilicate sensor. Lysozyme adsorption to SiO;-coated borosilicate vials was also evaluated
to investigate any impact of surface coating on adsorption. SiO;-coated borosilicate vials have
been reported to have adsorption-reducing effects owing to the inert and dense SiO; ion-
barrier coating.!®® As expected, the estimated protein adsorption was higher for uncoated
borosilicate vials than for SiO;-coated vials. Further, under thermal stress conditions, it was
found that adsorption was increased for both vial types, likely due to the protein’s accelerated
diffusivity in solution at 40°C.3°® However, the increase was only significant for uncoated
borosilicate vials. Schwarzenbach et al. also reported a decrease in protein adsorption for the
SiO2-coated vials relative to the uncoated vials.1% Although a limitation of this study is that
the conformation of adsorbed lysozyme was not investigated, other reports in the literature
have demonstrated that protein-glass interactions do not significantly alter protein
conformation owing to the surface hydrophilicity.?>3% Additionally, the stability of the bulk
lysozyme was not studied despite the prolonged exposure (7 days) to elevated temperature
conditions as lysozyme can readily refold into its native confirmation once removed from

degradation conditions.3%°

While differences in the experimental design exist between the QCM-D and

pharmaceutical vial experiments, both studies indicate lysozyme adsorption to borosilicate
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glass is minimal. Moreover, the application of an inner SiO; coating to pharmaceutical vials
can reduce adsorption however, exposure to elevated temperatures can promote lysozyme-
packaging interactions. Additionally, DSF revealed that simple high throughput assays can be
effective for optimising buffer systems for protein stability and highlighted the superior
stabilising efficacy of amino acid buffers over conventional buffer systems. QCM-D analysis
proved to be a valuable analytical tool to provide insight into the adsorption kinetics and
relative affinities of proteins to solid interfaces when exposed to different solution
environments and has significant potential to act as a predictive tool for protein adsorption

to primary packaging materials.?®
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3.6 Conclusion

This study found that buffer pH influenced protein adsorption behaviour, but buffer type did
not however, adsorption was numerically greater in the amino acid buffer at pH 3.6 Buffer
type primarily influenced the hydration of the protein layer and the thermal stability of
lysozyme, highlighting the potential risk and benefits of amino acid buffers. Solution pH
affected the glass packaging material's zeta potential, indicating an electrostatic mechanism
driving adsorption behaviour. Higher protein concentrations notably increased lysozyme
adsorption onto the glass sensors, where a change in layer formation was also observed.
QCM-D proved helpful in this study as a screening tool to assess protein, buffer, and
borosilicate compatibility regarding protein adsorption. Such an approach has a broader
potential to screen other formulation components and contact surfaces. The limited impact
of buffer type in this study suggests that the predominant factor impacting lysozyme
adsorption is the glass zeta potential. Interestingly, protein adsorption to the glass vial
packaging revealed marginal differences due to vial surface chemistry and much greater
sensitivity to storage conditions driven by elevated temperature. Further investigation
encompassing the influence of buffer pH and type on lysozyme adsorption to other primary
packaging surfaces, for example, vial stoppers, is warranted before optimisation of buffer

type to minimise lysozyme adsorption.
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Chapter Four

4. Influence of Packaging Interface and Leucine Concentration on BSA Stability
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4.1 Abstract

Significant advances have been made in the formulation of protein therapeutics to enable
safe and effective biological medicines to be available to patients however, stability
challenges during storage, such as interface-induced aggregation, remain a concern. Amino
acids, used as multifunctional excipients, may help counteract this issue. However, there is a
lack of understanding regarding the use of hydrophobic amino acids as liquid parenteral
protein stabilisers and their compatibility with primary packaging materials. This study aimed
to explore the potential of leucine to stabilise the model protein BSA when subjected to
thermal agitation conditions (40°C, 150 rpm) in both upright and inverted vial orientations.
This was performed as contact with different primary packaging interfaces, such as the vial
stopper during vial inversion, can affect protein stability. The study evaluated the
effectiveness of leucine in preventing thermal-induced unfolding and aggregation at
concentrations ranging from 10-150 mM using CD spectroscopy and dynamic light scattering
(DLS). Initial thermal unfolding studies indicated that BSA’s native conformation is
compromised around 50°C, with unfolding and denaturation causing aggregation above 60°C.
BSA stability was evaluated without leucine under different vial storage conditions to
establish a model for studying leucine’s potential as a stabiliser. This revealed greater
unfolding and aggregation occurred on sustained contact with the siliconised vial stopper
under thermal agitation conditions. Leucine addition demonstrated variable effects on BSA
stability. It did not prevent thermal-induced unfolding but reduced BSA instability when
stored upright, as determined by DLS at 50 mM and 100 mM leucine concentrations.
Aggregated particles >100 nm were not detected in these formulations. To address BSA’s
instability when stored inverted, ETFE-coated stoppers were also investigated but proved
ineffective. Stabilisation of BSA by the addition of leucine proved inadequate during storage
under thermal stress. Vial stopper effects on BSA stability warrant further investigation to

evaluate the contribution of BSA adsorption to its aggregation behaviour.
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4.2 Introduction

Protein and peptide therapeutics play an important role in the treatment of many clinical
conditions.1237.238310 However, a key challenge is maintaining their stability during storage,
especially by minimising aggregation arising due to unintended packaging interactions.31%312
Protein instability can arise due to protein-packaging interactions through protein adsorption
to the primary container surface.'?” Adsorption can result in conformational changes in the
protein’s higher order structure, promoting aggregation and film formation, which, if
ruptured, can release particles into solution.??#313 The interaction between therapeutic
protein moieties and packaging interfaces, notably elastomeric closures and siliconised
surfaces, is a widely recognised factor contributing to protein instability during
storage.648°0.107 Moreover, with increasing evidence implicating formulation components
such as surfactants in the degradation of siliconised packaging, it has become essential to
account for packaging interfaces in formulation development studies. This is crucial for

understanding protein-excipient-packaging interactions and for minimising protein

adsorption and particle formation in liquid parenteral protein formulations.

Despite known issues, the most common approach in commercial protein products to
reduce adsorption and aggregation is the inclusion of surfactant excipients, such as PS80,
PS20, and Pol188.! However, in addition to the potential to degrade primary packaging
coatings, these surfactants have further limitations.'?> Polysorbates are prone to chemical
degradation during storage, and poloxamers have lower interfacial activity and may not
effectively protect against adsorption.>1>264240.314 Additionally, in the presence of poloxamer
188 or surfactant-free formulations, protein-induced depletion of siliconised packaging
coatings has also been observed and identified as a cause of protein-PDMS particle
formation.®>%7 Innovations in packaging materials, such as silicone oil-free containers, offer
promising alternatives to mitigate against this particle type.”>°>31> However, scope remains
to investigate alternative surface-active excipients. Recent studies have highlighted a range
of novel surfactants, namely Brij® 58, Brij® 35 and FM1000. These surfactants are more
effective at stabilising protein formulations at lower concentrations than polysorbate and
poloxamer surfactants.6%252:253.265267 yet, despite research into these alternative surfactants,
current formulations still predominantly use polysorbate and poloxamer surfactants as

stabilisers.
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The opportunity exists to explore the application of amino acids as stabilisers against
interfacial stress. Several amino acids, such as leucine and arginine, have been studied as
therapeutic protein stabilisers to prevent aggregation and for their ability to minimise protein
adsorption and interfacial tension.>”°8273316 Amino acids are employed in commercial protein
formulations as osmoprotective molecules, buffers, thermal stabilisers, tonicifiers,
antioxidants and viscosity reduction agents.>'2>317 Combinations of amino acids may display
synergistic effects, and their degradation pathways are well-defined.112>289318 Hydrophobic
amino acids like leucine and charged amino acids like arginine show promise as interfacial
stabilisers owing to their zwitterionic, aliphatic and amphiphilic nature.>®%7¢ However, their
ability to protect against interfacial stress induced by the primary packaging system has not
been fully explored, and their influence on protein stability in contact with primary packaging

interfaces has also received little attention.

Stabilisation of therapeutic proteins by charged amino acids, glycine and proline are well
reported.! Hydrophobic amino acids are relatively unexplored as excipients for liquid
parenteral protein formulations. However, Szenczi et al. reported that leucine can offset
aggregation by reducing the protein's tendency to self-associate when exposed to thermal-
induced unfolding.31® These effects were observed after 4 weeks at 37°C, and the delay in the
aggregation process was postulated to result from hydrophobic stabilisation. Horn et al. also
identified the suitability of leucine as a bulking agent for lyophilised protein formulations and
detected no aggregation after the freeze-drying process.?’” However, neither study evaluated
the impact of primary packaging contact surfaces on the stability of the protein in the

presence or absence of leucine.

In this study, the potential of leucine to function as a liquid parenteral protein stabiliser
when in contact with commercial primary packaging interfaces was evaluated. Leucine was
chosen for investigation as stabilisation by hydrophobic, aliphatic amino acids may protect
proteins against hydrophobic interface-induced instability. It has also shown some capacity to
lower the surface tension of water, similar to that of other hydrophobic amino acids like
valine.>®276 Broader consideration of leucine’s stabilising effects has not been investigated,
especially when contact with the vial stopper is maintained. This is important because the vial
stopper is known to adsorb formulation components onto the rubber surface, posing a

protein stability risk during storage.®>3'° To mitigate this, commercial fluoropolymer laminate
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films have been developed, however, there are limited studies evaluating the impact of these

stopper interfaces on protein stability.

This study explored leucine's potential to stabilise the model protein, BSA, stored under
thermal agitation conditions (40°C, 150 rpm) in both upright and inverted vial orientations in
SiO;-coated borosilicate vials capped with either PDMS or ETFE-coated stoppers. Leucine was
examined using BSA as a model because of BSA’s alpha-helix rich composition. BSA’s shape is
influenced by the three helical domains which act as the proteins hydrophobic core. These
regions are highly susceptible to unfolding, which in turn, leads to aggregation, and are
leucine rich zones. Therefore, the inclusion of leucine as a free excipient in solution has the
potential to protect these regions from instability through preferential interaction and
hydrophobic stabilisation. The ability of leucine to inhibit thermal-induced unfolding and
aggregation was evaluated at various concentrations ranging from 10-150 mM. Initially,
thermal unfolding studies were performed on BSA to provide some baseline data on the effect
of elevated temperature on BSA stability. Then, BSA’s conformation and colloidal stability in
the absence of leucine were measured under different vial storage orientations and
temperatures to establish an appropriate model to investigate leucine’s potential to act as a
stabiliser. The packaging materials investigated consisted of Fiolax Type 1 Plus® vials, which
have an inner SiO; coating to reduce adsorption, and bromobutyl rubber stoppers, which have
either a PDMS or ETFE-coated surface.®® CD spectroscopy and DLS were used to monitor
protein conformational and colloidal stability, while size exclusion chromatography was

employed to quantify aggregation.
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4.3 Materials & Methods
4.3.1 Materials

Unless otherwise stated, all chemicals and materials were purchased from Merck, Ireland.
The 10R/10 mL Fiolax Type 1 Plus® vials and 20 mm bromobutyl stoppers, which were
siliconised with a PDMS coating, were obtained from Adelphi Healthcare Packaging, UK. ETFE

laminate film-coated stoppers were obtained from Aptar, France.

4.3.2 Methods
Formulation preparation

10 mM Na-Phos pH 7 was prepared by adding sodium phosphate dibasic and sodium
phosphate monobasic to deionised water. All pH measurements were performed using a
Jenway 3510 pH meter (Cole Palmer, Ireland). To ascertain the effects of leucine
concentration on BSA stability, leucine in the concentration range of 10-150 mM was
employed for this study. For leucine-containing solutions, solubilisation of leucine was
performed using a mixture of sonication (15 min at 60°C) and vortexing (800 rpm for 60 s). All
buffer solutions with and without leucine were filtered using a 0.45 um polyvinylidene
fluoride filter before preparing the BSA formulations. BSA formulations were prepared by
adding BSA 50 mg/mL to Na-Phos with and without leucine. Sample handling was performed

in Eppendorf® low adsorption tubes.

Formulation storage

All BSA formulations were filtered through a 0.22 um polyether sulfone filter into Fiolax Type
1 Plus® vials up to a 3 mL fill volume, stoppered and crimp sealed. Samples were then stored
for 7 days, either upright or inverted, under the conditions outlined in Table 4.1. In the case
of ambient conditions, vials were quiescently stored at room temperature on a shelf out of
direct sunlight. Thermal agitation samples were subject to shaking conditions of 150 rpm at

40°C, using an APOLLO HP50 orbital shaker oven.

[79]



Chapter Four

Table 4.1: BSA storage conditions investigated in this study.

Storage Conditions Storage Details
Reference Freshly prepared BSA in Na-Phos under ambient conditions
Heat Stressed Reference heated to 70°C for 15 min
Refrigerated Storage at 2-8°C
Ambient Storage at 15-25°C
Thermal agitation Storage at 40°C shaking at 150 rpm

BSA stability evaluation
Investigation of protein secondary structure using circular dichroism spectroscopy

Far-UV CD spectroscopy measurements of BSA solutions diluted 50-fold to 1 mg/mL in Na-
Phos were obtained using a CD spectrophotometer (Chirascan, Applied Photophysics,
Leatherhead, UK). The CD spectra were measured with a path length of 0.01 cm in the range
190-260 nm, bandwidth of 1 nm, spectral resolution of 1 nm and 1 s/point. The temperature
was held at 25°C. The average of three spectra was obtained, and a 5-point smoothing
algorithm was applied after correction of the solvent baseline for each independent replicate.
BSA 1 mg/mL prepared fresh in Na-Phos was used as a reference, and heat stressed BSA was
used as a negative control. Heat stressed samples were prepared by holding the temperature
of the internal cell at 70°C for 15 min before spectral acquisition. Spectral deconvolution was
performed using CDNN in the 190-260 nm wavelength range. Thermal unfolding was
measured at a single wavelength (222 nm) over an increasing temperature range of 20°C to
90°C at a heating rate of 5°C/min.3?° Data was collected using three independent replicates,

n=3, with each replicate analysed in triplicate.

Investigation of protein particle formation using dynamic light scattering

The Z-average hydrodynamic diameter (Z-Avg) and polydispersity index (PDI) of BSA were
measured without dilution in disposable 1 mL poly(methyl methacrylate) cuvettes with the
minimum required volume of 500 uL in the protein analysis mode. The analysis involved 120
s equilibration, 30 s delay between measurements and a minimum of 13 runs of 10 s using a

Zetasizer nano ZS (Malvern Panalytical). The settings were as follows: protein as material

(80]



Chapter Four

(refractive index 1.450 and absorption 0.001) and water as dispersant (viscosity 0.8872 cP,
refractive index 1.330) at 25°C. BSA 50 mg/mL prepared fresh in Na-Phos was used as a
reference, and heat stressed samples were prepared by holding the internal cell temperature
at 70°C for 15 min before data acquisition. Thermal analysis was performed by increasing the
temperature from 45-75°C at a heating rate of 6°C/min in quartz cuvettes. Data was collected

using three independent replicates, n=3, with each replicate analysed in duplicate.

Investigation of protein aggregation using size-exclusion chromatography

BSA samples were diluted 50-fold to 1 mg/mL in Na-Phos before injection onto the column
for SE-HPLC. Analysis was performed using an Agilent 1120 Compact LC equipped with a UV
detector at a detection wavelength of 214 nm and an Agilent Bio-Sec 5 column. The mobile
phase consisted of Na-Phos supplemented with 150 mM NaCl and a flow rate of 1.0 mL/min
was employed. The injection volume was 5 uL, and the total run time was 25 min. BSA 1
mg/mL prepared fresh in Na-Phos was used as a positive control. Data analysis and processing

were performed using OpenlLabs CDS.

Data process and statistical analysis

The data was processed and graphed in OriginPro® 2022 version 9 or GraphPad Prism 8°. All
statistical analysis was performed using GraphPad Prism 8°. The quantification datasets were
analysed by conducting a one or two-way ANOVA (alpha threshold = 0.05; C.I = 95%) and
Tukey’s post-hoc test. Pearson correlation coefficient was also calculated for percent alpha

helix content, Z-Avg, PDI and particle size versus leucine concentration..
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4.4 Results
4.4.1 Thermal unfolding studies

Thermal unfolding studies were performed on the freshly prepared solutions of BSA in 10 mM

Na-Phos, pH 7 to provide baseline data on the effect of elevated temperature on BSA stability.

CD spectroscopy and dynamic light scattering

The thermal unfolding properties of BSA were assessed by CD spectroscopy by measuring
changes at 222 nm as a function of temperature. This approach has previously been used to
determine the melt temperature of BSA.32° As seen in Figure 4.1A, the onset of thermal
unfolding begins between 40°C and 50°C, with a significant loss in spectral intensity at 222
nm observed after 50°C. Additionally, a loss in alpha-helical content was observed to occur

earlier from 30°C.

Owing to the large change in mdeg from 50-60°C, a thermal ramp study using DLS was
performed over a 45-75°C temperature range to determine if BSA unfolding related to BSA
aggregation. There were no significant changes in the Z-Avg or PDI from 45-63°C, Figure 4.1B.
However, an increased Z-Avg after 63°C suggests aggregation driven by protein unfolding has
occurred. The intensity plots were examined to better understand the particle sizer
distributions. Figure 4.1C reveals that BSA’s native state is characterised by a bi-modal size
distribution with a significant monomeric peak at 8 nm and a prominent secondary peak at
approx. 40 nm. With heating, the particle size profile changed to a tri-modal distribution at
45°C with a reduction in the monomeric peak and the appearance of two peaks of reduced
intensity at larger particle sizes of approximately 15 nm and 60 nm. Further heating caused
an additional decrease in the monomer peak and a more prominent broad peak of about 30

nm in size.
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Figure 4.1: Thermal ramp profile of BSA 50 mg/mL in Na-Phos as measured by CD
spectroscopy (A) and DLS (B). For (A), the percent alpha helix content (light blue circles)
corresponds to the left y-axis, and mdeg intensity at 222 nm (dark blue squares) corresponds
to the right y-axis. For CD analysis, the samples were diluted 50-fold to 1 mg/mL in Na-Phos
before analysis. Data represents mean * SD, n=3. For (B), Z-Avg (blue bars) and PDI (open blue
diamonds) correspond to the left and right axes, respectively. Data represents mean * SD,

n=3. Representative intensity plot of the DLS thermal unfolding studies (C).
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4.4.2 Impact of vial orientation and storage conditions on the stability of BSA

To address the impact of vial and stopper interfacial contact surfaces on BSA stability, upright

and inverted storage orientations were evaluated under different temperature conditions.

CD spectroscopy

CD spectroscopy in the far-UV region was used to analyse BSA's secondary structure to
ascertain the vial orientation and storage environment effects on BSA’s conformation, Figure
4.2A. Two minima peaks at 208 nm and 222 nm were observed, which are characteristic peaks
for alpha helices. A loss in spectral intensity indicated unfolding was observed at both vial
orientation conditions for the thermal agitation conditions. Spectral deconvolution was
performed using CDNN to quantify the percent alpha helix content and showed a 6-8% loss in
alpha helix content compared to the reference, Figure 4.2B. The reduction in alpha-helical
content was considerable for samples stored under thermal agitation conditions but was

statistically significant for inverted vial storage only.
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Figure 4.2: Representative CD spectra of BSA 50 mg/mL solutions in Na-Phos stored for 7 days
in Fiolax Type 1 Plus® vials under refrigerated, ambient and thermal agitation conditions in
both upright and inverted positions (A) and percent alpha helix content for reference and
thermal agitation samples stored upright and inverted (B). Before CD analysis, BSA samples
were diluted 50-fold to a final concentration of 1 mg/mL. Three independent samples were
evaluated for (A), and data represents mean + SD, n=3, for (B). Statistical analysis was

conducted using a one-way ANOVA with Tukey’s post-hoc test, “p<0.05.
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Dynamic light scattering

The colloidal stability of BSA was assessed using DLS, where the reference BSA solution
displayed a Z-Avg of 6.8 nm and a PDI of 0.23, Figure 4.3A. Storage orientation for the
refrigerated and ambient conditions did not result in significant changes in the Z-Avg
however, the PDI was greater for the refrigerated sample stored under inverted conditions.
The thermal agitation condition produced the highest change in Z-Avg (12.5-12.7 nm) and PDI
(0.28-0.32), with both storage orientations producing similar effects on BSA’s stability. To
further understand the changes in stability, the intensity plots, Figure 4.3B, were also
examined. The intensity plots for the reference show a bimodal distribution, as discussed in
section 4.4.1. The samples stored under thermal agitation conditions were similar to the heat
stressed negative control in terms of peak 2 size intensity but were more polydisperse in
comparison. Additionally, the thermal agitation samples overlay each other and showed a

greater reduction in the intensity of the monomeric BSA peak compared to the heat stressed

control.
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Figure 4.3: Z-Average and PDI (A) and representative intensity plot (B) of BSA 50 mg/mL

solutions after 7 days storage in Fiolax Type 1 Plus® vials in refrigerated, ambient and thermal

agitation conditions in both upright and inverted positions. Z-Avg (blue bars) and PDI (open

blue hexagons) correspond to the left and right axes, respectively. For (A), data represents

mean * SD, n=3.
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Size exclusion chromatography

SE-HPLC was used to quantify the size distribution of the BSA to assess the impact of vial
orientation and storage conditions on its aggregation. Only under thermal agitation
conditions were changes observed in the size distribution analysis, Figure 4.4A. Quantifying
the percent content of high molecular weight species (HMWs) indicated that samples stored
inverted under stress conditions, where contact with a PDMS-coated stopper was sustained,
displayed statistically higher levels of HMWs than those stored upright, Figure 4.4B. The
percent in HMWs increased from 15.5% from the reference to 24.2% and 30.7% for the

samples stored upright and inverted under stress conditions, respectively.
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Figure 4.4: Representative size-exclusion chromatogram (A) and percent HMWs (B) of BSA 50
mg/mL solutions after 7 days storage in Fiolax Type 1 Plus® vials in refrigerated, ambient and
thermal agitation conditions in both upright and inverted positions. Before analysis, BSA
samples were diluted 50-fold to a final concentration of 1 mg/mL. Data represents mean *

SD, n=3, for (B). Statistical analysis was conducted using a one-way ANOVA with Tukey’s post-
hoc test, “p<0.05.
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4.4.3 Evaluation of the effect of leucine concentration on BSA stability under thermal

agitation conditions

Leucine was included in the formulations over the concentration range of 10-150 mM and
investigated for its impact on BSA stability, compared to the buffer-only formulation, when

stored upright and inverted under thermal-agitation conditions for 7 days.

CD spectroscopy

Using the percent alpha-helix content as a marker, no statistically significant stabilising effects
were observed due to the inclusion of leucine within the range employed, Figure 4.5. Further,
no statistically significant vial orientation or leucine concentration effects were noted.
Interestingly a strong negative correlation (R?=0.9757) was found between leucine
concentration and BSA stability where upright vial orientation was used. While not significant
due to the 10mM data point, a similar downward trend in percent alpha helix content from

50-150mM can be seen for inverted vial storage, Figure S4.1.
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Figure 4.5: Percent alpha helix content determined by CDNN for BSA 50 mg/mL solutions after

7 days storage in Fiolax Type 1 Plus® vials under thermal agitation conditions in both upright
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and inverted positions. Before analysis, BSA samples were diluted 50-fold to a final
concentration of 1 mg/mL. Data represents mean + SD, n=3. Grey dashed lines represent the
values for the alpha-helical content of BSA prepared fresh in Na-Phos. Statistical analysis was

conducted using a two-way ANOVA with Tukey’s post-hoc test (o = 0.05).

Dynamic light scattering

The Z-Avg, Figure 4.6A, identified that including leucine within the range employed stabilised
BSA against thermal agitation-induced aggregation irrespective of vial orientations. However,
above 50 mM leucine, there were apparent orientational effects, where inverted storage
(PDMS-coated stopper contact) results in a statistically higher Z-Avg than upright storage. A
strong correlation (R?=0.6803) was found for this effect but was not statistically significant,
Figure S4.2. The PDI, Figure 4.6B, showed a similar trend, and there were significantly higher
PDI values for inverted vial storage with increasing leucine concentration. This trend was
found to be statistically significant, producing a strong correlation (R?=0.9742) indicating that
the greater the concentration of leucine in solution, the greater the heterogeneity in particle
formation and size distribution, Figure S4.2. However, upright orientation produced the

opposite effect but was not statistically significant.
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Figure 4.6: Z-Avg (A) and PDI (B) of BSA 50 mg/mL solutions after 7 days storage in Fiolax Type
1 Plus® vials under thermal agitation conditions in both upright and inverted positions. Data
represents mean * SD, n=3. Grey dashed lines represent values for BSA prepared fresh in Na-
Phos. Statistical analysis was conducted using a two-way ANOVA with Tukey’s post-hoc test,

% % %k %k

“*p<0.001, "**p<0.0001.

It should be noted that the intensity plots showed a smaller reduction of the monomeric
peak for formulations with leucine compared to samples stored without leucine under
thermal agitation conditions at both orientations. However, samples showed differences in
aggregate profiles. For upright orientation, a bimodal distribution was observed for 50 mM
and 100 mM leucine solutions, with 10 mM and 150 mM leucine samples showing a trimodal
distribution, Figure 4.7A. Irrespective of leucine concentration, all inverted samples showed
a trimodal distribution and similar peak polydispersity, Figure 4.7B. To enhance the
interpretation of the heterogeneity and highlight the variability in the size distribution, the
peak particle sizes for upright, Figure 4.7C, and inverted, Figure 47D, were plotted to highlight

trends. Statistically significant differences in the distribution of the particles was not obtained
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when BSA was stored upright however, for inverted storage 50mM leucine had a statistically

higher particle size distribution.
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Chapter Four

Figure 4.7: Representative intensity plot for the BSA formulations stored under thermal

agitation conditions either upright (A) or inverted (B). Particle size distribution of peak 2 (blue

bars) and peak 3 (open crossed circles) are shown for upright (C) and inverted (D). Data

represents mean + SD, n=3, for (A-B). For peak 3 sizes, all replicates are shown (zero values

and particles >5 um were excluded). Reference represents BSA prepared fresh in Na-Phos.

Statistical analysis was conducted using a two-way ANOVA with Tukey’s post-hoc test,

*p<0.01.
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As inverted storage had a more destabilising effect on the stability of the BSA reference
solution compared to upright storage under thermal agitation conditions (Figure 4.4), the
impact of an alternative stopper material (ETFE coating) on BSA stability in the presence and
absence of leucine at a moderate and high molar concentration was also evaluated.
Compared to PDMS, ETFE coatings creates a contact surface with very low surface energy3??,
which should minimise BSA-stopper interactions. However, ETFE is inherently hydrophobic,
similar to PDMS. In both the presence and absence of leucine, BSA stability was similar for
both stopper types, Figure 4.8A. However, BSA in the presence of ETFE stoppers produce a
significantly (p-value <0.0001) higher Z-Avg value compared to PDMS at each leucine
concentration. Additionally, the intensity plots, Figure 4.8B and Figure 4.8C, in the absence
of leucine were also similar for both stopper types however, in the presence of the ETFE-
coated stopper, there was a greater intensity in the peak 2 species. Interestingly, despite the
differences in the intensity plot, the size distribution was similar for both stopper types, Figure
4.8D. Statistically significant differences in the distribution of particles were not obtained

except that inverted storage using an ETFE stopper and 50mM leucine produced a statistically

smaller particle size distribution.
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Figure 4.8: Z-Avg and PDI (A), intensity plot for ETFE (B), PDMS (C), and size distribution (D)
for the BSA formulations stored under thermal agitation conditions in an inverted position. Z-
Avg (blue bars) and PDI (open circles and squares) correspond to the right and left y-axes,
respectively. The particle size distribution of peak 2 (blue bars) and peak 3 (open crossed and
dotted circles) are shown for the ETFE or PDMS-coated stoppers. Data represents mean + SD,
n=3, for the Z-Avg, PDI and peaks 2 and 3 size distributions. For peak 3 sizes, all replicates are
shown (zero values and particles > 5 um were excluded). Statistical analysis was conducted

using a two-way ANOVA with Tukey’s post-hoc test, “p<0.05, **** p<0.0001.
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4.5 Discussion

Elastomeric closures such as vial stoppers pose considerable risk to the stability of
biotherapeutic molecules because they are inherently hydrophobic materials. Stoppers may
also be treated with surface coatings such as PDMS or fluoropolymers, which are reported to
induce protein instability.648%90.9295225 NMoreover, current research on container/closure
systems has revealed an association between excipients, mainly surfactants, and the
degradation of PDMS coatings used for primary packaging.*?4” In this study, investigating
protein-excipient-container/closure compatibility, leucine was employed as an aggregation
suppression excipient. Leucine demonstrated an inability to preserve BSA's colloidal stability
due to thermal-induced unfolding. In limited circumstances, leucine appeared to reduce BSA’s
instability when stored in an upright orientation compared to buffer-only solutions. However,
this was concentration-dependent (50 mM and 100 mM) as particles >100 nm were observed
at 10 mM and 150 mM. This was likely due to either too little leucine being present at 10mM
in solution to confer effective stabilisation and too much leucine at 150mM which, owing to
the hydrophobicity of the excipient, could have accelerated BSA unfolding rather than
prevented it. High concentrations of hydrophobic excipients can create localised
microenvironments in solution where unfolding can be promoted.3?? This hypothesis is
supported by the negative relationship between BSA alpha helix content and molar
concentration of leucine in solution. This relationship would suggest that the higher the
concentration of leucine in solution, the more likely BSA is to unfold under stress.
Furthermore, the linear relationship between Z-Avg and PDI with increasing leucine
concentration particularly for inverted storage would suggest that this unfolding can lead to
more significant aggregation than when the vial is stored upright. Mitigating particle
formation by changing the stopper material from a PDMS-coated stopper to an ETFE-coated
stopper also proved ineffective, as BSA demonstrated greater sensitivity to the storage
environment compared to the stopper interface. Ultimately, BSA proved to be an inherently
thermosensitive protein, and its native conformation can be compromised between 40-50°C,

with prominent unfolding and denaturation causing aggregation above 60°C.323

Short-term (7-day) storage studies in buffer-only solutions were performed to determine
the impact of packaging interfaces on BSA aggregation (Figure 4.1). This was done to collect

baseline data before evaluating the effect of leucine addition. These studies confirmed BSA’s
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sensitivity to thermal agitation stress, as evidenced by the increase in HMWs (Figure
4.4). Further, these storage conditions resulted in greater particle size distributions and an
altered protein conformation in solution (Figure 4.2 and Figure 4.3). This study also identified
that exposure to the vial stopper under short-term, inverted storage had a greater impact on
BSA’s conformational and colloidal stability when exposed to thermal agitation conditions

compared to upright storage (Figure 4.2 and Figure 4.4).

The higher instability observed for BSA when stored in the inverted vial orientation could
result from numerous individual factors or a combination. A likely explanation is that the
exposure to two hydrophobic interfaces (vial headspace and stopper), may have caused more
unfolding and aggregation (Figure 4.2 and Figure 4.4) compared to upright storage, where
only the air-liquid interface was present which is in line with a study by Dasnoy et al.?’°
Moreover, the stoppers used to collect the baseline data were coated in a PDMS layer, which
has previously been demonstrated by Kannan et al. to induce unfolding and aggregation for
monoclonal antibodies.®* Additionally, as agitation conditions were employed, this may have
accelerated the destabilising effect of the PDMS surface as suggested work by
Thirumangalathu et al. who showed that agitation was required to destabilise the protein in

the presence of siliconised surfaces.???

Interestingly, despite the inert nature of fluoropolymers, BSA and other proteins have
been reported to strongly adsorb to PTFE, which is chemically similar to ETFE, which was the
laminate film coating present on the stoppers used in this study. This could explain why
instability was still observed despite altering the packaging interface (Figure 4.8).5%°4321,324-
327 One notable study by Teska et al. found that the stability of Ig in contact with
fluoropolymer and traditional siliconised stoppers was similar in terms of protein particle
counts and soluble protein levels. The authors noted a decrease in total particle concentration

when fluoropolymer stoppers were used, consistent with other studies.®>?®

The addition of leucine was investigated to assess whether it could improve the stability
of BSA in the packaging and storage configurations investigated. No major stabilising effect
was observed due to the addition of leucine. The BSA-leucine solutions displayed unfolding
for all conditions investigated (Figure 4.5), and particle formation >100 nm occurred more so
where vial stopper contact was sustained (Figure 4.6 and Figure 4.7). This result was observed

for both stopper types investigated. A possible explanation for this effect is that the presence
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of leucine could have altered the pathway to aggregation as leucine has been reported to
influence the kinetics of aggregation.31® However, it is more probable that intrinsic BSA
instability in the elevated temperature environment acted as the driving force for the

aggregation behaviour observed in this study and leucine was not successful in reducing this.

The influence of leucine on aggregation behaviour was reported by Szenczi et al. who
discovered that leucine could prevent IgG aggregation by reducing its tendency to aggregate
during thermal-induced unfolding. In the presence of leucine 3 mg/mL (23 mM), IgG
aggregation took 50 seconds longer to occur. In our study, it was found that BSA does not
fully aggregate in the leucine formulations which suggests it could have been maintained in
an unfolded form under thermal agitation conditions as described by Borzova et al3?8
Therefore, it is possible leucine is imparting some effect on the aggregation behaviour but
investigating leucine with other potential stabilisers such as polar amino acids or at lower
storage temperatures may be a more beneficial approach for aggregate-prone,

thermosensitive proteins.?’®

There were also several limitations in this study. Firstly, the quantity of BSA adsorbed to
the glass and stopper interfaces or the potential for adsorption at the air-liquid interface was
not evaluated. Further, the conformation of BSA at these interfaces was also not established.
This would have provided useful information regarding the mechanism of BSA aggregation,
as it is possible that the packaging interface played a more prominent role than detectable by
the techniques applied in this study. Further studies using QCM-D with dissipation, surface
tension, and interfacial rheology would be beneficial in examining the kinetics of the
interactions and identifying leucine’s role in adsorption. Particle counting technologies would
also be essential to determine if the particle count changes in parallel to the size distribution.
Lastly a comparison with PS80 as an additional control and studying PS80 with leucine would
have been advantageous to determine if a combination of excipients could have stabilised
BSA against particle formation during inverted storage given the protective effects of

surfactants at hydrophobic interfaces.
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4.6 Conclusion

BSA is an inherently thermosensitive protein. Its native conformation can be compromised
between 40-50°C, with prominent unfolding and denaturation causing aggregation above
60°C. Storage studies confirmed BSA’s sensitivity to thermal agitation stress, as evidenced by
the increase in HMWs. This study also identified that under short-term storage (7 days),
inverted vial orientation had a greater effect on BSA’s conformational and colloidal stability
when exposed to thermal agitation conditions compared to upright storage. We postulate
this is due to the compounding effects of the vial stopper and vial headspace interfaces and
the high protein concentration used. The vial stopper presents a hydrophobic interface which
are known to induce protein unfolding and interface-induced aggregation. In combination
with the vial headspace, which adds an additional hydrophobic interface, interface-induced
unfolding and aggregation effects can be accelerated and may also occur to a greater extent.
Further, with the high protein concentration used, the movement of the BSA molecules in
solution could be restricted, increasing the potential for protein-protein collision in both the
bulk solution and at the vial stopper and headspace interfaces. The addition of leucine as a
stabiliser demonstrated variable effects, a sensitivity to inverted storage, and an inability to
stabilise BSA's conformation against thermal-induced aggregation. However, it had partial
stabilising effects on BSA’s stability when stored in an upright orientation under thermal
agitation conditions, and this was concentration dependent, with larger aggregates observed
at 10 mM and 150 mM leucine. Changing the stopper interface from PDMS to ETFE-coated
stoppers proved ineffective, and intrinsic BSA instability induced by the hydrophobic
interfaces, solution environment and storage conditions resulted in similar aggregation

profiles.
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Chapter Five
5. Application of a Phosphorylcholine Polymer on Vial Stoppers Using a Cold
Plasma Deposition Process
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5.1 Abstract

Polymeric coatings are applied to vial stoppers used in the packaging of therapeutic proteins
to aid lubricity, reduce leachables and increase protein-stopper compatibility. However,
current stopper coatings have been implicated in product quality defects, such as the
formation of protein-PDMS particles and the leaching of fluoropolymers into liquid parenteral
products, impacting product integrity. Therefore, there is a need to investigate novel polymer
coatings and coating techniques to enhance protein-stopper compatibility. This study
examines the coating of vial stoppers using a copolymer, poly(MPC-co-BMA), which is
comprised of 2-methacryloyloxyethyl phosphorylcholine (MPC) and butyl methacrylate
(BMA), and its deposition using an innovative aerosol assisted cold plasma deposition
technique. Stoppers were successfully coated, and plasma process parameters (flow rate,
speed and voltage) were found to affect coating coverage as indicated by changes in stopper
hydrophobicity measured by static water contact angle (WCA) analysis. A reduction in surface
roughness post-coating was observed using atomic force microscopy (AFM). Attenuation of
the Raman intensity for the titanium dioxide (TiO,, Anatase) component in the coated
stoppers provided a useful measure of coating distribution. Poly(MPC-co-BMA) coating
compatibility with a model BSA protein formulation was benchmarked against commercial
PDMS and ETFE-coated stoppers. No changes in BSA stability were observed after three
months of refrigerated storage, even when exposed to agitation or freeze-thaw stresses. The
protein compatibility with poly(MPC-co-BMA)-coated stoppers was comparable to
commercial PDMS and ETFE coatings. This study highlights the potential of poly(MPC-co-BMA)
as a stopper coating and demonstrates the effectiveness of atmospheric aerosol-assisted

plasma in depositing these coatings.
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5.2 Introduction

Interfacial stress significantly impacts protein stability and plays a pivotal role in particle
formation, ranging from subvisible to visible-sized particles.'?® These particles form primarily
during key manufacturing and handling stages, notably fill-finish operations, transport, and
storage.’>129,161,183,185,227,232 Gjyen the risk that the generation of these particles pose to the
therapeutic quality and safety, precise control over the storage interfaces and product
handling is critical. Primary container systems used for the storage of protein formulations
typically include glass vials, syringes, or cartridges, and include an elastomeric component
(stopper or plunger) to protect against environmental factors and preserve the final product
quality.®> Borosilicate glass is a common packaging material used to contain liquid parenteral
products and has many advantages, such as being inert, durable, and impermeable. However,
concerns exist regarding the compatibility of protein formulations with the elastomeric
closures used to maintain sterility in glass packaging systems, due to the risk of leachables,
particle generation and product instability.”>8%°0 Recent evidence of interactions between
vial stopper components and protein formulations emphasises the need for packaging that

does not adversely affect product integrity.8%°°

Uncoated closures are associated with the leaching of rubber componentsinto the protein
formulation.®3 Moreover, due to the hydrophobicity of closure materials, there is an increased
risk of protein adsorption, which can lower the target protein concentration and compromise
the therapeutic product's stability.3° Further, owing to the friction present at the glass-rubber
interface, closures may be coated with PDMS to enhance stopper lubricity. However, contact
between the protein formulation and the PDMS interface during storage has been shown to
cause the formation of visible silicone oil droplets and protein-PDMS particles.89°9°5 The
leaching of PDMS has been linked to the use of surfactants and the surface activity of the
therapeutic protein.®4197 In addition, the air-liquid interface has been proven to contribute to

particle formation, where protein formulations maintain contact with the stopper.®®

Given the increased awareness of the impact of siliconised storage systems on therapeutic
protein stability, there has been a move towards silicone-free primary packaging.”>°¢ Closure
devices have been adapted to have a fluoropolymer laminate film coating on the drug contact
surface rather than a PDMS coating.®>°® Fluorinated coatings have been proven to be

compatible with glass packaging systems as they have high lubricity and eliminate the need
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for siliconisation.®>%® Reports also indicate that fluoropolymers represent a suitable
alternative to reduce particle formation in glass vial containment systems.?%°>%¢ Moreover,
they have been shown to reduce the risk of leachables in protein formulations.®> However,
fluoropolymer surfaces such as PTFE have been implicated in causing protein adsorption,
unfolding, aggregation and fibrillation.?93:324 Further, under stress conditions, fluoropolymer
particles can shed into the protein formulation.®® While fluoropolymer stoppers offer clear
advantages over uncoated and siliconised stoppers, limitations still exist where contact
between the protein formulation and stopper interface is maintained. The development of

adsorption-resistant coatings may address these limitations.

Phospholipid coatings on primary packaging containers have been recently considered to
limit non-specific protein-packaging interactions.3?° Phospholipid coatings can act as protein-
resistant surfaces owing to the zwitterionic properties of the phosphorylcholine moiety.33°
The phosphorylcholine moiety confers hydrophilicity and has properties in line with
Whiteside’s rules for protein-resistant surfaces.1°331332 Hydrophilic coatings are more
suitable for reducing protein adsorption due to the increased energetic cost of interfacial
dehydration.1%>2% However, a hydrophobic backbone is required to help maintain their
adhesion to the packaging surface. Therefore, to harness the bioinert properties of natural
phospholipids, synthetic phosphorylcholine polymers such as 2-methacryloyloxyethyl
phosphorylcholine (MPC) have been developed and copolymerized with alkyl methacrylates
to create biomimetic protein-resistant coatings.103104333101,334-340 These polymers have a
unique hydration state that can prevent proteins from interacting with interfacial water,
minimising adsorption to the solid-liquid interface.3”:194341 Most of the research on MPC has
been centred on medical device applications however, its properties align with the

requirements of pharmaceutical packaging. 33>336,339,340,342-345

Coatings applied to pharmaceutical packaging can be deposited using a variety of
approaches such as spray-on, dip-coat, surface grafting, cross-linking, bake-on or heat-sealing
methods. However, the strength of the coating’s adhesion to the surface can be based on the
deposition method and may determine the stability and durability of the coating.3*¢ Other
techniques, such as plasma deposition can covalently bond the coating to the substrate. This
typically involves plasma functionalisation, a form of surface activation that facilitates

covalent polymer immobilisation on the surface, offering enhanced coating stability and

[106]



Chapter Five

protein-resistant properties.3*6347 There are different types of plasma deposition, yet aerosol-
assisted cold plasma offers numerous advantages as a coating deposition technique for
pharmaceutical packaging. It offers improved adhesion, is beneficial for temperature-
sensitive molecules, and can preserve the chemical stability of the deposited molecules.3*8-
350 Additionally, as stoppers are stable in high-pressure and vacuum environments, they are
suitable for use under plasma functionalisation conditions. Plasma deposition is used
commercially by SiO> Medical Products for coating polymer storage systems and by SCHOTT

Pharma to coat borosilicate glass container systems,108109,351,352

In this study, we investigated poly[MPC-co-n-BMA] (poly(MPC-co-BMA (PMB))
commercially known as Lipidure®-CM5206 (Lipidure®-CM, equivalent to PMB30) as an
innovative polymer stopper coating for packaging protein formulations. One of the unique
features of this polymer is that the copolymers cannot freely rotate in air, creating a
hydrophobic surface.33%33 However, the copolymers can reorientate at the surface when
exposed to water, leading to the rearrangement of the phosphorylcholine moieties towards
the interface, rendering the surface hydrophilic.t04335343353 Qwing to these surface
characteristics, the coating can potentially act as an anti-fouling surface in air and aqueous
solution.?>3 This approach has previously been demonstrated for PDMS-PEG coatings with
biopharmaceutical manufacturing equipment.2°63>4 A design of experiment (DoE) approach
was used to determine the optimal plasma process parameters required to deposit a uniform
poly(MPC-co-BMA) coating on vial stoppers using a novel aerosol-assisted cold plasma
deposition process. The coating distribution was assessed by imaging the stopper topography
and surface coverage using scanning electron and atomic force microscopy techniques and
Raman hyperspectral mapping. Further, the study used a model BSA formulation to
benchmark protein formulation compatibility with the poly(MPC-co-BMA)-coated stopper

against commercial PDMS and ETFE-coated stoppers for the first time.
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5.3 Materials & Methods
5.3.1 Materials

Unless otherwise stated, all chemicals and materials were purchased from Merck, Ireland. 24-
well and 6-well cell culture plates were purchased from Sarstedt, Germany. Lipidure®-
CM5206 (poly(MPC-co-BMA) equivalent to PMB30) was purchased from NOF Corp., Japan.
SCHOTT 10R/10 mL Fiolax Type 1 Plus® borosilicate vials and 20 mm PDMS injection stoppers
were obtained from Adelphi Healthcare Packaging, UK. Uncoated 20 mm small-volume
parenteral bromobutyl stoppers and 20 mm ETFE laminate film-coated injection stoppers
were obtained from Aptar, France. A schematic of the uncoated stoppers with approximate
stopper dimensions and an image of the uncoated stoppers are shown in Figure S5.1.

Halobutyl rubber locking flange septas were purchased from Fisher Scientific, Ireland.

5.3.2 Methods
Poly(MPC-co-BMA) coating solution preparation

Poly(MPC-co-BMA) solutions (2 mg/mL or 8 mg/mL) were prepared in 70% v/v ethanolic
solutions in water in 10 mL syringes. Solutions were stored at 5°C for 24 h to ensure complete

solubilisation of the polymer before plasma deposition.

Coating of the vial stoppers
Plasma deposition coating process

The following plasma treatment procedure was developed with TheraDep Ltd. Vial stoppers
were placed in either 24-well or 6-well culture plates and subjected to plasma activation using
helium (He) gas. Vial stoppers were activated in a Diener Zepto vacuum activator for 2 min
with a He flow rate of 0.5 standard litres per minute (slm) and 100% power. Plasma deposition
was carried out using a purpose-built deposition system comprising a G2000 high-voltage
power supply (Redline, Baesweiler, Germany) connected to a custom build Teflon deposition
unit that encased two metal electrodes, as shown schematically in Figure S5.2A. The plasma
was operated at a frequency of 20.4 kHz, and an input voltage of either 100 V or 150 V. A

pneumatic nebuliser T2100 (Burgener Research, ON, Canada) was placed between the
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electrodes, and this was connected to a syringe pump to provide a constant flow of coating
solution at 50 uL/min or 100 pL/min. The liquid was nebulised using argon gas with a pressure
of 0.31 MPa. In addition, a separate He flow of 6 sim was provided to the metal electrodes to
create the plasma discharge. The plasma discharge was combined with the nebulised droplet
spray in an acrylic tube (19 mm inner diameter x 35 mm length). To coat the surface evenly,
the plasma head was mounted on a computer-controlled X-Y stage that could be moved in a
desired pattern. The tops of the stoppers (flange), Figure $S5.2B and Figure $5.2C were coated
using a raster pattern (4.5 mm step size and width dependent on size/no. of samples) over
the target surface. After determining the optimum deposition parameters, the coating was
performed on the drug contact surface (stopper plug) Figure S5.2D. Coating was achieved by
lowering the plasma head into each individual well and moving the head in a circular pattern.

The speed was maintained at 500 mm/min or 2000 mm/min.

Design of experiments to optimise coating deposition using plasma deposition

A complete factorial 2* DoE was employed to optimise the coating process using Minitab
v20.2. The DoE investigated the effect of poly(MPC-co-BMA) concentration on the coating
solution at 2 levels (2 mg/mL and 8 mg/mL) and 3 process parameters, each at 2 levels;
solution flow rate (50 pL/min and 100 pL/min), atomiser horizontal speed (500 mm/min and
2000 mm/min) and voltage (100 V and 150 V). Six stoppers, n=6, were coated for each run
and measured in duplicate. The run number and corresponding level of each variable are
summarised in Table S5.1. The response metrics included a change in WCA to measure
surface hydrophobicity as an indication of coating application. Secondly, the percent relative
standard deviation (%RSD) between individual WCA measurements for all stopper samples in

each run was used to indicate coating uniformity.

Surface analysis of vial stoppers and flange septas
Water contact angle analysis

Static WCA measurements were conducted using a KRUSS TVA100 to directly measure the
contact angle on the top of the stopper (flange) and within the plug of the stopper. The
stopper top and plugs are shown in Figure S5.2C and Figure S5.2D, respectively. A 0.5 uL

droplet of water was deposited on the stopper. Top-view measurements were taken in air at
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equilibrium after 30 s, and the WCA data were analysed using the KRUSS ADVANCE software
package. The WCA was measured in duplicate on the flange of coated and uncoated stoppers.
W(CA analysis was also performed on the coated stopper plugs using the optimum deposition

parameters, n=6 independent replicates.

Scanning electron microscopy with energy-dispersive X-ray spectroscopy

Scanning electron microscopy (SEM) images were acquired using a Zeiss Supra 40 at an
accelerating voltage of 5-10 kV. Energy-dispersive X-ray spectroscopy (EDX) was performed
using an X-MaxN (Oxford Instruments) and elemental analysis was carried out using the Aztec
3.3 software package. A stopper for each condition (uncoated and coated) was mounted on
a high-purity aluminium stub using double-sided carbon tape and sputtered coated with gold
at approx. 100 nm thickness using a Quorum Q300T D plus. Three areas for each stopper were

analysed for SEM with one area analysed by EDX per stopper.

Atomic force microscopy

It was not possible to perform AFM analysis of the stopper plug section (Figure S5.2D) owing
to the challenges posed by the plug dimensions. Consequently, halobutyl rubber locking
flange septas (Figure S5.3) were plasma deposited with poly(MPC-co-BMA) and used as a
surrogate to enable AFM analysis of the coating topology. Polymer coatings were directly
deposited onto the flange septas using poly(MPC-co-BMA) 2 mg/mL at a flow rate of 100
uL/min, a voltage of 150 V and a duration of 60 s. AFM images were taken in air at ambient
temperature using a purpose-built Nanosurf Easyscan 2 instrument. The data acquired was
analysed using Easyscan 2 software. AFM was conducted with a z height of 4.9 um and the tip
voltage set at 0 V. The scan range was 50 um, with overscan enabled at 10%. Analysis was

performed in duplicate using n=3 independent replicates.
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Spectroscopic analysis of coating
Fourier transform infrared spectroscopy

To assess the impact of the plasma coating process on the chemical stability of poly(MPC-co-
BMA), FTIR spectroscopy was conducted using a Perkin EImer Spectrum One operating in
single beam mode using 8 scans and a 32 cm™ resolution at a 1 cm™ data interval. Polymer
coatings were directly plasma deposited onto NaCl discs using poly(MPC-co-BMA) 2 mg/mL
at 100 pL/min, 150 V and duration of 60 s. Wet sample controls were deposited under the
non-plasma mode (0 V). In this case, the solution was again sprayed at a 100 pL/min flow rate
for 60 s and then allowed to dry under ambient conditions. This enabled the evaluation of the
plasma discharge's impact on polymer stability during the deposition process. Poly(MPC-co-
BMA) powder was analysed as a positive control using a Perkin Elmer Spectrum Two in
attenuated reflective mode using the same settings. Additionally, a coated stopper was
analysed but due to the stopper signal's confounding interference, it was not possible to
accurately detect the coating’s full spectral response when analysing the coated stoppers due

to the low polymer content, Figure S5.4.

Raman spectroscopy

Raman spectra and hyperspectral maps were generated using a Renishaw inVia Qontor
confocal Raman microscope equipped with a 532 nm, 50 mW diode pumped solid state laser,
kinematically attached Rayleigh line rejection filters, an 1800 lines mm™ grating, and a Peltier
cooled (-70°C), near infra-red, deep depletion CCD detector (1024 x 256 pixels). Spectra were
calibrated with an integrated silica standard of 520.5 cm. Single spectra were acquired in
Renishaw WIRE 5.5 software using a x20LWD objective to achieve a broad measurement area.
Power, residence time and accumulations were calculated to achieve an optimal signal-to-
noise ratio. A ‘bleach’ time of 30 s was used to help reduce autofluorescence. Each spectrum
was collected using 5% laser power, 1 s residence time and 100 accumulations. Hyperspectral
maps were collected using a x50LWD objective, 10% laser power, and a resolution of 0.7 um
x 0.7 um at an accumulation rate of 10 spectra per s*. Maps contained between 400,00 and
500,000 spectra. LiveTrack™ focus tracking technology maintained optimum laser focus on
the sample surface. LiveTrack™ focus tracking height data produced images of the surface’s

3D morphology.
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Individual spectra were processed in Renishaw WIRE 5.6, using minimal smoothing,
cosmic ray removal and baseline subtraction. Map data sets were also subjected to cosmic
ray removal and baseline subtraction. Data was processed using Renishaw’s Empty
Modelling™ method. Component spectra and concentration images were iteratively resolved
to provide a group of spectra that could be matched to standard spectra generated from
known substances. The distribution of these modelled spectra was then introduced to the
map using a least squares component analysis that determined the linear superposition of

component spectra that best represented the data.

Polymer-coated stopper stability study

Poly(MPC-co-BMA)-coated stoppers were subject to various destabilising conditions as
outlined in Table 5.1 and then one spot per stopper was analysed using Raman hyperspectral
imaging. These conditions were chosen as they represent common stresses pharmaceutical
coatings may be exposed to during storage. For thermal conditions, an APOLLO HP50 orbital
shaker oven was used. At the endpoint, the stoppers exposed to the aqueous environment

were dried gently under nitrogen.

Table 5.1. Storage conditions to assess coated stopper stability.

Sample Storage Details
Reference stopper, uncoated, analysed without exposure to
Uncoated
stress conditions
Reference stopper, coated, analysed without exposure to
Coated
stress conditions
Coated stopper exposed to one autoclave cycle of
Autoclave

121°C for 15 min

Coated stopper exposed to deionised water for
Aqueous solution
24 h under ambient storage conditions

Coated stopper exposed to a placebo formulation consisting
Thermal of 20 mM histidine buffer pH 6 with PS80 2 mg/mL at 40°C
shaking at 150 rpm
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Protein-stopper compatibility study
Bovine serum albumin formulation preparation

BSA solutions were prepared by adding BSA 100 mg/mL to PBS pH 7.4. The formulation also
contained trehalose 10 mg/mL, glycine 5 mg/mL and Pol188 2 mg/mL. Before adding the BSA,
the aqueous solution was filtered through a 0.45 um polyvinylidene fluoride filter. The BSA
formulation was filtered through a 0.22 um polyether sulfone filter into 10R/10 mL Fiolax
Type 1 Plus® vials up to a 3 mL fill volume. Samples were then stoppered with a PDMS, ETFE

or poly(MPC-co-BMA)-coated stopper and crimp sealed.

BSA formulation storage and stress conditions

BSA formulations were packaged in vials with PDMS, ETFE or poly(MPC-co-BMA)-coated
stoppers and were stored in an inverted position under control (refrigerated) and forced
degradation conditions as outlined in Table 5.2 for 3 months. These conditions were chosen
as they represent common stressors protein formulations can be exposed to during storage.
For shaking conditions, an IKA-VIBRAX-VXR orbital shaker was used, and for thermal
conditions, an APOLLO HP50 orbital shaker oven was used. At the end of the 3 months, the

protein samples were retrieved and subject to particle size analysis.

Table 5.2. Storage conditions to assess BSA formulation-stopper compatibility.

Sample Storage Details
Reference Freshly prepared BSA formulation
Refrigerated

Storage at 2°C to 8°C for 3 Months
(Control)

5 cycles @ -20°C for 12 h then 2°C to 8°C for 12h
Freeze-Thaw
Followed by storage at 2°C to 8°C up to 3 month’s time point

1-week @ 300 rpm then refrigerated storage up to 6 week’s time point,
Shaking 24 h @ 300 rpm at 6 week’s time point then refrigerated storage up to 3

month’s time point

Thermal Storage at 40°C for 3 months
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Investigation of protein particle formation using dynamic light scattering

The BSA formulation Z-Avg and PDI were measured without dilution or filtration in disposable
1 mL poly(methyl methacrylate) cuvettes with the minimum required volume of 500 uL. The
analysis involved 120 s equilibration, 30 s delay between measurements and a minimum of
13 runs of 10 s performed in duplicate using a Zetasizer nano ZS (Malvern Panalytical)
operated in protein analysis mode. Sample parameter settings were as follows: protein as
material (refractive index 1.450 and absorption 0.001) and water as dispersant (viscosity
0.8872cP, refractive index 1.330) at 25°C. Samples were measured using n=3 independent

replicates. A freshly prepared BSA formulation was used as a reference.

Analysis of gel-like particles

For the collection of the visible particles, 2 mL of sample from each independent replicate was
collected, collated for each stress condition, and filtered through 0.8 um Isopore™
polycarbonate membranes in removable filter housing. The filters were dried in a desiccator
overnight (approx. 8 h), placed on clear glass slides with a coverslip, and analysed using an
Olympus BX43 microscope. Images were captured using a mounted Olympus SC100 camera

and were processed with Stream Essentials v2.3.3.

Data process and statistical analysis

The data was processed and graphed in OriginPro® 2022 version 9 or GraphPad Prism 8®. All
statistical analysis was performed using GraphPad Prism 8°. The datasets were analysed by

conducting a two-way ANOVA (alpha threshold = 0.05; C.I = 95%) and Tukey’s post-hoc test.
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5.4 Results
5.4.1 Optimizing coating parameters using design of experiments

Static WCA of the uncoated, He activated, and coated bromobutyl rubber stoppers was
analysed to understand the changes in stopper surface hydrophobicity due to the poly(MPC-
co-BMA) coating deposition. Uncoated stoppers showed a WCA of 107.65°, which reduced to
34.07° after He activation, Figure 5.1A. After polymer deposition, the WCA was measured for
the stoppers coated according to the parameters in Table S5.1. The WCA of the coated
stoppers was variable and ranged from 56.1° to 113.06° (Figure 5.1A). The variability of repeat
WCA measurements for each experimental run ranged from 3.6% to 10.1% %RSD (Figure
5.1B). The difference in WCA between each analysis site on the stopper flange for runs 1 to

16 can be seen in Figure S5.5.
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Figure 5.1: WCA measurements (A) and %RSD of WCA measurements across six coated
stoppers (B). Stoppers were coated with poly(MPC-co-BMA) according to a 2* DoE approach.

He activated represents He activated control. Data represents mean + SD, n=6, each

measured in duplicate.

The main effects plots, Figure 5.2A and Figure 5.2B, for the WCA indicated that the
following parameters at an individual level yielded a more hydrophobic surface: polymer
concentration 8 mg/mL; voltage 100 V; flow rate 100 pL/min and speed 500 mm/min. Except
for the 100 V setting, those parameters also displayed the highest levels of %RSD between
WCA measurements, indicating reduced coating uniformity. The two-factor interaction plots,
Figure 5.2C, Figure 5.2D and Figure 5.2E, revealed interactive effects between parameters
studied, altering the surface coverage as indicated by changes in WCA. The effect of nebuliser
speed was found to be one of the most important operating parameters as it displayed
significant two-factor interactions with the other plasma process parameters and polymer
concentration. Considering the outputs of the main effects and two-factor interactions,
response optimisation was performed to identify the combination of parameters which
maximise WCA while minimising %RSD to determine the optimum, most statistically

significant process parameters for producing a polymer coating with uniform surface
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coverage. Run 5 (denoted in Figure 5.1 by red colouring), corresponding to a polymer
concentration of 2 mg/mL, voltage 150 V, flow rate of 100 pL/min and speed of 500 mm/min,
was determined to represent the optimum combination of variables with a composite
desirability of 0.833. The stopper plug was then coated using the parameters outlined in run

5 and produced near-identical WCA and %RSD values to the stopper flange, Figure S5.6.
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Figure 5.2: Main effects plots for WCA (A) and %RSD between repeat WCA measurements for

the coated stoppers in each run (B) and significant two-factor interaction plots for significant

binary mixtures (C-E).
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5.4.2 Microscopic analysis of poly(MPC-co-BMA)-coated stoppers
Scanning electron microscopy with energy-dispersive X-ray spectroscopy

The physical structure of the plasma-deposited poly(MPC-co-BMA) coating was compared to
an uncoated surface, Figure 5.3A, using SEM to identify any changes in the surface features
of the stopper. There were no apparent gross changes in the topography of the coated
stopper, Figure 5.3B. Magnified images of the uncoated stoppers, Figure 5.3C, show an
irregular surface, whereas the coated surface, Figure 5.3D, illustrates that the coating
technique produces a polymer coating that aligns closely with the contours of the stopper

topology.
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Figure 5.3: SEM images of stopper surfaces. Uncoated (A) and poly(MPC-co-BMA)-coated
stopper (B), scale bar 10 um. Higher magnification images of uncoated (C) and poly(MPC-co-

BMA)-coated (D) stoppers, scale bar 2 um.

EDX elemental maps are shown in Figure 5.4 for an uncoated and poly(MPC-co-BMA)-
coated stopper. These maps reveal a shift in surface elemental composition, primarily in the
carbon distribution. While the maps suggest some heterogeneity in the coating application,
the application of EDX can only be examined qualitatively as phosphorus and nitrogen, two
elements present in poly(MPC-co-BMA) were undetectable, likely due to the low content of

the coating.
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Figure 5.4: EDX elemental maps of uncoated (A) and poly(MPC-co-BMA)-coated (B) stoppers.
The encircled area denotes a carbon rich region on the coated stopper with a carbon

distribution profile that is dissimilar to that of the uncoated control.
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Atomic force microscopy

To ascertain how the plasma polymer deposition technique quantitatively impacted the
surface topography of the rubber, AFM was performed on flat, coated sections of halobutyl
rubber flange septa. The uncoated rubber surface displayed a textured surface with a
roughness of 124 + 77 nm, manifested by larger peaks and pits, indicating an uneven surface,
Table 5.3 and Figure 5.5. The polymer-coated surface showed reduced peaks and pits,
corresponding to a decrease in surface roughness to 93 + 40 nm, Table 5.3. This is supported
by the representative AFM image, Figure 5.5B, which show that the poly(MPC-co-BMA)

coating smoothed the rubber surface by conforming to the topography of the material.

Table 5.3: AFM analysis of representative uncoated and poly(MPC-co-BMA)-coated surfaces.

Data represents mean £ SD, n=3.

Characteristic measured | Uncoated control (nm) Poly(MPC-co-BMA)-coated (nm)

Surface Roughness 124 +77 93 +40
Highest Peak 1564 + 1145 597 + 311
Lowest Pit -908 £ 729 -473 + 160

(B)

9.8y

-9.8p"

Polynomial Fit 19.6 um

X* 50pm

X* 50um

Figure 5.5: Representative AFM images showing 50 x 50 um area on the uncoated (A) and
poly(MPC-co-BMA)-coated (B) surfaces. Each sample was evaluated in duplicate and n=3
independent samples were analysed for the uncoated and coated halobutyl rubber flange

septas.
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5.4.3 Spectroscopic analysis of poly(MPC-co-BMA) coatings
FTIR spectroscopy of poly(MPC-co-BMA) coatings

The impact of deposition parameters on the chemistry of the poly(MPC-co-BMA) coating was
investigated by comparing FTIR spectra of poly(MPC-co-BMA) powder against coatings
deposited directly onto NaCl discs using plasma and wet deposition (atomised spray at 0 V)
methods. The spectra for both plasma and wet deposit coatings were similar and comparable
to the raw material, Figure 5.6A. Both spectra showed C-H bonds at approx. 2950 cm™ and
1470 cm™ representative of the alkane functional group. Meanwhile, C=0 bonds indicate the
ester functional group found in the BMA and MPC monomers are present at 1720 cm™.
Overlapping peaks from the phosphorylcholine moiety are present in the fingerprint region
where -POCH>- and -N*(CHs) functional groups can be observed.3>>3°¢ Additionally, despite
interference from the stopper components masking the full spectral response of the polymer,
the ester functional group was observed at approximately 1728 cm™ when analysing the
coated stoppers, Figure 5.6B. This functional group has also been used to identify MPC-based

coatings on other substrates.3>”
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Figure 5.6: Representative FTIR spectra of poly(MPC-co-BMA) raw material and coatings
produced on NaCl discs by wet and plasma deposition methods (A) and poly(MPC-co-BMA)
immobilised on the stopper surface (B). Three independent samples were evaluated for each

coating process to the NaCl discs.
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Raman hyperspectral imaging of coating deposition

Due to the diverse chemical makeup of pharmaceutical vial stoppers, chemical identification
of the polymer coating and subsequent uniformity analysis was challenging due to
interference from the rubber formulation components in the stopper substate. Raman
spectroscopy identified a TiO, signal with Raman shift peaks at 145 cm™, 397 cm™, 515 cm™
and 638 cm™ in the uncoated rubber stopper (Figure $5.7), which can be attributed to the use
of TiO; as an inorganic pigment in rubber formulations.3>® The Raman fingerprint for TiO, was
explored in the stopper, and Raman hyperspectral imaging was performed. Polymer coating
uniformity and coverage were visualised indirectly by chemical mapping the TiO; signal
attenuation using the uncoated stopper as a reference, Figure 5.7. Raman maps were
generated where red indicated the signal of TiO, near the surface, green represented the TiO;
signal at the midpoint, and blue represented the signal at the lowest depth measured
(maximum 2 um). The black colour represented areas where the Raman signal was
oversaturated due to intense autofluorescence. As seen in Figure 5.7A, the uncoated stopper
showed a significant amount of TiO; on the stopper surface, as illustrated by the uniform
distribution of red corresponding to the TiO; signal near the surface. After poly(MPC-co-BMA)
coating using the optimised plasma deposition parameters, run 5 (Table S5.1), there was a
loss in intensity of the TiO; signal and only TiO; located in the deeper regions of the stopper
was detected, Figure 5.7B. The impact of high speed on coating deposition is also shown in

Figure S5.8.

Additionally, Z-track in-focus images were obtained as a by-product of Raman
hyperspectral imaging. These images can be superimposed on the spectral data to show
additional spatial chemical and micro-topographical information. Qualitatively, the images
showed that the surface of the uncoated stopper displayed a variable surface topography,
with the appearance of large peaks and pits, Figure 5.7C. By comparison, the coated stopper,
Figure 5.7D, presented a more uniform topography and reduced the number of peaks and
pits. Overall, the images suggest a more uniform surface after plasma deposition, which

agrees with the AFM findings.
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s

Figure 5.7: Raman hyperspectral images of the drug contact area of uncoated (A) and
poly(MPC-co-BMA)-coated (B) stopper plugs. Red colouring indicates the signal of TiO2 near
the surface, green represents the TiO; signal at the midpoint, and blue denotes the signal at
the lowest depth measured (2 um). The black represents areas where the Raman signal was
oversaturated due to intense autofluorescence. Topographic images of uncoated (C) and

poly(MPC-co-BMA)-coated (D) stopper plugs. Scale bar 50 um in all images.

Assessment of coating stability

Raman hyperspectral imaging was performed to assess the stability of the coated stoppers
after exposure to different stress conditions, as outlined in Table 5.1. Figure 5.8 shows that
the coating degrades in patches to different extents depending on the solution or
environmental stressor. This is indicated by the increased presence of the TiO; signal at the
surface (highlighted in red) compared to the stopper controls, Figure 5.8A, before exposure
to the aqueous solution. The sample that was subject to autoclaving, Figure 5.8B, exhibited
the greatest degree of degradation compared to the samples subjected to the aqueous

environment, indicating a potential sensitivity to elevated temperatures.

[126]



Chapter Five

Figure 5.8: Raman hyperspectral image of the reference stopper plug (A), after autoclavation
at 121°C for 15 minutes (B), immersion in water for 24 hours (C), and 4 weeks exposure to a
placebo formulation under thermal agitation stress (D). Red colouring indicates the signal of
TiO2 near the surface, green is the TiO; signal at the midpoint, and blue is the signal at the
lowest depth measured (2 um). The black represents areas where the Raman signal was

oversaturated due to intense autofluorescence. Scale bar 50 um in all images.
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5.4.4 BSA formulation compatibility with coated stoppers

The compatibility of a model BSA formulation with the poly(MPC-co-BMA)-coated stoppers
was probed using DLS to detect the stability of BSA on contact with the stopper and the
possibility of particle generation. A reference sample was prepared to determine the Z-Avg
and PDI before storage. The poly(MPC-co-BMA)-coated stoppers were benchmarked against
commercial PDMS and ETFE-coated stoppers. The model formulation was stored in contact
with different stoppers (vial inversion) for 3 months under various storage conditions, Table
5.2. Each storage condition was chosen to examine the effect of a range of stress conditions
on protein-stopper compatibility. Control samples were refrigerated without freeze-thaw,
agitation, or thermal stress to establish the impact of protein-stopper compatibility without

exposure to environmental stress.

Formulations subjected to refrigeration with or without freeze-thaw or agitation stress
displayed no change in Z-Avg or PDI relative to the reference, indicating that the formulation
maintained the stability of BSA whilst in contact with the different stoppers investigated in
this study, Figure 5.9A. However, the thermally stressed samples stored at 40°C for 3 months
demonstrated a significant increase in Z-Avg and perturbations in polydispersity irrespective
of the stopper type. However, it can be noted that the poly(MPC-co-BMA)-coated stopper
showed marginally superior stabilising effects on BSA’s stability compared to the PDMS-

coated stoppers in terms of Z-Avg values. No significant differences were observed for PDI.

To interrogate the changes in Z-Avg observed when stored at 40°C, the intensity plots for
the BSA formulations in contact with the different stopper types were examined, Figure 5.9B.
The intensity plot for the reference sample showed a trimodal distribution, which changed to
a bimodal distribution in the case of the formulations stored with the ETFE and Poly(MPC-co-
BMA)-coated stoppers. The samples in contact with the PDMS stopper maintained a trimodal
distribution, but an increase in the polydispersity for the third peak was observed.
Additionally, all samples showed a substantial increase in the intensity and size distribution
for the second peak. The peak 2 size for the reference sample was 32.6 nm and increased to
approx. 55 nm for all formulations in contact with coated stoppers. The derived count rate
(DCR) was also studied, identifying more particles for the PDMS and ETFE-coated stoppers
than the Poly(MPC-co-BMA)-coated stoppers, Figure S5.9A. However, the particles did not

contribute to the mass of the samples, as seen in the volume plot, Figure S5.9B.
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For the formulations stored at 40°C, visible particles were observed irrespective of the
stopper type, Figure 5.9C. Samples were collated from formulations in contact with each
stopper type, dried and examined by FTIR (Figure $5.10) to determine if leached or detached
coating material could be detected in these particles. BSA was identified, but the presence of
the stopper coating was not detected. Furthermore, the stability of the poly(MPC-co-BMA)
coating was examined for the stoppers obtained from refrigerated samples (control) after 3
months employing the Raman hyperspectral approach detailed above. The coating displayed
partial degradation in patches, Figure 5.9E, as observed by the increased presence of the
signal corresponding to TiO; near the surface (indicated by red colouring). However, under

thermal stress conditions, the coating integrity appears to have been maintained, Figure 5.9F.
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Figure 5.9: Z-Avg (blue bars) and PDI (crossed blue circles) correspond to the left and right
axes, respectively (A), representative intensity plot of the BSA formulation stored under
thermal stress conditions for each stopper type (B), representative light microscopy image of
an isolated gel-like particle captured on an Isopore™ 0.8 um polycarbonate membrane, scale
bar 200 um (C) and Raman hyperspectral image of reference (D), refrigerated (E) and thermal
stress (F) poly(MPC-co-BMA)-coated stoppers after 3 months contact with the model
formulation, scale bar 50 um (D). Data in (A) represents mean + SD, n=3, measured in
duplicate. Statistical analysis was conducted using a two-way ANOVA, correcting for multiple

comparisons with Tukey’s post-hoc test, **p<0.01.
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5.5 Discussion

Pharmaceutical packaging plays a vital role in preserving the sterility and stability of
therapeutic protein formulations. However, incompatibilities between protein formulations,
container/closure materials, and the coatings applied to them can compromise product
integrity.8? Optimisation of the siliconisation process to pharmaceutical glass has successfully
reduced particle formation in pre-filled syringes.””°® However, some therapeutic protein
moieties are sensitive to siliconised interfaces, prompting the investigation of alternative
copolymerised PDMS and silicone-free coatings.?®19>2% Sjlicone-free coatings such as
fluoropolymer laminate films can reduce leachables and particles generated from packaging
interfaces, including vial stoppers, and improve protein stabilisation.®>%>% Still, they can
impact product integrity through protein adsorption and shedding under thermal
stress.6>90.95,96:324 However, outside of fluoropolymer laminate films, there is a need for viable
alternative coatings for elastomeric closures. To address these limitations, this study
investigated an alternative copolymer coating, poly(MPC-co-BMA). We successfully
demonstrated the deposition of this phosphorylcholine coating on pharmaceutical vial
stoppers using an innovative aerosol-assisted cold plasma deposition process. A compatibility
study showed that BSA stability was retained after 3 months, and the stopper compatibility

performed at least as well as commercial stopper materials.

MPC based polymers show promise as protein-resistant materials. Due to their hydration
properties and zwitterionic nature, they offer an alternative to other adsorption-resistant
coatings, such as PEG. Moreover, they can confer protein-resistant properties at layers as thin
as 20 nm.>*Their hydration occurs through hydration of trimethylammonium's three methyl
groups, allowing water molecules to form a clathrate-like hydrogen bond network. This
results in the formation of a thick hydration shell that can impair electrostatic interactions.
Unlike PEG, MPC-based polymers can avoid issues like hypersensitivity and non-
biodegradability.3®° Traditionally, MPC-based coatings are applied via physisorption and
surface grafting techniques.3®'73%3 Film formation using these surface functionalisation
techniques can degrade, desorb, or detach over time owing to poor coating adherence.
Aerosol-assisted, low-temperature plasma can overcome this issue and is advantageous for

pharmaceutical packaging applications, including the processing of temperature-sensitive
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molecules, and the versatile technique can be used to coat complex 3D geometries quickly

with rapid film drying.364

To optimise the poly(MPC-co-BMA) coating deposition onto bromobutyl rubber, the
impact of plasma process parameters and polymer concentration were assessed using a 24
factorial design. Static WCA measurements were employed to monitor the changes in stopper
hydrophobicity, and %RSD was used to indicate the uniformity and reproducibility of the
coating (Figure 5.1). Unsurprisingly, the poly(MPC-co-BMA) coating yielded a hydrophobic
surface in air post-deposition, which is attributed to the hydrophobic nature of the BMA
backbone. For this study, a successful coating was defined as having a WCA >90° and an %RSD
<5%. Of the 16 experimental runs, 4, 5, 10 and 13 were within range for both parameters. The
optimum coating parameters were chosen as the variables corresponding to run 5 (2 mg/mL,
voltage 150 V, flow rate of 100 uL/min and speed 500 mm/min). Katayama et al. also
demonstrated that MPC-based coatings deposited on hydrophobic plastic surfaces produced
aWCAin the range of 80° to 110°. The authors showed that a similar WCA could be anticipated
where polymer concentrations greater than 1 mg/mL were used. This is beneficial as it allows
for the sustainable use of MPC-based polymers at concentrations as low as 1 mg/mL once
instrument parameters are optimised.334344 One limitation of this study was that the dynamic
WCA was not analysed, so the surface reorientation of the phosphorylcholine moieties and
associated WCA properties were not determined. However, these properties are widely

reported in the literature 33342343

The main effects plots (Figure 5.2) show that higher polymer concentrations and lower
voltages generally resulted in higher WCA values. However, the 8 mg/mL polymer
concentration also exhibited the highest %RSD on average, even at 100 V. The difference in
WCA between the 2 mg/mL and 8 mg/mL samples was minimal, with the 2 mg/mL
concentration offering a significantly lower %RSD. Additionally, when evaluating low speed in
conjunction with voltage, no significant differences were observed in the two-factor
interaction plot, so there were no additional benefits to using low voltage to obtain a higher
W(CA. Studies in the literature also confirm the importance of the combination of plasma
process parameters on the successful deposition of thin films and highlight the impact on film

stability, especially when exposed to the aqueous environment.106:365
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Determining layer thickness and topological properties of the surface post-deposition was
challenging due to the stopper's morphology and coating conformation on the surface.
However, SEM surface characterisation studies (Figure 5.3) suggested that the poly(MPC-co-
BMA) coating was uniformly applied, and the surface retained its textured appearance. This
was supported by EDX analysis however, the elemental mapping suggested some areas were
more concentrated in carbon than others (Figure 5.4). It is important to note that elements
specific to poly(MPC-co-BMA) namely phosphorus and nitrogen were not detected which may
have influenced the elemental composition detected on the stopper surface and represents
a key imitation of this analytical approach. AFM was performed on coated halobutyl rubber
flange septas to overcome imaging challenges associated with the stopper geometry (Figure
5.5). AFM complimented SEM-EDX results indicating that the coated surface was uniformly
smoother compared the uncoated surface, yet the surface retained its gross macroscopic
features. These findings agree with other SEM and AFM results in the literature for plasma-
deposited surfaces where the application of thin films did not significantly alter the gross
features in the material's topography.36©3¢7 This smoother surface is potentially beneficial for
parenteral protein formulations because the reduction in surface roughness can help

minimise protein-surface interactions and adsorption.3®

Plasma deposition has been shown to have limited effects on the chemical stability of the
depositing molecules.3#83%0 While the stability of the coating once deposited on the stopper
surface could not be accurately assessed, the detection of the ester functional group provided
confirmation of the presence of the poly(MPC-co-BMA) on the stopper complimenting the
WCA measurements (Figure 5.6A). FTIR analysis of the polymer coatings on NaCl discs
confirmed that the plasma process did not affect the polymer’s chemical stability (Figure
5.6B). Indeed, other studies in the literature have identified the robustness of MPC-based

polymers after surface deposition.3>%36

It was important to assess the compatibility of the coated stoppers with a model protein
formulation to verify its potential use in packaging applications. The poly(MPC-co-BMA)
surface did not adversely affect the colloidal stability of BSA under refrigerated, agitation, or
freeze-thaw conditions, demonstrating compatibility with protein stability, as confirmed by
DLS measurements (Figure 5.9A). However, gel particle formation occurred due to inherent

protein instability under thermal stress (Figure S5.10). The poly(MPC-co-BMA)-coated
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stopper showed a small stabilising effect compared to PDMS commercial stoppers, evidenced
by a statistically lower Z-Average value (Figure 5.9A). A limitation of this study was that BSA
adsorption to the stopper was not performed. However, other studies have shown that BSA
adsorption to poly(MPC-co-BMA) coatings is minimal and results in marginal changes to the
conformational stability of BSA, which is notable since BSA has been observed to undergo
conformational changes when adsorbed to both hydrophobic and hydrophilic
surfaces.*4341,363,369 Moreover, the stability study reveals that aggregation and gelation were

more influenced by environmental conditions than the stopper interface.

An innovative use of Raman hyperspectral imaging was also used to investigate the
coating coverage on the stopper, which otherwise proved challenging due to interference
from rubber manufacturing components and the low phosphorylcholine content in the
polymer. The novel use of Raman hyperspectral imaging successfully confirmed polymer
deposition by monitoring the TiO; signal intensity inherent in the rubber and its attenuation
due to coating (Figure 5.7). This approach allowed indirect imaging of the polymer coating
after deposition, confirming the coating's presence. The technique also helped to assess
polymer stability after exposure to common stresses encountered by elastomeric closures
during biopharmaceutical manufacture and storage, such as autoclavation, and formulation
components (Figure 5.8). It also assessed the effect of a model BSA formulation for 3 months

on the coating integrity (Figure 5.9E and Figure 5.9F).

In all instances, the polymer coating demonstrated an altered surface topography with
the greatest changes observed where autoclavation and contact with the model BSA
formulation occurred. The impact of autoclavation was noteworthy as MPC-based coatings
have been shown to have high thermal stability (>250°C) highlighting a potential limitation of
the application of this copolymer.3>’ The alterations observed in the coating where 3 months
of contact was maintained with the model BSA formulation (refrigerated conditions) could be
a result of BSA degrading the coating which has been observed in other studies for siliconized
primary packaging materials.1®” However, as shown by Moll et al. the alterations observed on
the microscale may not necessarily indicate macroscopic changes and indeed it is possible
similar phenomena occurred here and the total amount of poly(MPC-co-BMA) may still be
present on the stopper.?? However, as MPC-based coatings can alter their orientation on the

substrate surface depending on the state of hydration, these changes can potentially be
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attributed to polymer hydration effects. Analysis of the polymer material using in-situ
analytical techniques could assist in determining if the signal attenuation is due to the

polymer’s flexibility on the surface.

Nonetheless, the changes observed during Raman mapping, whether through hydration
effects, desorption, detachment, or degradation represent a significant concern that requires
further investigation. It is important to evaluate because exposure to the underlying surface
can reduce the coated surface's potential to resist protein adsorption.3’? Additionally, it is
crucial to assess how formulation conditions affect polymer stability, as salts can alter the
stiffness of the aqueous polymer layer.3’! Further studies are needed to examine the
extractables/leachables profile, as plasma activation can alter the substrate composition and
lead to the breakdown of silicones and oils used in rubber formulations. More broadly
speaking, exploring various MPC-based copolymers, which may also offer potential benefits
for pharmaceutical packaging applications, warrants consideration as other hydrophobic
backbones exist which may adhere more strongly to the vial stopper. Moreover, changes to
the polarity of the deposition solution could also alter the adhesion of the polymer to the
stopper and should be investigated. At the same time, an alternative approach to this study
could also involve coating fluoropolymer laminate films with phosphorylcholine moieties. The
fluoropolymer laminate film would provide a reduction in the leachables and extractables
profile and the phosphorylcholine moieties a would confer protein-resistant properties,

minimising adsorption.
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5.6 Conclusion

The study demonstrated that a novel aerosol-assisted cold plasma deposition technique
produced a poly(MPC-co-BMA) coating onto a bromobutyl vial stopper. The uniformity of the
coating depended on the plasma deposition parameters, which created a uniform
hydrophobic coating when optimised. FTIR analysis demonstrated poly(MPC-co-BMA)
chemical stability following the plasma deposition. The coating produced was smooth and
closely followed the contours of the stopper surface, with a reduction in the roughness of the
surface due to the infilling of indentations in the stopper surface. A novel Raman imaging
approach was utilised to investigate coating coverage by mapping attenuation of the
stopper’s TiOz signal following coating deposition. Interestingly, this approach could also map
other polymeric stopper coatings, including commercial materials. The compatibility of the
poly(MPC-co-BMA) coating with a model BSA formulation was demonstrated for refrigerated
samples with equivalent performance compared to commercial PDMS and ETFE-coated
stoppers. The study findings highlight the potential of a poly(MPC-co-BMA) stopper coating
as an alternative to current coatings employed for protein therapeutic packaging. However,
further work is required to interrogate issues related to coating integrity during long-term
storage. Additionally, the findings demonstrate the capability of an optimised atmospheric
aerosol-assisted plasma deposition technique to apply uniform polymer coatings to vial
stoppers. Further exploration of this innovative deposition technique's potential will

necessitate studies to benchmark it against current coating technologies.
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Chapter Six

6. General Discussion

Protein "Stability
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6.1 Research objectives and outcomes

Protein therapies are essential in modern pharmacotherapy, however, exposure to various
stresses can significantly undermine their stability.3'? Interfacial hydrophobicity and charge
pose significant risks to the quality, safety and efficacy of therapeutic proteins, due to the
potential to cause protein unfolding and particle formation.?” Glass-based packaging and
elastomeric closures used to maintain sterility can also destabilise the protein.®® Glass-based
packaging can be ionised in solution, generating a strongly anionic surface which promotes
protein adsorption.!'* Furthermore, where the solution conditions are near the protein's IEP,
an interplay between electrostatic and hydrophobic interactions occurs during adsorption.*
Moreover, the elastomeric closures and their coatings are inherently hydrophobic and are

known to cause protein adsorption, unfolding, and particle formation and are prone to

leaching into solution.8990:%

Despite this understanding, there have been no investigations utilising in-situ analysis
techniques into the impact of buffering excipients on protein adsorption to borosilicate glass
surfaces. This is important because buffering excipients regulate solution pH and can modify
the surface charge and hydrophobicity of therapeutic proteins.>® Furthermore, there is scope
to examine novel formulation approaches to replace surfactants in protein formulations.
Hydrophobic excipients, such as amino acids, have the potential to alter protein adsorption
and stability at hydrophobic interfaces but have received little attention to date. Additionally,
elastomeric closures, which are subject to protein interaction during syringe aspiration, have
received less attention in the literature compared to glass packaging surface and scope exists

to explore protein-resistant coatings for elastomeric closures to minimise adsorption.°>

Understanding the interactions at the protein-excipient-packaging interface is critical to
achieving a successful biotherapeutic product. Therefore, the overall aim of this thesis was to
explore the impact of packaging interfaces and formulation on the adsorption and stability of
two model proteins, lysozyme and BSA, and develop novel formulation and packaging

mitigation strategies to minimise the adverse impact of protein adsorption.
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6.1.1 Thesis findings
Formulation effects

Buffering excipients are the most critical excipient class used in protein formulations. Buffers
control the pH of the solution, maintain the therapeutic protein's stability and activity, and
balance the interactions between proteins and packaging interfaces.”® However, buffer type
is informed by the protein’s IEP and trends in commercial formulations but their potential
effects on adsorption are not the foremost consideration. This thesis determined that the
choice of buffering excipient has limited influence on lysozyme adsorption to borosilicate
glass and that solution pH can control the charge of the borosilicate interface and influence
protein-glass interactions (Chapter Three). Interestingly, in some cases, buffer type affected
the type of protein layer formed as shown by QCM-D analysis. Histidine buffer pH 5.5
promoted the formation of a hydrated film as measured by the D/F ratio and variability in the
dissipation factor over the measured overtones. This effect has also been reported by Wang
et al. for lysozyme adsorption to borosilicate.?** Similar variabilities in the dissipation factor

were noted for the citrate buffer at pH 5.5, but the effects were smaller in comparison.

Solution pH had more significant effects on film formation as at pH 3.6, the film was likely
sub-monolayer in nature. Low dissipation coupled with low-frequency values has also been
identified in the literature to be associated with a sparsely populated protein film.3% At pH
5.5 and above, a densely packed monolayer was postulated to have formed owing to the low
dissipation and high-frequency values, which have also been seen in other literature.14%304
The poor reversibility of adsorption measured using QCM-D (buffer perfusion step) supports
this in addition to the low dissipation values and frequencies obtained. Protein concentration
was the other factor that altered the layer formation. Higher concentrations were shown to
create a thicker and more hydrated film.?** The use of histidine buffer at the higher protein
concentration continued to produce variability in the dissipation factor measured however
the values obtained were larger, signifying viscoelasticity. The pathway to layer formation was
also altered as two adsorption events were noted, one at the -10 Hz to -20 Hz range, which
produced no change in the dissipation, suggesting a dense and rigid layer formed on the
sensor. This was followed by a steep decline in frequency and increased dissipation, indicating
that the second layer interacts with the first adsorbed protein layer and incorporates

interfacial water.18°
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Interestingly, while not considerably altering the stability of lysozyme, the amino acid
buffers were found to increase lysozyme’s melt temperature as measured by DSF (Chapter
Three). Additionally, the solution pH was also found to affect lysozyme stability, with pH 7.4
reducing the protein's thermal stability. This impacted the adsorption behaviour as the lower
the thermal stability, the greater the protein adsorption. This work agrees with a study by
Fujita et al., who correlated protein melt temperatures with adsorption to polyolefin

packaging surfaces.?®3

Similarly, the change in pH affected the zeta potential of both the lysozyme and the
borosilicate, which acted as the primary driving force for adsorption. Despite the charge
inversion effects produced by citrate buffer, the strongly anionic nature of the borosilicate
maintained the same quantity of adsorbed protein at pH 5.5 as the histidine buffer. This
agrees with Mathes and Friess, who were the first to identify electrostatic-mediated protein
adsorption to borosilicate glass.''* However, where this study identified the importance of
the borosilicate surface charge, Mathes and Friess identified the importance of the protein
surface charge, especially around the solution and surface IEP, as protein adsorption can
increase at these values due to a loss in charge repulsion effects. Regardless, both studies
reveal the necessity to balance the electrostatic forces between the protein and the surface,
with the most suitable mitigation strategy being to have them bear the same net charge or

include surface active excipients.

To find alternatives to surfactant stabilisers to control hydrophobic interface-induced
instability, novel formulation approaches revealed that prioritising BSA's conformational
stability, was important to reduce aggregation at hydrophobic interfaces (Chapter Four).
Leucine, which has shown promise in protein formulations as an aggregation suppressor, did
not stabilise BSA's conformation.3'® Consequently, greater unfolding and aggregation
occurred when BSA was exposed to hydrophobic interfaces during inverted storage. Leucine
reduced the formation of small aggregates of BSA however, it appeared to do so by altering
its aggregation pathway toward forming particles >100 nm in size. This was variable as leucine
was found to maintain BSA in near-native conditions at 50 mM and 100 mM based on Z-Avg
values for upright storage orientation under thermal agitation stress, suggesting a potential
packaging incompatibility concern regarding its use. Despite the limitations, leucine may be

effective in combination with other amino acids or for other proteins or destabilising
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conditions. Mixtures of aliphatic, hydrophobic amino acids with charged amino acid residues
have previously been identified to promote conformational and colloidal stability.?®®
Additionally, it may be suitable for protein products stored under refrigerated or ambient
conditions to maintain protein stability. Further work is required to elucidate if its weak
surfactant-like properties could support its use as an interfacial stabiliser for protein

formulations.2°0:2>7

While not the focus of Chapter Five, the effect of a model formulation was examined with
different vial stopper materials. The formulation proved capable of maintaining the stability
of BSA for three months under refrigerated conditions when exposed to freeze-thaw and
agitation stresses. However, intrinsic protein instability was observed at prolonged elevated
temperatures, negating the stabilising effects of the formulation, as evidenced by BSA’s

gelation.

Storage conditions

Preserving a therapeutic protein's physical stability is dependent on how it is transported and
stored. Proteins can transition from their native conformation to either an intermediate
unfolded or unfolded state on exposure to elevated temperatures (e.g., >40°C).31? They also
aggregate and form soluble and insoluble particles with prolonged heat exposure, interfacial
contact with air, or exposure to mechanical stresses such as mixing, stirring, and
shaking.'®29312 This was evidenced in Chapter Four, where BSA was identified to become
unstable at 40°C under shaking conditions during short-term (7 days) storage leading to
unfolding and aggregation compared to refrigerated or ambient storage conditions. Shaking
promotes protein-protein interactions by disrupting Brownian motion and increasing the
potential of protein-protein collisions in aqueous solution. Interestingly, sub-visible particles
were identified to form in Chapter Four, while visible BSA gel particles formed in the samples
after three months of quiescent storage at 40°C in Chapter Five. Despite differences in the
formulation and the absence of agitation (Chapter Five) both studies displayed BSA particles
of approx. 40-55 nm in size in addition to particles >100 nm in size. This confirms that BSA is
an unstable, thermally reactive, aggregate-prone protein with a tendency to gel.

Elevated temperatures are also associated with higher levels of protein adsorption.

Increasing the temperature of the storage environment can reduce the solution viscosity.
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Consequently, Brownian motion is accelerated, and adsorption is promoted by increasing the
diffusivity of the protein toward the surface.3%® This was observed in Chapter Three, where
increased lysozyme adsorption was measured upon increasing the temperature of the storage
environment. This is typically associated with the protein being in an intermediate unfolded
state however, for structurally rigid proteins such as lysozyme, increased adsorption can more
likely be linked to changes in the solution conditions rather than alterations in the protein’s

physical stability as suggested by Forov et al.3"?

Formulation-packaging interactions

Secondary to rational formulation design is the choice of packaging container. Ideally, the
choice of primary container/closure system should go hand in hand with the formulation
design. Consideration of packaging interactions during formulation design can highlight
excipient-container/closure incompatibility when exposed to external stressors which can

adversely affect protein stability.39°0.9

Significant differences were observed when examining the changes in protein physical
stability using BSA when in contact with different packaging interfaces for Chapter Four.
While BSA stability is more sensitive to the storage conditions, where contact with the vial
stopper was established (inverted storage), BSA was shown to have an altered conformation
and presented a greater number of aggregates in aqueous solution under thermal agitation
conditions. This behaviour was observed for stoppers with either a thin PDMS or ETFE
laminate film coating. These findings agree with those of Teska et al. and Dasnoy et al., who
identified that vial stopper contact and a large vial headspace could induce protein instability
in the form of particle formation and precipitation.®>?’° However, in the absence of stress
conditions, protein-packaging interactions had no adverse effect on BSA’s stability.
Comparable findings were obtained in Chapter Five, where three vial stopper coatings were
evaluated. In the absence of thermal stress conditions, BSA-stopper interactions did not
induce instability and maintained BSA in its native conformation. However, prolonged
exposure to thermal stress conditions produced BSA gel particles, and the Z-Avg and PDI
values obtained were similar to those in Chapter Four. Additionally, the formulations in
contact with PDMS stoppers in Chapter Five had sub-micron particles in solution, which were

not observed in Chapter Four, highlighting the risks associated with prolonged exposure to
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siliconised surfaces at high storage temperatures. This thesis demonstrates that inverted
storage under elevated temperatures can be detrimental to protein stability on exposure to
external stressors due to the presence of two hydrophobic interfaces, i.e., vial stopper and

vial air headspace.

Stoppers represent challenging primary packaging materials that can impact product
integrity and safety. They are responsible for maintaining product sterility, yet they can be
inherently destabilising packaging interfaces.®® Their requirement for a surface coating is a
significant challenge of their application in pharmaceutical packaging. Typically, stoppers are
washed in PDMS to create a thin silicon emulsion film on the surface to enhance the lubricity
of the material. However, this approach does not covalently bond the PDMS to the stopper,
explaining why silicone oil leachables can be observed in commercial protein formulations.”?
To overcome this issue, fluoropolymer laminates can be bonded to the stopper using heat
sealing and have proven effective at preserving product integrity and safety.®> However,
laminate films are susceptible to degradation under thermal stress conditions and in the
presence of surfactants.’® Additionally, they are also susceptible to protein adsorption.3?*
Ideally, stopper coatings should be thin, covalently bonded, and adsorption-resistant. To
obtain thin film coatings, aerosol-assisted cold plasma is an innovative and viable approach
which was employed in Chapter Five to create a novel, strongly adherent, adsorption-

resistant vial stopper coating using poly[MPC-co-n-BMA] (poly(MPC-co-BMA)).1%

To determine the parameters which influence plasma deposition a Dok approach was
applied for Chapter Five. The deposition of the polymer coating was found to be affected
primarily by the speed of the nebuliser, especially when coupled with the solution flow rate,
applied voltage and polymer concentration. However, when optimised, a uniform coating was
achieved on the stopper surface with reduced surface roughness. This is beneficial as reduced
roughness will limit the surface area, minimising protein adsorption.3%® However, the stability
of the polymer coating appeared to be compromised by elevated temperature (121°C) and
the aqueous environment. This presents a potential limitation of the applied approach which
requires further investigation to fully elucidate coating stability. However, it can be noted that
the poly(MPC-co-BMA) coating in the aqueous solution, placebo and model protein
formulation showed equivalent stabilities however, it showed greater sensitivity when

exposed to BSA.'%” Moreover, even though protein gelation has been reported to occur at
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packaging interfaces, owing to the thermal instability exhibited by BSA, gelation was likely
initiated in solution and is unlikely to be associated with the stopper interface.?%3”3 This is
supported by the DLS and SEC studies in Chapter Four which showed that BSA can undergo
self-association and aggregation in as little as 7 days. However, the innovative use of Raman
mapping proved useful in determining the effects of different solution and storage

environments on the stopper coating stability.

Analysis techniques

Throughout this thesis, numerous techniques were used to measure protein adsorption and
stability when in contact with different commercial packaging materials and formulations. A
broad range of techniques (Table $6.1) were applied due to the lack of available in-situ
analysis methods to measure adsorption and stability within the packaging system.37437> This
thesis demonstrated novel applications for two instruments, the QCM-D (Chapter Three) and

Raman hyperspectral imaging (Chapter Four).

QCM-D is a surface-sensitive microbalance that operates in aqueous conditions. It has
predominantly been used to examine the impact of surfactants on protein adsorption to
PDMS, SiO,, borosilicate, PTFE and manufacturing surfaces.64#244324 QCM-D has scope for
utilisation in other areas of formulation development, such as investigating the optimum
solution conditions to minimise adsorption. This would be beneficial for determining the
impact of pH and ionic strength on adsorption and the subsequent effect of layer formation
on particle formation. As seen in Chapter Three, QCM-D was beneficial for determining pH
effects on protein adsorption including determining the hydration properties which is a
unique feature of this analytical technique. QCM-D even shows promise for use as a predictive
tool for protein stability as demonstrated by Weidman et al. and more routine use of QCM-D
would optimise formulation development studies and circumvent the consequences

associated with protein adsorption.?%°

Raman mapping is a standard analytical tool used to understand the distribution of
chemical, structural, and spatial arrangement of moieties within a sample. It is primarily
employed in the pharmaceutical sector to analyse the surface, depth, and size distribution of
active ingredients of solid products.3’® In Chapter Five, a novel application of Raman mapping

was employed to study pharmaceutical packaging and coatings. It assisted in characterising

[145]



Chapter Six

the stopper surface and the distribution of the polymer surface coating and identified where
changes in coating uniformity occurred. This was achieved by tracking the signal attenuation
of TiO; in the stopper composition. Additionally, it was able to distinguish the effects of both
autoclavation and solution conditions on coating stability. However, the application of Raman
mapping has limitations, as seen with the interplay between the interference of the vial
stopper components and the thinness of the deposited poly(MPC-co-BMA) layer. Combining
Raman mapping with additional techniques capable of analysing thin polymeric coatings

would be invaluable for packaging manufacturers to determine coating integrity.

Protein stability

Lysozyme and BSA have well-defined physicochemical properties and are widely used as
models within protein studies. However, the work presented in this thesis highlighted some
interesting findings on the stability behaviour of these two proteins which should be
considered when assessing their stability with respect to formulation and packaging design.
CD spectroscopy showed that lysozyme, when exposed to elevated temperatures, displayed
marginal differences in both the signal intensity and alpha helix content estimated after
spectral deconvolution (Chapter Three). However, BSA displayed a significant reduction in the
spectral intensity and was identified to be in an unfolded state in solution above 40°C and an
aggregated state above 60°C (Chapter Four). Comparing the thermal stability of both proteins
in a 10 mM Na-Phos buffer pH 7/7.4 studies showed lysozyme’s melt temperature was 68°C,
whereas BSA’s melt temperature was within the range of 50-60°C (Chapter Three and
Chapter Four). Additionally, DLS and SEC showed that both proteins also had different native
size distributions. Lysozyme was found to be monomeric, but BSA was found to be
heterogenous, likely consisting of monomers and small amounts of dimer/trimer (Chapter

Three and Chapter Four).37>377

The differences in both proteins can be attributed to their shape and structures. Due to
its rigid, compact, ellipsoidal, globular structure, lysozyme can maintain its stability via
hydrophobic interactions, van der Waals forces and salt bridges.*1378 Moreover, due to the
asymmetric distribution of its charged and hydrophilic residues, lysozyme can also interact
with water in its surrounding environment, promoting stability.1!%11 BSA, however, is more

unstable. Compared to lysozyme, BSA is a larger protein with a less compact and elongated
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asymmetric structure. As protein shape and size increase, the effectiveness of the internal

stabilising forces decreases. Furthermore, BSA is a flexible, elliptical heart-shaped protein

consisting of three domains, each with several alpha helices with their own hydrophobic

pockets.!*® This conformation makes BSA prone to unfolding and aggregation, as it does not

have a well-defined core. BSA also has more charged residues than lysozyme, which makes it

highly sensitive to the solution environment.!'> In the design of protein therapeutics, the

protein’s intrinsic structural stability is critical to consider with respect to storage conditions,

formulation and packaging.

6.1.2 Thesis highlights

Highlights of thesis research can be summarised into the following points:

Lysozyme adsorption to borosilicate is mediated by solution pH. Buffer type and pH
can affect layer properties such as hydration. Protein concentration influences the
type of layer formed (Chapter Three).

Commercial primary packaging interfaces have a limited impact on BSA’s stability
however, inverted storage can induce marginally higher unfolding and aggregation
because of BSA-stopper interactions. BSA is more likely to unfold and aggregate when
exposed to changes in the solution and environmental conditions (Chapter Four).
Atmospheric aerosol-assisted plasma deposition showed promise for depositing a thin
poly(MPC-co-BMA) film to the surface of vial rubber stoppers. Polymer-coated
stoppers performed as well as commercial ETFE stopper coatings performed during
the stability study. The application of Raman mapping proved useful for monitoring
the uniformity of coatings on the surface of commercial primary packaging systems

(Chapter Five).

6.1.3 Limitations

Limitations of thesis research can be summarised into the following points:

This work was performed using model proteins, lysozyme and BSA, which have some
similar characteristics to biotherapeutics but are not entirely representative of

therapeutic protein adsorption and stability behaviour.
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The structural stability of lysozyme was not examined on the surface of the QCM-D
sensor or in contact with commercial borosilicate glass vial packaging (Chapter Three).
In Chapter 4, quantitation of BSA adsorption to the different packaging components
was not performed, hence its contribution to aggregate formation was not delineated.
A simple formulation approach was also undertaken, and a small number of
conditions were investigated. A broader investigation of leucine in
comparison/combination with other amino acids, cyclodextrins or surfactants might
have yielded a more successful formulation. Moreover, examining BSA stability using
thermal and agitation stress independently would decouple the effects of each stress
condition on aggregation.

In-situ characterisation of the polymer coating to determine its properties in aqueous
media and the use of a surface-sensitive technique to analyse specific functional
groups in the deposited polymer would have provided more detailed information and
complimented the top-view WCA and Raman mapping techniques employed in

Chapter Five. Additionally, the leachables profile was not investigated.

6.1.4 Future work

The research presented in this thesis suggests that primary packaging interfaces play a minor

role in lysozyme and BSA’s instability and that the protein’s intrinsic characteristics,

formulation, and environmental conditions have a more significant impact.

Future work is recommended in the following areas:

Studies that quantify therapeutic protein adsorption and characterise protein
structural stability in-situ is a critical area that needs further research. At present, a
combination of analytical methods is required to measure both adsorption and
stability independently. Of the available techniques reported to analyse both, e.g.,
QCM-D, the stability data obtained is complex to process and easy to misinterpret.
Combining QCM-D with FTIR microspectroscopy could provide a route to assess
adsorption and protein stability on the surface accurately.

Combinations of amino acids have been reported to stabilise protein formulations,

effectively replacing surface-active agents. However, further work on hydrophobic
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amino acids is required to understand protein-excipient-packaging interactions.
Mixtures of hydrophobic amino acids with arginine-glutamate and arginine-aspartate
systems in histidine or glycine buffers may provide a simple route to optimal
stabilisation of the therapeutic moiety.

e The vial stopper is undeniably a problematic interface and further research into the
application of the phosphorylcholine-based polymer is required. The deposition of
poly(MPC-co-BMA) to uncoated and fluoropolymer-coated stoppers should be
compared for protein adsorption and stability with a focus on particle counting
technologies using a surface-sensitive therapeutic protein such as Ig. Additionally, the
repeated deposition of coatings to increase the thickness and a
leachables/extractables study should be performed to determine if noteworthy
effects can be observed. Characterisation of the polymer’s water-responsive
behaviour also requires analysis in-situ to understand the hydration properties.
Furthermore, different deposition techniques, such as physisorption, should be
compared to the plasma-deposited coating for stability. However, it may also be
judicious to study the application of plasma deposition for commercial fluoropolymer

coatings and examine their stability compared to the laminate film coating.

6.1.5 Conclusions

This thesis explored the impact of packaging interfaces and formulation on protein adsorption
and stability and studied novel formulation and packaging mitigation strategies to minimise
the adverse effect of protein instability and adsorption. The primary aim of investigating the
role of primary packaging interfaces was achieved, and for the model proteins lysozyme and
BSA, interfacial stress played a small role in adsorption and stability. Minimal adsorption for
lysozyme was noted for the uncoated and SiO,-coated commercial vials, even under thermal
stress conditions however, long-term studies and low protein concentration formulations
might present different results. Sustained contact with the vial stopper using inverted vial
storage for 7 days was observed to induce more BSA aggregate formation in an aqueous

solution compared to upright storage.

However, the combination of the formulation and storage environments had a more

significant impact on BSA stability during storage studies compared to packaging
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configuration. It was found that the formulation investigated had a marginal impact on
lysozyme stability but led to the destabilisation of BSA, highlighting the importance of
investigating each protein based on knowledge of its physicochemical properties. However,
where contact with the vial stopper is maintained, formulation approaches to maintain
protein stability may be negated especially under elevated storage temperatures. This is
possibly due to the packaging system's hydrophobic interfaces, i.e., the vial stopper and air
headspace. This would suggest that surfactants are still the optimum choice of stabiliser for

hydrophobic packaging interfaces.

Novel packaging strategies such as the poly(MPC-co-BMA) stopper coating indicated
that vial stoppers were suitable for coating with innovative polymers. Moreover, the cold
plasma deposition process provided a viable alternative approach for the coating of thin
polymer films to the surface of primary packaging surfaces. However, further investigation is
warranted to optimise the deposition process and confirm suitability with surface-sensitive
therapeutic proteins. Furthermore, confirming the stability of the polymer on the vial stopper
has the potential to highlight a superior deposition process. Additional research into the role
of the vial stopper and its coatings is essential to preserve the biotherapeutic's medicinal

value, safety and efficacy, as they have been demonstrated to compromise product integrity.
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Appendix
S3 Supplementary Information for Chapter Three
S3.1 Supporting Methods

In QCM-D, the relationship between mass change and frequency shift for a rigid adsorbed

layer can be described by the Sauerbrey equation (Eq. 1):

Equation 1
Eq. 1: Am = —C%
Am is the mass gain of each sensor, Af is the frequency reduction observed, n is the overtone

number, and C is the mass sensitivity constant (~17.7 ngcm 2 Hz ! for a 5 MHz quartz

resonator).

Regarding the viscoelastic property of the adsorbed lysozyme layer, dissipation (D) is
expressed as proportional to the energy dissipated over the energy stored in the oscillating

system (Eq. 2):

Equation 2
Eg

Eq.2: D = ZE,

D is the dissipation, and Eq4 and Es are the energy dissipated and stored in the oscillating

system.

[178]



Appendix

S3.2 Supporting Results

0_ _ _ __ _ __
—_ 2 O
~ -10+ oS
§ ] Tl 9
g 15
o —_
E -20- ! T ] I B‘
[N o Vm
¥ SRR
1 E3Os . 7.
'30 Ll T T T T T
AP A% 5 5,6 0
F & &L
ygsb‘ Q??‘ ~é$>\ Sﬁsn Sﬁsn ~Q§>‘
$@,Q N N ® 0\«

Figure S3.1: Overtone comparison for frequency and dissipation after data acquisition at
time=30 min. Frequency and dissipation correspond to the left and right y axes, respectively.

Data represents mean * SD, n=3 for frequency and at least n=2 for dissipation.
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Figure S3.2: Linear regression of the adsorption data obtained by QCM-D from the 1 mg/mL

buffered solutions graphed as a function of zeta potential, thermal melt temperature and pH.
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Figure S3.3: Two-step adsorption process observed during QCM-D analysis of 25 mg/mL
lysozyme (A) and overtone analysis of the frequency and dissipation values after data
acquisition at time=30 min (B). Frequency (blue bars) and dissipation (blue circles) correspond

to the left and right y axes, respectively. Data represents mean £ SD, n=3.
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S4 Supplementary Information for Chapter Four
S4.1 Supporting Methods

Linear regression analysis for upright vial orientation
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Figure S4.1: Linear regression of the stability data obtained by CD spectroscopy and DLS

graphed as a function of leucine concentration.

[182]



Appendix

Linear regression analysis for inverted vial orientation
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Figure S4.2: Linear regression of the stability data obtained by CD spectroscopy and DLS

graphed as a function of leucine concentration.
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S5 Supplementary Information for Chapter Five
S5.1 Supporting Methods

Fourier transform infrared (FTIR) spectroscopy for the protein gels was conducted using a
Perkin ElImer Spectrum Two instrument operating in single beam mode, using 4 scans, a 16

cm® resolution, and a 2 cm data interval.

S5.2 Supporting Results

(A) | »18.8

(B)

Figure S5.1: Schematic of uncoated, small volume bromobutyl stopper (A) and an image of an

uncoated bromobutyl stopper used in this study (B).
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Figure S5.2: Schematic diagram of plasma deposition system (A), substrate set-up for the DoE
(B), close-up view of the top of the stoppers showing flange sites analysed (C) and substrate

set-up used in the study to coat the drug contact side (plug) of the stopper vial (D).
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Table S5.1: Variables and corresponding run number for the full factorial 2# design.

Concentration Flow Rate Voltage Speed Run
(mg/mL) (uL/min) (V) (mm/min) number

2 50 100 500 1
2 100 100 500 2
2 100 100 2000 3
2 50 100 2000 4
2 100 150 500 5
2 50 150 500 6
2 100 150 2000 7
2 50 150 2000 8
8 100 150 2000 9
8 50 150 2000 10
8 100 100 2000 11
8 50 100 2000 12
8 50 100 500 13
8 100 100 500 14
8 100 150 500 15
8 50 150 500 16

Analysis sites

Figure S5.3: Halobutyl locking flange septa used for AFM analysis showing analysis site

locations.
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Figure S5.4: FTIR spectra of uncoated stopper, poly(MPC-co-BMA)-coated stopper and

coatings produced on NaCl discs by wet and plasma deposition methods.
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Figure S5.5: In-air static WCA measurements for each site measured on the stopper flange for

runs 1 to 16. Data represents mean x SD, n=6.
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symbols, y axis) conducted on top of the stopper versus the drug contact surface (plug). He
activated represents He activated control. Data represents mean * SD, n=6 for the stopper

flange and n=3 for the stopper plug.
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Figure S5.7: Raman spectra of titanium dioxide (TiO,, Anatase) reference vs TiO; signal

obtained from an uncoated stopper. The component was generated by reviewing <400,000

spectra using Renishaw’s Empty Modelling™ algorithm.
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Figure S5.8: Raman hyperspectral images of the drug contact area of poly(MPC-co-BMA)-
coated stopper plugs deposited using the parameters from run 7 (polymer concentration 2
mg/mL, voltage 150 V, flow rate of 100 puL/min and speed 2000 mm/min) in Table 3, scale bar
50 um. Red coloring indicates the signal of TiO2 near the surface, green represents the TiO»
signal at the midpoint and blue denotes the signal at the lowest depth measured (2 um). The
black color represents areas where the Raman signal was oversaturated due to intense

autofluorescence.
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Figure S5.9: Derived count rate (A) and volume plot (B) of BSA 100 mg/mL formulation after
3 months inverted storage with PDMS, ETFE or Poly(MPC-co-BMA)-coated stoppers under
thermal stress conditions (40°C). All measurements were performed using three independent
replicates, n=3, measured in duplicate. Statistical analysis was conducted on data in (A) using

a one-way ANOVA with Tukey’s post hoc analysis, *p<0.05.
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Figure S5.10: FTIR spectra of BSA gel particles after water removal by desiccation for 8 h. The
gel spectra are representative of the gel particulates collected from formulations in contact
with PDMS, ETFE and poly(MPC-co-BMA)-coated stoppers following storage at 40°C for 3

months. The inset shows collated gel particles before water removal.
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S6 Supplementary Information for Chapter Six

Table S6.1: Techniques commonly applied to study protein adsorption and stability.

Appendix

Technique Signal measured Data obtained Considerations
Quantitation of protein concentration
Qualitative estimation of tertiary L .
N . o Second derivative UV only works with
) stability using second derivative UV . .
UV-Vis o . ) ) . . proteins that have several aromatic
Absorbance of UV and visible light Estimation of aggregation using .
Spectroscopy . residues
Aggregation Index L
i Low sensitivity
Can monitor opalescence and
precipitation using turbidity
Qualitative identification of protein Complete analysis of secondary
) . . secondary structure changes structure and amide bands
Raman Measures inelastic scattering of . . . .
o Can quantify changes in peak position Complex data analysis
Spectroscopy monochromatic light . . . .
of amide bands and aromatic amino Analysis depends on the substrate on
acid residues which the sample is placed for analysis
) . Uses hydrophobic dyes which are
. . Can determine protein thermal . ] ) )
Differential Measures fluorescence changes " incompatible with hydrophobic
roperties
Scanning in response to protein-dye .p P . . excipients
) oo Can examine protein-excipient o . .
Fluorimetry binding It is difficult to obtain a signal for

interactions

proteins with low internal stability
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Circular Dichroism
Spectroscopy

Measures the differential
absorption of left and right
circularly polarised light

Qualitative assessment of protein
secondary structure
Qualitative identification of tertiary
structure
Can determine thermal properties.
Quantitative measurement of
aggregation kinetics by transmittance
Quantitative analysis of secondary
structure components

Sensitive to buffer composition, pH, salt
composition, ionic strength and
additives which alter hydration

Tertiary structure is challenging to
investigate

Physical properties of the protein must

be known
High sensitivity/specificity to protein
size, shape and secondary structure

Quartz Crystal
Microbalance

Measures change in frequency
and dissipation energy of a quartz
crystal resonator

Can quantify the amount of adsorbed
protein in-situ
Can measure adsorption kinetics
Can determine layer properties
Can assess protein stability in the
adsorbed state
Can determine formulation effects on
protein adsorption
Can quantify and probe desorption
mechanism

High sensitivity

Compatible with various surfaces

Very sensitive to mechanical vibrations
and environmental conditions
The determination of arial mass is
coupled with the solution conditions

Dissipation affects the mass calculation
Viscoelastic modelling is very complex

X-ray
Photoelectron
Spectroscopy

Measures the kinetic energy of
electrons emitted from a surface
under X-ray irradiation

Analyses the surface chemistry of a
material, mainly its elemental
composition, chemical state, and

electronic state

Samples must be compatible with a
vacuum environment
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HPLC

Uses chromatographic separation
techniques

Reverse phase quantifies bulk protein

and desorbed protein concentration in

addition to changes in hydrophobicity

Size exclusion can quantify aggregation
and fragmentation

Dependent on protein properties.
Requires extensive validation
procedures
Sensitive to impurities
Size exclusion can incorrectly report size
distribution

Tensiometry

Measures the change in surface
tension.
Measure changes in surface
contact angle

Measures dynamics of protein
adsorption at the air-liquid interface
It can be used to measure excipient

effects on protein adsorption
It can be used to measure changes in

surface chemistry

Requires high sample volume
Low specificity
Insensitive

Infrared light absorption to

Qualitative identification of changes in
protein secondary

Complete analysis of amide bands
Complex quantitative analysis

IR Spectroscopy . . . i Track changes in amide band peak Requires D,O
identify molecular vibrations N ) ] N ] ) ) )
position to monitor chemical stability ~ Protein concentration analysis requires a
Quantitation of protein concentration specialised instrument
Microscopy Uses various types of light and Low specificity

e.g., fluorescence,
light, electron

electron interactions to produce
detailed images

High resolution imaging of biological
molecules and particles

Can measure protein adsorption and
stability in-situ
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Fluorescence Emission of light by excited
Spectroscopy fluorescent molecules

Qualitative information on protein
tertiary structure
Can quantify changes in fluorescence
intensity and monitor stability using

Fmax

High sensitivity
Low specificity

L. Measures fluctuations in light
Dynamic Light i .
) scattering due to particle
Scattering . ]
Brownian motion

Quantifies the size of native proteins,
aggregates and sub-visible to visible
particles
Can quantify polydispersity
Measures thermal properties,
aggregation and aggregation kinetics

Particles greater than 2 um can be
incorrectly identified.
High sensitivity
Z-Avg, PDI, DCR, %Int can hide
the effects of particle size distribution
Low specificity
Sensitive to molecules which alter the
protein hydration shell
It requires a spherical or near-spherical
shape for accurate analysis
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